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DYNAMICAL SYSTEM PARAMETER
IDENTIFICATION FOR TURBOMACHINE

BACKGROUND

[0001] A gas turbine engine is an example of a turboma-
chine and typically includes a fan section, a compressor
section, a combustor section and a turbine section. Air
entering the compressor section is compressed and delivered
into the combustion section where it is mixed with fuel and
ignited to generate a high-speed exhaust gas flow. The
high-speed exhaust gas flow expands through the turbine
section to drive the compressor and the fan section. The
compressor section typically includes low and high pressure
compressors, and the turbine section includes low and high
pressure turbines.

[0002] Flutter is a mechanical instability of turbomachine
airfoils that occurs when an airfoil becomes self-excited.
Flutter is commonly defined as a self-excited aero-elastic
instability that can lead to destructive levels of vibration.
Flutter is not typically encountered during engine operation
because turbine engine manufacturers test to determine
where flutter occurs within the operating space of a gas
turbine to determine a flutter boundary and set operational
limits and maintenance protocols to prevent such an occur-
rence. The operational limits and maintenance protocols
defined in view of engine testing include large safety mar-
gins relative to the determined flutter boundary. The large
margins account for known and unknown engine operating
parameters that can contribute to the occurrence of flutter.
Accordingly, current means of identifying a flutter boundary
provides limited quantifiable information on the acrome-
chanical stability of a turbomachine component.

[0003] Turbomachine manufacturers continue to seek fur-
ther improvements to engine operation including improve-
ments to propulsive and economic efficiencies.

SUMMARY

[0004] Ina featured embodiment, an acromechanical iden-
tification system for turbomachine includes at least one
actuator mounted on a stationary structure to excite rotatable
airfoils. At least one sensor is mounted proximate the airfoils
for measuring a response of the airfoils responsive to
excitation from the at least one actuator. A controller is
configured to determine a damping characteristic of an
aeromechanical mode of the rotating airfoils based on the
excitation and the response.

[0005] In another embodiment according to the previous
embodiment, wherein the at least one actuator includes at
plurality of actuators spaced circumferentially apart around
the casing of the turbomachine.

[0006] In another embodiment according to any of the
previous embodiments, the at least one actuator includes an
injector that directs a jet stream at the rotating airfoil.

[0007] In another embodiment according to any of the
previous embodiments, the injector includes an inlet receiv-
ing gas flow, a varying orifice and an injector opening
disposed proximate to the rotating airfoil.

[0008] In another embodiment according to any of the
previous embodiments, the at least one actuator includes a
modulating control valve that modulates the jet stream to
excite the airfoils.
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[0009] In another embodiment according to any of the
previous embodiments, the jet stream is one of a directed gas
jet, a directed fluid jet and a directed jet of a combination of
gas and fluid.

[0010] In another embodiment according to any of the
previous embodiments, the varying orifice includes a rotat-
ing plate with at least one openings. The rotating plate is
moveable to communicate the at least one openings with the
inlet at periodic intervals determined to generate the defined
frequency of the jet stream gas to excite the rotating airfoils.
[0011] In another embodiment according to any of the
previous embodiments, the injector opening is disposed at
an end portion of an outlet tube that extends into an
airstream proximate the airfoils.

[0012] In another embodiment according to any of the
previous embodiments, the actuator directs the jet stream
toward a leading edge portion of a tip of the rotating airfoil.
[0013] In another embodiment according to any of the
previous embodiments, the actuator directs the jet stream
against a tip of the airfoil from a position radially outward
of the airfoil.

[0014] In another embodiment according to any of the
previous embodiments, the sensor includes a non-contact
measurement device supported radially outward of a tip of
the rotating airfoil.

[0015] In another embodiment according to any of the
previous embodiments, the sensor includes a beam interrupt
measurement system including a first probe disposed
upstream of the rotating airfoil and a second probe down-
stream of the rotating airfoil. The beam interrupt measure-
ment system is configured to determine airfoil characteris-
tics responsive to interruption of a beam projected between
the first probe and the second probe.

[0016] In another embodiment according to any of the
previous embodiments, the sensor and actuator are mounted
at a common location proximate the rotating airfoil.
[0017] In another embodiment according to any of the
previous embodiments, includes a strain gauge attached to
the airfoil configured to communicate information indicative
of strain on the airfoil responsive to the energy stream to the
controller.

[0018] In another featured embodiment, a gas turbine
engine includes a rotating row of airfoils circumscribed by
a fixed case. At least one injector is mounted within the case
and configured for directing an energy stream over a range
of frequencies to excite the row of rotating airfoils. At least
one sensor is mounted within the case configured for mea-
suring a structural response of the rotating row of airfoils to
the directed energy stream. A controller is configured to
determine a damping characteristic of an aeromechanical
mode of the rotating row of airfoils based the response of the
energy stream excitation.

[0019] In another embodiment according to the previous
embodiment, the at least one injector includes a plurality of
injectors spaced circumferentially apart within the fixed
case.

[0020] In another embodiment according to any of the
previous embodiments, the at least one injector includes a
varying orifice moveable to communicate a plurality of
openings with an inlet at intervals determined to generate the
defined frequency of air injection proximate the row of
airfoils.

[0021] In another embodiment according to any of the
previous embodiments, the at least one sensor includes a
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non-contact measurement device supported radially outward
of a tip of the row of rotating airfoils.

[0022] In another embodiment according to any of the
previous embodiments, the at least one sensor includes a
beam interrupt measurement system including a first probe
disposed upstream of the rotating airfoils and a second probe
downstream of the rotating airfoils. The beam interrupt
measurement system is configured to determine airfoil char-
acteristics responsive to interruption of a beam projected
between the first probe and the second probe.

[0023] In another embodiment according to any of the
previous embodiments, includes a strain gauge attached to at
least one of the row of rotating airfoils, the strain gauge
configured to communicate information indicative of
stresses on the airfoil responsive to the energy gas stream to
the controller.

[0024] In another featured embodiment, a method of
determining a flutter boundary for an airfoil of a turboma-
chine includes directing an energy stream with an actuator
over a defined frequency range to excite a row of rotating
airfoils. A structural response of the row of airfoils respon-
sive to the directed energy stream is detected with a sensor
mounted proximate the airfoils. An aeromechanical damping
characteristic of the row of airfoils in a stable turbomachine
operating range is determined based structural response of
the row of airfoils. A value of a set of turbomachine
operating parameters intended to ensure the safe operation
of the turbomachine with respect to a flutter boundary for the
turbomachine operating parameter based on the determined
aeromechanical damping characteristics of the row of air-
foils is defined within the stable turbomachine operating
range.

[0025] In another embodiment according to the previous
embodiment, the turbomachine operating parameter
includes at least one of a rotor speed, back pressure on the
airfoil, flow rate through the airfoil row, altitude and cor-
rected fan speed.

[0026] In another embodiment according to any of the
previous embodiments, the actuator includes a gas injector
directing a stream of air at the rotating airfoil.

[0027] In another embodiment according to any of the
previous embodiments, the sensor includes a non-contact
sensor mounted proximate a tip of the airfoil.

[0028] 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 com-
ponents from another one of the examples.

[0029] These and other features disclosed herein can be
best understood from the following specification and draw-
ings, the following of which is a brief description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0030] FIG. 1 is a schematic view of an example gas
turbine engine.
[0031] FIG. 2 is a schematic view of fan section of a

turbofan engine.

[0032] FIG. 3 is a schematic view of an example aecrome-
chanical identification system embodiment.

[0033] FIG. 4 is a schematic view of another example
aeromechanical identification system embodiment.

[0034] FIG. 5 is a schematic view of an example actuator
embodiment.

Mar. &, 2018

[0035] FIG. 6 is a schematic view of a portion of the
example actuator.

DETAILED DESCRIPTION

[0036] FIG. 1 schematically illustrates a turbomachine
disclosed by way of example in this disclosure as gas turbine
engine 20. The gas turbine engine 20 is disclosed herein as
a two-spool turbofan that generally incorporates a fan sec-
tion 22, a compressor section 24, a combustor section 26 and
a turbine section 28. Alternative engines might include an
augmentor section (not shown) among other systems or
features. The fan section 22 drives air along a bypass flow
path B in a bypass duct defined within an outer nacelle 14,
while the compressor section 24 drives air along a core flow
path C for compression and communication into the com-
bustor section 26 then expansion through the turbine section
28.

[0037] Although depicted as a two-spool turbofan gas
turbine engine in the disclosed non-limiting embodiment, it
should be understood that the concepts described herein are
not limited to use with two-spool turbofans as the teachings
may be applied to other types of turbine engines including
three-spool architectures. Moreover, other forms of turb-
omachines are also within the contemplation if this disclo-
sure.

[0038] The exemplary 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, and the location of bearing systems 38 may be
varied as appropriate to the application.

[0039] The low speed spool 30 generally includes an inner
shaft 40 that interconnects a fan 42, a first (or low) pressure
compressor 44 and a first (or low) pressure turbine 46. The
inner shaft 40 is connected to the fan 42 through a speed
change mechanism, which in exemplary gas turbine engine
20 is illustrated 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 second (or high) pressure compressor 52 and a second (or
high) pressure turbine 54. A combustor 56 is arranged in
exemplary gas turbine 20 between the high pressure com-
pressor 52 and the high pressure turbine 54. 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 sup-
ports bearing systems 38 in the turbine section 28. The inner
shaft 40 and the outer shaft 50 are concentric and rotate via
bearing systems 38 about the engine central longitudinal
axis A which is collinear with their longitudinal axes.
[0040] The core airflow is compressed by the low pressure
compressor 44 then the high pressure compressor 52, mixed
and burned with fuel in the combustor 56, then expanded
over the high pressure turbine 54 and low pressure turbine
46. The mid-turbine frame 58 includes airfoils 60 which are
in the core airflow path C. The turbines 46, 54 rotationally
drive the respective low speed spool 30 and high speed spool
32 in response to the expansion. It will be appreciated that
each of the positions of the fan section 22, compressor
section 24, combustor section 26, turbine section 28, and fan
drive gear system 48 may be varied. For example, gear
system 48 may be located aft of combustor section 26 or
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even aft of turbine section 28, and fan section 22 may be
positioned forward or aft of the location of gear system 48.
[0041] The engine 20 in one example is a high-bypass
geared aircraft engine. In a further example, the engine 20
bypass ratio is greater than about six (6), with an example
embodiment being greater than about ten (10), the geared
architecture 48 is an epicyclic gear train, such as a planetary
gear system or other gear system, with a gear reduction ratio
of greater than about 2.3 and the low pressure turbine 46 has
a pressure ratio that is greater than about five. In one
disclosed embodiment, the engine 20 bypass ratio is greater
than about ten (10:1), the fan diameter is significantly larger
than that of the low pressure compressor 44, and the low
pressure turbine 46 has a pressure ratio that is greater than
about five 5:1. Low pressure turbine 46 pressure ratio is
pressure measured prior to inlet of low pressure turbine 46
as related to the pressure at the outlet of the low pressure
turbine 46 prior to an exhaust nozzle. The geared architec-
ture 48 may be an epicycle gear train, such as a planetary
gear system or other gear system, with a gear reduction ratio
of greater than about 2.3:1. It should be understood, how-
ever, that the above parameters are only exemplary of one
embodiment of a geared architecture engine and that the
disclosed system is applicable to other gas turbine engines
including direct drive turbofans.

[0042] 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 (10.67 km). The flight condition of 0.8 Mach and
35,000 ft (10.67 km), with the engine at its best fuel
consumption —also known as “bucket cruise Thrust Spe-
cific Fuel Consumption ("TSFC)”—is the industry standard
parameter of lbm of fuel being burned divided by 1bf of
thrust the engine produces at that minimum point. The TSFC
is a measure of the amount of fuel consumed to generate a
specified amount of thrust for a specified period. “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 1.45. “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)]°°. The “Low corrected fan tip
speed” as disclosed herein according to one non-limiting
embodiment is less than about 1150 ft/second (350 m/sec-
ond).

[0043] The example gas turbine engine includes the fan
section 22 that comprises in one non-limiting embodiment
less than about twenty-six (26) fan blades 42. In another
non-limiting embodiment, the fan section 22 includes less
than about twenty (20) fan blades 42. A fan case 12
circumscribes the fan blades 42 and is disposed within the
outer nacelle 14.

[0044] 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 42 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
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and the number of blades 42 in the fan section 22 disclose
an example gas turbine engine 20 with increased power
transfer efficiency.

[0045] It should be understood that although the disclosed
system is explained by way of the example gas turbine
engine 20, that the features and methods disclosed herein are
applicable to all turbomachines that include any type of
rotating airfoils. Moreover, although the disclosed example
embodiment is explained with regard to fan blades, other
airfoils in other portions of a turbomachine may also benefit
from this disclosure and are within the contemplation of this
disclosure.

[0046] Flutter is a phenomenon encountered in flexible
structures such as airfoils subjected to acrodynamic forces,
specifically, flutter is associated with the motion dependent
forces when an airfoil moves within a flow field, the motion
of the airfoil modifies the aerodynamic forces on the airfoil.
Typically, these motion dependent forces work to extract
energy from any airfoil vibration, thus causing any vibration
to damp out with time. The level to which motion dependent
aerodynamic forces damping out airfoil vibration can be
viewed as aerodynamic damping. The net influence of
motion dependent aerodynamic forces over one vibratory
cycle is characterized by an aerodynamic damping ratio,
formulated in a manner similar to that used to characterize
mechanical damping ratios of vibratory systems. The aero-
dynamic damping ratio is added to any additional mechani-
cal damping ratio present in the airfoil to determine the net
aeromechanical damping ratio. As long as the net aecrome-
chanical damping ratio is positive, airfoil vibration is
damped out with time and the airfoil is said to be stable.
However, if the motion dependent aerodynamic forces add
energy to vibrations, the aerodynamic damping is said to be
negative. If the aerodynamic damping ratio is more negative
than the always positive mechanical damping ratio, small
vibrations grow with time and the airfoil is said to be
unstable and flutter results. The amplitude of the vibrations
associated with an airfoil encountering a flutter boundary
can be large and destructive to the airfoil and thus need to
be avoided.

[0047] Turbomachinery manufacturers perform tests to
define safe operating regions for the structures of a gas
turbine engine. For example, rotor 16 supporting the fan
blade 42 maybe operated at increased speeds while moni-
toring vibration characteristics with sensors mounted to the
fan blades 42. Engine rotational speed is only one parameter
of many possible operating parameters that influence aero-
mechanical stability and is discussed by way of a non-
limiting example in this disclosure. Once self-excited vibra-
tions of a sufficient level are encountered, the rotor 74 and
fan blades 42 are returned to a stable operating range and the
operating point at which the self-exited vibrations developed
is denoted as the flutter boundary. Engine operation is then
constrained based on the set of engine operating parameters
determined to result in flutter. Additionally, a margin is
defined such that the engine is not operated near the speeds
associated with the flutter boundary to account for other
engine parameters that could cause flutter to occur prior to
the determined flutter boundary.

[0048] For an airfoil to be stable, the airfoil must have net
positive aeromechanical damping. Degradation of the aero-
mechanical damping can thus be viewed as a precursor to the
onset of flutter. Any reduction in the airfoils acromechanical
damping capability indicates that the airfoil is operating
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closer to a flutter boundary. In other words, any change in
the airfoil, or the system in which it is operating, or the
operating conditions that moves the airfoil closer to it flutter
boundary is preceded by a decrease in aeromechanical
damping capability. From this perspective, the aeromechani-
cal damping of key aeromechanical modes provides a mea-
sure of stability and that maintaining sufficient aeromechani-
cal damping is a useful method to help ensure flutter free
operation. A decrease in the aeromechanical damping or any
decreases that occur faster than an expected rate are an
indicator that corrective action may be necessary to prevent
flutter.

[0049] An aeromechanical identification system 62 is
schematically shown installed within the engine 20. The
disclosed example system 62 includes at least one actuator
64 mounted on the fan case 64 proximate the fan blades 42.
The actuator 64 directs an energy stream with energy within
a defined frequency range to excite the fan blades 42 over
said defined frequency range. At least one sensor 66 is also
mounted in the fan case 12 proximate the fan blades 42 for
measuring a structural response of the fan blades 42 to the
directed energy from the actuator 64. A controller 68 is
provided that directs the actuator 64 and receives informa-
tion from the sensor 66 indicative of a response from the fan
blades 42. The actuator 64 excites the fan blades of the rotor
over a range of frequencies that spans the frequency of the
aeromechanical mode of interest and the sensor senses a
response of the fan blades of the rotor over said range of
frequencies.

[0050] The controller 68 is configured to determine a
damping characteristic of an aeromechanical mode of the
fan blade 42 based on the input directed energy and the
structural response detected by the sensor 66. The disclosed
system measures the mechanical admittance of specific
aeromechanical modes by selecting a range of temporal
frequencies of the excitation in the stationary frame to excite
specific acromechanical modes in the rotating frame. If the
excitation has sufficiently constant frequency content near
and around the resonant frequency, the spectral content of
the response of the aeromechanical mode near its resonant
frequency is representative of the mechanical admittance of
the aeromechanical mode and its damping and natural
frequency can be determined by fitting the response with a
model of an n? order oscillator. It should be understood that
although the system 62 is disclosed by way of example with
regard to fan blades 42, other airfoils such as those within
the compressor section 24 and turbine section could also be
monitored and are within the contemplation of this disclo-
sure.

[0051] Referring to FIG. 2, with continued reference to
FIG. 1, a single actuator 64 could be used at a single
circumferential position to excite all spatial harmonics of the
fan blade 42. Moreover, a plurality of similarly configured
actuators 64 could be utilized as shown in FIG. 2 to further
enable different phasing of directed energy. In one example,
three actuators 64 are mounted within the fan case 12 of the
nacelle 14 and spaced circumferentially apart. Utilizing
more than one actuator 64 and maintaining specific phasing
of'the actuators with respect to each other enables the system
to maximize harmonic content of a specific spatial harmonic
that in turn increases signal to noise ratio for a given level
of excitation.

[0052] The disclosed actuators 64 inject an energy jet
stream at the rotating fan blades 42. In the disclosed
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example, the jet stream is directed toward a leading edge 74
of the fan blade 42 near the tip 72. It is also within the
contemplation of this disclosure to arrange the actuator 64 to
direct the air stream 70 radially inward toward the tip 72.
Additionally, the actuator 64 may be configured to direct
energy toward a trailing edge 76 of the fan blades 42. In any
orientation, the actuator 64 injects the jet stream 70 to
impact the fan blades 42 to initiate a response measured and
detected by the sensor 66. The example jet stream may
include air, gas, liquid or a combination of air, gas and liquid
to excite the fan blades 42.

[0053] The example sensor 66 is a non-contact sensor that
detects passing of the fan blade 42 and generates an output
to the controller 68 indicative of an aeromechanical response
of the fan blades 42. The example sensor 66 illustrated in
FIGS. 1 and 2 is blade-tip measurement system that gener-
ates information upon the passing of a tip 66 of each fan
blade 42. The blade-tip-timing measurement system pro-
vides a cost-effective, high spatial resolution system for the
measurement of aeromechanical responses. It should be
understood that other sensor systems that measure a
response of the fan blade 42 are also contemplated for use
with the disclosed system 62.

[0054] Referring to FIG. 3, with continued reference to
FIG. 1, the example system 62 is illustrated with a beam
interrupt non-contact sensor system 80. The sensor system
80 includes a first probe 82 mounted axially forward of the
fan blades 42 and a second probe 84 mounted aft of the fan
blades 42. A laser signal beam 86 is directed between the
probes 82, 84 and interrupted by a passing blade 42. Accord-
ingly, the beam 86 is interrupted for the time that the blade
42 passes between the probes 82, 84. The beam 86 is initially
interrupted by the leading edge 74 of the fan blade 42 and
restored upon the passing of the trailing edge 76. The time
that the beam 86 is first interrupted and the duration for
which it is interrupted provides an indication of both tip
deflection and twist in the fan blade. It should be appreciated
that other sensing devices for detecting responses of the
rotating blades are also within the contemplation of this
disclosure.

[0055] The example system 62 may further utilize strain
gauges 78 mounted to the surface of each fan blade 42.
Strain gauges 78 are utilized to capture information indica-
tive of deflections in the fan blade 42 that are indicative of
twist and tip deflection.

[0056] It should be understood that the example system 62
is contemplated for use in a controlled testing environment
for engine verification operations. The system 62 maybe an
added system that utilizes existing inspection openings. In
one disclosed embodiment, the actuators 64 are mounted
within exiting mounting ports 106. Existing mounting ports
106 are provided for use with the sensor system 80. The use
of existing mounting ports 106 for the actuators 64 instead
of the sensors reduces the number of sensors available for
measurement of the fan blades 42.

[0057] Referring to FIG. 4, another sensor system embodi-
ment 83 includes an actuator 65 that includes a probe 85.
The probe 85 operates to receive information on the inter-
ruption of the sensor beam 86 in concert with the second
probe 84. Accordingly, the desired measurement capability
is maintained while also providing the aeromechanical
damping measurement capability provided by the actuator
65. Moreover, the number of ports 106 within the fan case
12 and nacelle 14 can be maintained.
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[0058] Referring to FIGS. 5 and 6, with reference to FIG.
3, the example actuator 64 provides a high frequency
actuation capability. The actuators 64 are enabled with a
capability of exciting the fan blades across a varying range
of frequencies. The range of frequencies enabled can include
relatively high frequencies. Accordingly, the example actua-
tor 64 is configured to provide oscillatory excitation over a
range of specific frequencies with a phase relationship
among all the actuators 64. The example actuator 64 is
configured as a spinning valve and includes a plate 94 with
at least one opening 96. In the disclosed example the plate
94 includes a plurality of openings 96. The plate 94 is driven
by a motor 102 at a desired speed that provides the desired
frequency of injected fluid jet. The plate 94 is in commu-
nication with a high pressure air source 100 through an inlet
conduit 98 and an outlet tube 90. The outlet tube 90 extends
through the fan case 12 or other static structure to position
the outlet 92 in a desired orientation proximate the fan
blades 42.

[0059] The plate 94 is disposed within a chamber 104 that
receives high pressure air flow from the source when an
opening 96 passes over an inlet 88. Air is communicated to
the outlet tube 90 when an opening 96 passes an outlet 96.
In this example the openings 96 are equally spaced such that
an open time and a closed time are equal when the plate 94
is rotated at a constant speed. Accordingly, rotation of the
plate 94 at a constant speed provides a defined frequency of
air or gas injection through the outlet 92. Control of the
rotational speed of the plate 94 therefore provides the
desired frequency of air injection against the fan blades 42.
[0060] The outlet tube 90 includes a constant diameter
along a length 108. The length 108 of the tube 90 is
minimized such that a distance between the outlet 96 and the
injector outlet 92 is minimized to maintain the desired
frequency response and reduce any potential lag time. While
the example tube 90 is shown as a straight tube, the tube 90
may be curved or otherwise shaped to adapt to specific
engine orientations. However, regardless of the shape of the
tube 90, the diameter is maintained constant to provide the
desired rapid response and to reduce losses or flow incon-
sistencies.

[0061] Moreover, the length 108 of the outlet tube 90
could be varied to provide a varying frequency response to
enable a single high frequency actuator 64 to be used to
excite a wide range of frequencies.

[0062] The disclosed system 62 enables measurements of
aeromechanical damping to determine flutter margins and
boundaries. Moreover, the example system provides a quan-
tifiable information on acromechanical damping of acrome-
chanical modes of fan blades, and other rotating airfoils such
that it provides a useful diagnostic tool for optimizing
engine life cycle costs.

[0063] Although an example embodiment has been dis-
closed, 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.

What is claimed is:
1. An aeromechanical identification system for turboma-
chine comprising:
at least one actuator mounted on a stationary structure to
excite rotatable airfoils;
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at least one sensor mounted proximate the airfoils for
measuring a response of the airfoils responsive to
excitation from the at least one actuator; and

a controller configured to determine a damping charac-

teristic of an aeromechanical mode of the rotating
airfoils based on the excitation and the response.

2. The aeromechanical identification system as recited in
claim 1, wherein the at least one actuator comprises at
plurality of actuators spaced circumferentially apart around
the casing of the turbomachine.

3. The aeromechanical identification system as recited in
claim 1, wherein the at least one actuator comprises an
injector that directs a jet stream at the rotating airfoil.

4. The aeromechanical identification system as recited in
claim 3, wherein the injector comprises an inlet receiving
gas flow, a varying orifice and an injector opening disposed
proximate to the rotating airfoil.

5. The aeromechanical identification system as recited in
claim 3, wherein the at least one actuator comprises a
modulating control valve that modulates the jet stream to
excite the airfoils.

6. The aeromechanical identification system as recited in
claim 3, wherein the jet stream is one of a directed gas jet,
a directed fluid jet and a directed jet of a combination of gas
and fluid.

7. The aeromechanical identification system as recited in
claim 4, wherein the varying orifice comprises a rotating
plate with at least one openings, wherein the rotating plate
is moveable to communicate the at least one openings with
the inlet at periodic intervals determined to generate the
defined frequency of the jet stream gas to excite the rotating
airfoils.

8. The aeromechanical identification system as recited in
claim 4, wherein the injector opening is disposed at an end
portion of an outlet tube that extends into an airstream
proximate the airfoils.

9. The aeromechanical identification system as recited in
claim 3, wherein the actuator directs the jet stream toward a
leading edge portion of a tip of the rotating airfoil.

10. The aeromechanical identification system as recited in
claim 3, wherein the actuator directs the jet stream against
a tip of the airfoil from a position radially outward of the
airfoil.

11. The aeromechanical identification system as recited in
claim 1, wherein the sensor comprises a non-contact mea-
surement device supported radially outward of a tip of the
rotating airfoil.

12. The aeromechanical identification system as recited in
claim 1, wherein the sensor comprises a beam interrupt
measurement system including a first probe disposed
upstream of the rotating airfoil and a second probe down-
stream of the rotating airfoil, the beam interrupt measure-
ment system configured to determine airfoil characteristics
responsive to interruption of a beam projected between the
first probe and the second probe.

13. The aeromechanical identification system as recited in
claim 11, wherein the sensor and actuator are mounted at a
common location proximate the rotating airfoil.

14. The aeromechanical identification system as recited in
claim 1, including a strain gauge attached to the airfoil
configured to communicate information indicative of strain
on the airfoil responsive to the energy stream to the con-
troller.
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15. A gas turbine engine comprising:

a rotating row of airfoils circumscribed by a fixed case;

at least one injector mounted within the case and config-

ured for directing an energy stream over a range of
frequencies to excite the row of rotating airfoils;

at least one sensor mounted within the case configured for

measuring a structural response of the rotating row of
airfoils to the directed energy stream; and

a controller configured to determine a damping charac-

teristic of an aeromechanical mode of the rotating row
of airfoils based the response of the energy stream
excitation.

16. The gas turbine engine as recited in claim 15, wherein
the at least one injector comprises a plurality of injectors
spaced circumferentially apart within the fixed case.

17. The gas turbine engine as recited in claim 15, wherein
the at least one injector comprises a varying orifice move-
able to communicate a plurality of openings with an inlet at
intervals determined to generate the defined frequency of air
injection proximate the row of airfoils.

18. The gas turbine engine as recited in claim 16, wherein
the at least one sensor comprises a non-contact measurement
device supported radially outward of a tip of the row of
rotating airfoils.

19. The gas turbine engine as recited in claim 16, wherein
the at least one sensor comprises a beam interrupt measure-
ment system including a first probe disposed upstream of the
rotating airfoils and a second probe downstream of the
rotating airfoils, the beam interrupt measurement system
configured to determine airfoil characteristics responsive to
interruption of a beam projected between the first probe and
the second probe.

20. The gas turbine engine as recited in claim 15, includ-
ing a strain gauge attached to at least one of the row of
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rotating airfoils, the strain gauge configured to communicate
information indicative of stresses on the airfoil responsive to
the energy gas stream to the controller.
21. A method of determining a flutter boundary for an
airfoil of a turbomachine comprising:
directing an energy stream with an actuator over a defined
frequency range to excite a row of rotating airfoils;

detecting a structural response of the row of airfoils
responsive to the directed energy stream with a sensor
mounted proximate the airfoils;

determining an aeromechanical damping characteristic of

the row of airfoils in a stable turbomachine operating
range based structural response of the row of airfoils;
and

defining a value of a set of turbomachine operating

parameters intended to ensure the safe operation of the
turbomachine with respect to a flutter boundary for the
turbomachine operating parameter based on the deter-
mined aeromechanical damping characteristics of the
row of airfoils within the stable turbomachine operating
range.

22. The method of determining a flutter boundary for a
row of airfoils as recited in claim 21, wherein the turboma-
chine operating parameter comprises at least one of a rotor
speed, back pressure on the airfoil, flow rate through the
airfoil row, altitude and corrected fan speed.

23. The method of determining a flutter boundary for a
row of airfoil as recited in claim 21, wherein the actuator
comprises a gas injector directing a stream of air at the
rotating airfoil.

24. The method of determining a flutter boundary for an
airfoil as recited in claim 21, wherein the sensor comprises
a non-contact sensor mounted proximate a tip of the airfoil.
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