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FLUTTER-RESISTANT TRANSONIC
TURBOMACHINERY BLADES AND
METHODS FOR REDUCING TRANSONIC
TURBOMACHINERY BLADE FLUTTER

TECHNICAL FIELD

[0001] The present invention generally relates to turboma-
chinery, and more particularly relates to flutter-resistant tran-
sonic turbomachinery blades and methods for reducing tran-
sonic turbomachinery blade flutter.

BACKGROUND

[0002] Turbomachines operate by exchanging energy with
a working fluid using alternating rows of rotating blades
(hereinafter “turbomachinery blades”) and non-rotating
vanes. Each turbomachinery blade interacts with the working
fluid. Turbomachinery blades may be attached to and secured
in a circumferential blade array to a rotor disk or other similar
component of a gas turbine engine, or fan or compressor of a
turbomachine.

[0003] It is known that turbomachinery blades (e.g., fan
blades, propeller blades, compressor blades, turbine blades,
etc.) are subject to destructive vibrations due to unsteady
interaction of the blades with the working fluid. One type of
vibration is known as flutter, which is aero-elastic instability
resulting from the interaction of the flow of the working fluid
over the blades and the blades’ natural vibration tendencies.
When flutter occurs, the unsteady aerodynamic forces on the
blade, due to its vibration, add energy to the vibration, caus-
ing the vibration amplitude to increase. The vibration ampli-
tude can become large enough to cause material fatigue fail-
ure of the turbomachinery blades unless the flutter is properly
damped. The turbomachinery blades are stable (no flutter)
when damping is positive. In addition to possible material
fatigue failure, problems related to flutter may impose large
costs and program delays as they are typically encountered
late in development when engines or other turbomachinery
are tested at full power or in flight conditions. The operating
range of turbomachinery, in terms of pressure rise and flow
rate, is restricted by various flutter phenomena. For example,
turbomachinery blades that in use substantially operate in the
transonic range (referred to hereinafter as “transonic turbo-
machinery blades™), such as transonic fan blades of transonic
fans and compressors, are susceptible to transonic stall flutter,
a flutter phenomenon that occurs with partial or complete
separation of the flow of working fluid (in this case, airflow)
about the transonic turbomachinery blade. Transonic fans and
compressors are widely used in gas turbine engines because
of' their benefits in terms of compactness and reduced weight
and cost. The transonic range may be defined as the range of
working fluid (usually air) speed in which both subsonic and
supersonic flow conditions exist around the transonic turbo-
machinery blade, and generally refers to an inlet Mach num-
ber, or relative inlet Mach number, between about 0.7 and
about 1.0. As the transonic flow moves over the transonic
turbomachinery blade, the flow is accelerated, becoming
locally supersonic. Flowfields comprising supersonic flows,
such as transonic flowfields, tend to produce the acro-elastic
instability that is evidenced by flutter, including transonic
stall flutter. Conventional transonic turbomachinery blades
have a zero or near zero camber near the leading edge at cross
sections where supersonic flow is expected and camber across
the blade at cross sections where the flow is subsonic, near the
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hub where the rotational velocity is low. Conventional turbo-
machinery blades that are entirely subsonic will usually have
camber across all cross sections from 0% to 100% span.
[0004] Hence, there is a need for flutter-resistant transonic
turbomachinery blades and methods for reducing transonic
turbomachinery blade flutter.

BRIEF SUMMARY

[0005] Methods are provided for reducing transonic turbo-
machinery blade flutter. In accordance with one exemplary
embodiment, the method comprises predicting the region of
supersonic flow over a transonic turbomachinery blade and
inducing a local positive camber to the transonic turboma-
chinery blade in or proximate the predicted region of super-
sonic flow. The transonic turbomachinery blade comprises
opposite pressure and suction surfaces extending longitudi-
nally in span from a root to an opposite tip, and extending
axially in chord between opposite leading and trailing edges.
[0006] Flutter-resistant transonic turbomachinery blades
are provided in accordance with yet another exemplary
embodiment of the present invention. The flutter-resistant
transonic turbomachinery blade comprises opposite pressure
and suction surfaces extending longitudinally in span from a
root to an opposite tip, and extending axially in chord
between opposite leading and trailing edges and a local posi-
tive camber in or proximate a predicted local region of super-
sonic flow.

[0007] Transonic fans are provided in accordance with yet
another exemplary embodiment of the present invention. The
transonic fan comprises a hub and a plurality of flutter-resis-
tant transonic fan blades mounted to and forming a circum-
ferential blade array around the hub. The plurality of flutter-
resistant transonic fan blades is arranged circumferentially in
a row to define corresponding flow passages between adja-
cent flutter-resistant transonic fan blades for pressurizing a
working fluid. Each flutter-resistant transonic fan blade com-
prises a transonic fan blade having opposite pressure and
suction surfaces extending longitudinally in span from a root
to an opposite tip and extending axially in chord between
opposite leading and trailing edges. A local positive camber is
disposed in or proximate a predicted local region of super-
sonic flow.

[0008] Furthermore, other desirable features and character-
istics of the flutter-resistant transonic turbomachinery blades
and methods for reducing transonic turbomachinery blade
flutter will become apparent from the subsequent detailed
description and the appended claims, taken in conjunction
with the accompanying drawings and the preceding back-
ground.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] The present invention will hereinafter be described
in conjunction with the following drawing figures, wherein
like numerals denote like elements, and wherein:

[0010] FIG. 1 is a flow diagram of a method for reducing
transonic turbomachinery blade flutter, according to exem-
plary embodiments of the present invention;

[0011] FIG. 2 is a perspective view of an exemplary con-
ventional turbomachinery blade assembly including a con-
ventional transonic fan blade (an exemplary conventional
transonic turbomachinery blade);

[0012] FIG. 3 is an axisymmetric view of the conventional
turbomachinery blade assembly of FIG. 2, depicting the con-
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ventional transonic fan blade with a predicted region of local
supersonic flow to identify the span-wise and chord-wise
location for a local positive camber to be induced on the
transonic fan blade;

[0013] FIG. 4 is a blade-to-blade view of a plurality of
conventional transonic turbomachinery blades (e.g., conven-
tional transonic fan blades) in a partial row of a blade array;
[0014] FIG.5 is a conventional transonic fan or compressor
performance map with predicted transonic stall flutter at 80%
and 90% speeds;

[0015] FIG. 6 is a perspective view of a turbomachinery
blade assembly including an exemplary flutter-resistant tran-
sonic turbomachinery blade (e.g., a flutter-resistant transonic
fan blade), according to exemplary embodiments of the
present invention;

[0016] FIG. 7 is a cross-sectional view of an exemplary
flutter-resistant transonic turbomachinery blade (e.g., a flut-
ter-resistant transonic fan blade) with a local positive camber
of the suction surface near the leading edge, according to
another exemplary embodiment of the present invention;
[0017] FIG. 8 is a cross-sectional view of an exemplary
flutter-resistant transonic turbomachinery blade (e.g., a flut-
ter-resistant transonic fan blade) with a local positive camber
of the suction and pressure surfaces near the leading edge,
according to yet other exemplary embodiments of the present
invention (with the optimization parameters identified)
[0018] FIG. 9 is a blade-to-blade view of a plurality of
flutter-resistant transonic turbomachinery blades (e.g., flut-
ter-resistant transonic fan blades) in a partial row of a modi-
fied blade array;

[0019] FIG. 10 is a performance map for a flutter-resistant
transonic turbomachinery blade with predicted transonic stall
flutter mitigated across all speeds, the extrapolated flutter
boundary moved partly or entirely out of the operating range;
[0020] FIG. 11 depicts a conventional transonic fan com-
prising a plurality of conventional transonic fan blades; and
[0021] FIG. 12 depicts a transonic fan comprising a plural-
ity of flutter-resistant transonic fan blades, according to yet
another exemplary embodiment of the present invention.

DETAILED DESCRIPTION

[0022] The following detailed description is merely exem-
plary in nature and is not intended to limit the invention or the
application and uses of the invention. As used herein, the
word “exemplary” means “serving as an example, instance,
or illustration.” Thus, any embodiment described herein as
“exemplary” is not necessarily to be construed as preferred or
advantageous over other embodiments. All of the embodi-
ments described herein are exemplary embodiments provided
to enable persons skilled in the art to make or use the inven-
tion and not to limit the scope of the invention which is
defined by the claims. Furthermore, there is no intention to be
bound by any expressed or implied theory presented in the
preceding technical field, background, brief summary, or the
following detailed description.

[0023] Various embodiments are directed to flutter-resis-
tant transonic turbomachinery blades and methods for reduc-
ing transonic turbomachinery blade flutter. As used herein,
the term “transonic turbomachinery blade” refers to any type
of'transonic turbomachinery blade that operates substantially
in the transonic range, such as fan blades, propeller blades,
compressor blades, turbine blades, etc. For example, the
terms “transonic fan” and “transonic fan blade” are used
respectively to refer to a fan and fan blade. The term “turbo-
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machinery blade flutter” or simply “flutter” refers to aero-
elastic instability of the turbomachinery blade(s) resulting
from the interaction of the flow of the working fluid over the
blade(s) and the blade(s) natural vibration tendencies. The
transonic turbomachinery blades operate substantially in the
transonic range and the “transonic turbomachinery blade flut-
ter” is likely to be transonic stall flutter but may be other types
of flutter. The term “transonic range” refers to a range of air
speed in which both subsonic and supersonic flow conditions
exist around the transonic turbomachinery blade, and gener-
ally refers to an inlet Mach number, or relative inlet Mach
number, between about 0.7 and 1.0. In accordance with exem-
plary embodiments as described herein, transonic turboma-
chinery blades that are designed to operate substantially in the
transonic range have their cross-sectional areas (i.e., airfoils)
designed and/or modified with a local positive camber in a
predicted local region of supersonic flow to alleviate flutter
(resulting in “flutter-resistant transonic turbomachinery
blades”), while reducing weight and thus fuel consumption,
without a significant negative impact on efficiency.

[0024] Referring to FIGS. 1 through 4, according to exem-
plary embodiments of the present invention, a method 10 for
reducing transonic turbomachinery blade flutter begins by
predicting a local region of supersonic flow 30 over a tran-
sonic turbomachinery blade 14 (step 100). In one embodi-
ment, the transonic turbomachinery blade may be in the initial
design stage. Alternatively, the transonic turbomachinery
blade may comprise a conventional transonic turbomachin-
ery blade 14 (e.g., FIGS. 2 through 4) that already exists and
is thereafter modified into a flutter-resistant transonic turbo-
machinery blade 140 (e.g., FIG. 6) as hereinafter described.
The transonic turbomachinery blade 14 is one of a plurality of
transonic turbomachinery blades arranged in a circumferen-
tial blade array (cross-sections of the transonic turbomachin-
ery blades 14 in a circumferential blade array are shown in
isolation in FIG. 4) that is attached to or secured to a rotor disc
(not shown) or other similar component of a gas turbine
engine, or fan or compressor of a turbomachine.

[0025] For example, FIG. 4 generally illustrates the blade-
to-blade view of the geometric configuration for the cross-
section of a conventional transonic fan blade, for example that
may be incorporated into a conventional transonic fan 34
(FIG. 11) of a gas turbine engine (not shown). The conven-
tional transonic fan 34 comprises a plurality of the conven-
tional transonic fan blades (conventional transonic turboma-
chinery blades 14) mounted to and forming the
circumferential blade array around a hub. The transonic fan
may have a blisk configuration or an inserted blade configu-
ration, as known in the art.

[0026] Referring now specifically to FIGS. 2 through 4, the
turbomachinery blade assembly 12 is comprised of a conven-
tional transonic turbomachinery blade 14 that extracts energy
from a working fluid flow 28 (FIG. 4) and a hub 16 (FIG. 2)
that serves to fix the transonic turbomachinery blade 14 to a
rotor disk (not shown) or other similar component of a gas
turbine engine, or fan or compressor of a turbomachine. The
turbomachinery blade assembly 12 (and turbomachinery
blade assembly 120 as hereinafter described) may be part of
a blisk or an inserted blade assembly. The transonic turboma-
chinery blade 14 includes a root 13 at an inner, proximal end
and a tip 17 at a distal end. The geometry of the transonic
turbomachinery blade 14 is defined in part by a span dimen-
sion S extending radially from the root 13 to the tip 17, and by
achord dimension C (FIG. 3) that may be defined at any given
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point along the span and that extends from the leading edge
towards the trailing edge at that span, substantially perpen-
dicular to the span dimension S. A chord line D is a straight
line connecting the leading and trailing edges of the airfoil
(See, e.g., FIG. 9). The span dimension comprises an inner
span region 19 and an outer span region 21. An airfoil 15 of
the transonic turbomachinery blade 14 is the shape of the
transonic turbomachinery blade 14 as seen in cross section at
an outer span. The transonic turbomachinery blade 14
includes opposite suction and pressure surfaces 18 and 20
extending longitudinally in span from the root 13 to the oppo-
site tip 17, and extending axially in chord between opposite
leading and trailing edges 22 and 24. The leading edge 22 is
the point at the front of the transonic turbomachinery blade/
airfoil that has maximum curvature. The trailing edge 24 is
defined similarly as the point at the rear of the transonic
turbomachinery blade/airfoil that has maximum curvature.
The suction surface 18 is convex and generally associated
with higher velocity and lower static pressure. The pressure
surface is concave and has a comparatively higher static pres-
sure than the suction surface. The shape of the airfoil is
defined by a mean camber line 23 (FIGS. 7 and 8) that is a line
created by a locus of points midway between the upper and
lower surfaces of the airfoil measured perpendicular to the
chord line. As used herein, the term “camber” refers to the
asymmetry between the suction surface and the pressure sur-
face. The camber of an airfoil can be defined by the mean
camber line 23. Conventional transonic turbomachinery
blades have a zero or near zero camber near the leading edge
at cross-sections where supersonic flow is predicted, in tran-
sonic or supersonic flow. FIG. 4 is a blade-to blade view of the
airfoils of a plurality of conventional transonic turbomachin-
ery blades in a partial row (shown in isolation) of a circum-
ferential blade array. As noted previously, flow passages 26
are defined between adjacent blades 14 for pressurizing the
working fluid 28 that enters the flow passages.

[0027] In transonic flow, on airfoils of transonic fan blades
such as depicted in F1G. 4, the working fluid 28 enters the flow
passages between adjacent blades in the direction indicated.
The working fluid flows between the blades 14 from the
leading edge 22 to the trailing edge 24 and accelerates,
becoming locally supersonic over a region of the airfoil (the
“predicted local region of supersonic flow 30”). The predicted
local region of supersonic flow 30 over each of the airfoils in
the blade array depicted in FIG. 4 is on the suction surface 18
near the leading edge 22. It is to be understood that the local
region of supersonic flow may be predicted elsewhere on
other exemplary transonic turbomachinery blades (not
shown) intended to operate substantially in the transonic
range.

[0028] More particularly, a flowfield will be formed down-
stream of the leading edge that will have varying character-
istics depending on the inlet Mach number, the mass flow
through a given stage, and the rotational speed of the turbo-
machinery blade. Further, the flowfield may vary depending
on the radial location on the turbomachinery blade, where
locations along the inner span region of the turbomachinery
blade may produce a subsonic flowfield, and locations along
the outer span region of the turbomachinery blade may pro-
duce a supersonic flowfield. Flowfields comprising super-
sonic flows, such as transonic flowfields, tend to produce
aero-elastic instability that is evidenced by transonic stall
flutter of the turbomachinery blades in the flutter zone of the
turbomachinery blade. The local region of predicted super-
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sonic flow tends to be where the highest loading and damping
also occur. The local supersonic flow is terminated on the
downstream end by a shockwave oriented almost perpendicu-
lar to the flow. Flowfields that create a flutter response in the
blades will generally occur within a range of inlet Mach
numbers, mass flows, and rotational speeds of the turboma-
chinery blade, which will generally determine the position at
which the shockwave will impinge on the blades. Under
transonic conditions, a shockwave may form in approxi-
mately the region shown. Upstream of the shockwave, near
the leading edge, the local Mach number is greater than 1.
Downstream of the shockwave, the local Mach number is less
than 1. Shockwaves may cause pressure fluctuations on the
surface of the blade that could lead to instability in the blade,
such as inducing flutter or other unstable responses. Thus, in
the conventional transonic turbomachinery blades of FIGS. 2
through 4, the predicted region of supersonic flow on the
suction surface and the separation area behind it are important
flutter inducements.

[0029] The local region of supersonic flow 30 (FIGS. 3 and
4) over the transonic turbomachinery blade can be predicted
using Computational Fluid Dynamics (CFD). The flutter zone
for the transonic turbomachinery blade 14 can be predicted
using known aero-elastic methods that combine finite ele-
ment analysis (FEA) and unsteady Computational Fluid
Dynamics (CFD). It is to be understood that other methods
(e.g., 2D, Inviscid, Linearized) can alternatively or addition-
ally be used to predict the flutter zone for the transonic tur-
bomachinery blade 14. These methods mathematically ana-
lyze complex 3D flow streams in turbomachines and can be
used to predict the flutter zone and the local region of super-
sonic flow. The flow analysis can be performed with multiple
blade rows/flow passages or using a single flow passage.
Suitable exemplary software for use in predicting the flutter
zone (and thus turbomachinery blade flutter) includes Turbo-
AE software developed by the National Aeronautics and
Space Administration (NASA), among others. Turbo-AE is a
3D Navier-Stokes viscous solver which performs a time-
accurate unsteady simulation with blade motion, and uses the
work per cycle method to calculate aerodynamic damping.
The flutter zone is the portion of the operating range where
negative aerodynamic damping is predicted. If the net aero-
dynamic work done on the blade is positive, then work is
being imparted on the blade thus creating negative aerody-
namic damping, a potentially unstable situation leading to
self-sustained vibration (flutter). On the other hand, if the
aerodynamic work done on the blade is negative, the blade
motion is doing work on the fluid and leads to a stable or
damped vibration. The blade is stable when there is no flutter.
However, this does not mean that the aerodynamic damping
must be exactly zero. A small amount of negative aerody-
namic damping may be acceptable because some mechanical
damping can be expected. Total damping includes aerody-
namic damping and mechanical damping. However, the
amount of mechanical damping is not predicted by an aero-
elastic analysis. The amount of mechanic damping may be
estimated to be about 0.2 for inserted blade geometry and is
smaller for a blisk geometry. So, for a blisk transonic fan, the
aerodynamic damping should be nearly zero for the blade to
be stable, while for an inserted blade transonic fan, the aero-
dynamic damping can be slightly negative. If the expected
positive mechanical damping for the inserted blade configu-
ration is high enough to overcome the negative value for
aerodynamic damping, the transonic fan will be stable.
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[0030] FIG. 5 is an example of a performance map for a
transonic fan 34 (FIG. 11) or compressor utilizing the con-
ventional transonic turbomachinery blades of FIGS. 2
through 4. Performance maps show the total pressure ratios
plotted as a function of corrected tflow rate at different cor-
rected rotational speeds for a stage (in this case the stage
being shown is the fan stage). For a given corrected rotational
speed (100% speed for example), the speed line is a distinct
line of data that defines the relationship between the total
pressure ratio and the corrected flow rate at that speed. The
speed lines are calculated using a CFD analysis, and the
flutter point is calculated using an aeroelastic analysis. The
performance maps that are predicted using CFD are com-
pared with performance maps generated by a test rig. The
stall/surge line indicates a region of unstable flow. Stable
operation occurs below the surge line. Therefore, the operat-
ing region is below the surge line, but above the choke line.
The choke line is the lower boundary of the performance map.
Below the choke line, the efficiency drops. The operating
region for the transonic fan 34 or compressor is between the
choke and stall/surge lines.

[0031] Within the CFD analysis, the speed line is calculated
by running an analysis for a variety of pressure ratios, and
calculating the resulting mass flow. The line is created by
plotting several of these points at a given speed. For each of
these points, the aerodynamic damping is also calculated. The
flutter point is where aerodynamic damping is predicted to
cross from positive to negative—beyond this point the part
will be unstable. The flutter point is calculated by doing a
linear interpolation or extrapolation of aerodynamic damping
and corrected mass flow, given the points calculated directly
within the CFD code. Operation of the transonic fan 34 or
compressor within the flutter zone results in energy transferto
the blade from the flow around the blade (net acrodynamic
work), making some conventional transonic turbomachinery
blades 14 predicted to be unstable with flutter at 80% and 90%
speeds such as shown by a flutter boundary line in FIG. 5. The
flutter boundary is at the edge of the flutter zone, where
aerodynamic damping is exactly zero.

[0032] Referring again to FIG. 1 and now to FIGS. 6
through 9, according to exemplary embodiments of the
present invention, method 10 for reducing transonic turboma-
chinery blade flutter continues by inducing a local positive
camber 32 to the transonic turbomachinery blade 14 in or
proximate the predicted local region of supersonic flow 30,
resulting in a transonic turbomachinery blade that is predicted
to be flutter-resistant (hereinafter, a “flutter-resistant tran-
sonic turbomachinery blade” 140 (e.g., FIG. 6)) (step 200).
The flutter resistance of the flutter-resistant transonic turbo-
machinery blade may be verified ina testrig, i.e., the designed
flutter-resistant transonic turbomachinery blade 140 may be
builtand then tested in an engine test rig to verity its predicted
flutter resistance by comparing the predicted flutter resistance
with that measured through engine rig tests. Verification in
test helps reduce costs and program delays. Flutter resistance
may also be verified using an aeroelastic analysis, as
described above.

[0033] The flutter-resistant transonic turbomachinery
blade 140 is depicted in exemplary turbomachinery blade
assembly 120 (FIG. 6). Like turbomachinery blade assembly
12, turbomachinery blade assembly 120 may be part ofa blisk
or an inserted blade assembly. Flutter-resistant transonic tur-
bomachinery blade 140 has the same geometry as the tran-
sonic turbomachinery blade 14, with the exception of the
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local positive camber 32 as depicted in FIG. 6. As noted
previously, “camber” is the asymmetry between the suction
surface 18 and the pressure surface 20. A “local positive
camber” refers to a convex rise of the airfoil from the chord
line along a local portion of the chord line. To alleviate flutter,
the local positive camber is induced on the suction surface in
or proximate the predicted local region of supersonic flow.
Depending on other design considerations, the local positive
camber may additionally be induced on the pressure surface,
but local positive camber of the pressure surface has a negli-
gible effect on flutter. Therefore, the pressure surface can be
unmodified (i.e., no local positive camber) as in FIG. 7 or
modified (to include the local positive camber) along with the
suction surface as in FIG. 8 and the impact on flutter will be
nearly the same.

[0034] More particularly, the flutter-resistant transonic tur-
bomachinery blade 140 with an airfoil cross-section depicted
in FIG. 7 has the local positive camber 32 on the suction
surface near the leading edge (i.e., in or proximate the local
region of supersonic flow 30 predicted in step 100) while the
airfoil(s) depicted in FIG. 8 or in the blade array of FIG. 9
have a local positive camber on the suction surface and on the
pressure surface. As supersonic flowfields will generally
occur at outer span portions of the transonic turbomachinery
blades (and extending toward the blade tip) as noted above,
the local positive camber may be defined, in an embodiment,
starting at about 60% of the span length, where it blends with
the airfoil profile, and continues to 100% of the span dimen-
sion, where it also blends with the airfoil profile. The local
positive camber 32 is induced at a chordwise location located
forward of or proximate the shock location. The local positive
camber may comprise about 10 to about 50% of the chord
dimension. The maximum positive camber as hereinafter
described occurs at about 5 to about 25% of the total chord
dimension. The local positive camber may be bow-shaped or
may have other shapes.

[0035] The local positive camber may be characterized by a
chord location, a chord extent, a magnitude, and a distribution
as depicted in FIG. 8. Aero-elastic analysis and different
modeling tools as known to one skilled in the art may be used
to optimize the chord location, the chord extent, the magni-
tude, and the distribution (collectively, the “optimization
parameters”) of the local positive camber to improve flutter
resistance of the flutter-resistant turbomachinery blade. The
chord location refers to the location of the local positive
camber along the chord line. The chord extent refers to how
far the local positive camber extends along the chord line
between the leading edge and the trailing edge. The magni-
tude represents the distance between the suction surface and
the chord line. The location of maximum camber may be at
the midpoint of the local positive camber, or at other locations
along the chord where the local positive camber is induced.
The distribution refers to the maximum camber location that
defines the shape of the local positive camber. For example, as
noted above, FIG. 8 depicts a bow-shaped camber 32 with the
maximum camber location substantially midpoint of the cam-
ber. FIG. 8 also depicts, in isolation, two alternative exem-
plary distributions for the local positive camber. For example,
the maximum camber location oflocal positive camber 32a is
closer to a forward end of the local positive camber, while the
maximum camber location of local positive camber 326 is
closer to an aft end. While exemplary distributions are
depicted, it is to be understood that the distribution of the local
positive camber may be other than that depicted.
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[0036] While the flutter-resistant transonic turbomachinery
blades 140 in the blade array of FIG. 9 are depicted as having
substantially the same local positive camber, i.e., the local
positive camber of each flutter-resistant transonic turboma-
chinery blade in the blade array is of substantially the same
magnitude, distribution, extent, and location (there may be
some blade-to-blade variation due to in-service wear and/or
manufacturing tolerances), it is to be understood that the local
positive camber 32 may vary between two or more of the
flutter-resistant transonic turbomachinery blades in the blade
array, i.e., one or more of the flutter-resistant transonic turbo-
machinery blades may have a different local positive camber
from the local positive camber of another blade in the blade
array, i.e., the local positive cambers may be of a different
magnitude, have a different distribution, a different extent, at
a different location, or combinations thereof.

[0037] Therefore, it would be predicted from known blade
flutter prediction methods (e.g., aero-elastic analysis or a rig
test) that transonic turbomachinery blade flutter would be
substantially mitigated in the turbomachine (e.g., transonic
fan 340 (FIG. 12) or compressor (not shown)) in which the
flutter-resistant transonic turbomachinery blade 140 of FIG. 6
is to be used. Transonic fan 340 (FIG. 12) according to exem-
plary embodiments comprises a plurality of the transonic fan
blades (flutter-resistant transonic turbomachinery blades
140) mounted to and forming the circumferential blade array
around the hub 16. FIG. 10 is an operating map showing the
performance characteristics of the transonic fan or compres-
sor utilizing the flutter-resistant transonic turbomachinery
blades. To reduce transonic turbomachinery blade flutter, the
flutter zone must be wholly or in part removed from the
operating range (e.g., FIG. 10) as hereinafter described. Total
damping will be positive within the operating range, thereby
stabilizing the blades against transonic stall flutter, thereby
moving the flutter boundary wholly or in part out of the
operating range as shown by the position of flutter boundary
line of FIG. 10. The flutter zone is depicted as removed
entirely from the operating range. The flutter-resistant tran-
sonic turbomachinery blades thereby represent blades that,
when built, will have improved transonic stall flutter charac-
teristics. Although the flutter-resistant transonic turboma-
chinery blades depicted in FIG. 12 are depicted as transonic
fan blades of a transonic fan, as noted previously, the exem-
plary embodiments discussed herein are applicable to any
type of transonic turbomachinery blade that operates substan-
tially in the transonic range, such as compressor blades, pro-
peller blades, turbine blades, etc.

[0038] From the foregoing, it is to be appreciated that the
presently described flutter-resistant transonic turbomachin-
ery blades having a local positive camber in or proximate the
predicted local region of supersonic flow and the methods for
reducing transonic turbomachinery blade flutter operate to
provide an overall reduction in the flutter response of the
blades, while reducing weight and thus fuel consumption,
without a significant negative impact on efficiency.

[0039] While at least one exemplary embodiment has been
presented in the foregoing detailed description of the inven-
tion, it should be appreciated that a vast number of variations
exist. It should also be appreciated that the exemplary
embodiment or exemplary embodiments are only examples,
and are not intended to limit the scope, applicability, or con-
figuration of the invention in any way. Rather, the foregoing
detailed description will provide those skilled in the art with
a convenient road map for implementing an exemplary
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embodiment of the invention. It being understood that various
changes may be made in the function and arrangement of
elements described in an exemplary embodiment without
departing from the scope of the invention as set forth in the
appended claims.

What is claimed is:

1. A method for reducing transonic turbomachinery blade
flutter comprising the steps of:

predicting a local region of supersonic flow over a tran-

sonic turbomachinery blade comprising opposite pres-
sure and suction surfaces extending longitudinally in
span from a root to an opposite tip, and extending axially
in chord between opposite leading and trailing edges;
and

inducing a local positive camber to the transonic turboma-

chinery blade in or proximate the predicted local region
of supersonic flow.

2. The method of claim 1, wherein the step of inducing a
local positive camber comprises inducing the local positive
camber near the leading edge on the suction surface of the
transonic turbomachinery blade.

3. The method of claim 1, wherein the step of inducing a
local positive camber comprises inducing the local positive
camber near the leading edge on the suction and pressure
surfaces of the transonic turbomachinery blade.

4. The method of claim 1, wherein the step of inducing a
local positive camber comprises inducing the local positive
camber comprising about 10 to about 50% of a chord dimen-
sion and the maximum positive camber occurs at about 5 to
about 25% of a total chord dimension.

5. The method of claim 1, wherein the step of inducing a
local positive camber comprises determining a magnitude, a
chord location, a chord extent, and a distribution of the local
positive camber.

6. The method of claim 1, wherein the step of inducing a
local positive camber comprises inducing the local positive
camber beginning at an outer span region and extending
toward the tip of the transonic turbomachinery blade.

7. The method of claim 1, wherein the step of inducing a
local positive camber comprises inducing the local positive
camber on the transonic turbomachinery blade comprising a
transonic fan blade.

8. A flutter-resistant transonic turbomachinery blade com-
prising:

a transonic turbomachinery blade comprising opposite
pressure and suction surfaces extending longitudinally
in span from a root to an opposite tip, and extending
axially in chord between opposite leading and trailing
edges;

a local positive camber in or proximate a predicted local
region of supersonic flow over the transonic turboma-
chinery blade.

9. The flutter-resistant transonic turbomachinery blade of
claim 8, wherein the local positive camber is near the leading
edge on the suction surface of the transonic turbomachinery
blade.

10. The flutter-resistant transonic turbomachinery blade of
claim 8, wherein the local positive camber is near the leading
edge on the suction and pressure surfaces of the transonic
turbomachinery blade.

11. The flutter-resistant transonic turbomachinery blade of
claim 8, wherein the local positive camber comprises about
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10 to about 50% of a chord dimension and a maximum posi-
tive camber occurs at about 5 to about 25% of a total chord
dimension.

12. The flutter-resistant transonic turbomachinery blade of
claim 8, wherein the local positive camber has a magnitude, a
chord location, a chord extent, and a distribution.

13. The flutter-resistant transonic turbomachinery blade of
claim 8, wherein the local positive camber begins at an outer
span region and extends toward the tip of the transonic tur-
bomachinery blade.

14. The flutter-resistant transonic turbomachinery blade of
claim 8, wherein the flutter-resistant transonic turbomachin-
ery blade comprises a flutter-resistant transonic fan blade.

15. A transonic fan comprising:

a hub; and

aplurality of flutter-resistant transonic fan blades mounted
to and forming a circumferential array around the hub
and arranged circumferentially in a row to define corre-
sponding flow passages between adjacent flutter-resis-
tant transonic fan blades for pressurizing a working
fluid, each flutter-resistant transonic fan blade compris-
ing:
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atransonic fan blade that includes opposite pressure and
suction surfaces extending longitudinally in span
from a root to an opposite tip and extending axially in
chord between opposite leading and trailing edges;

a local positive camber in or proximate a predicted local
region of supersonic flow over the transonic fan blade.

16. The transonic fan of claim 15, wherein the local posi-
tive camber is near the leading edge on the suction surface of
the transonic fan blade.

17. The transonic fan of claim 15, wherein the local posi-
tive camber is near the leading edge on the suction and pres-
sure surfaces of the transonic fan blade.

18. The transonic fan of claim 15, wherein the local posi-
tive camber comprises about 10 to about 50% of a chord
dimension and a maximum positive camber occurs at about 5
to about 25% of a total chord dimension.

19. The transonic fan of claim 15, wherein the local posi-
tive camber has a magnitude, a chord location, a chord extent,
and a distribution.

20. The transonic fan of claim 15, wherein the local posi-
tive camber begins at an outer span region and extends toward
the tip of the transonic fan blade.
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