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Active Control of Discrete-Frequency Noise
Generated by Rotor-Stator Interactions
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Discrete-frequency tones generated by unsteady blade row interactions are of particular concern in the design of
advanced turbine engines. In the annularfan inlet and exit duct, the acoustic waves generated at the multiples of the
rotor blade pass frequency must have circumferential periodicity. The rotor-stator generated discrete-frequency
noise is characterized as a summation of these circumferentially periodic acoustic waves or spatial modes over
the multiples of the rotor blade pass frequency. Only the spatial modes that propagate to the far field represent
the discrete-frequency noise received by an observer. A series of fundamental discrete-frequency noise source
control experiments is described. Active airfoil source control is utilized to generate propagating spatial modes to
interact with, and simultaneously cancel, the upstream and downstream propagating spatial modes generated by
the rotor-stator interaction. The active airfoil source control is optimized for the control of the propagatingspatial
modes. The active noise control system incorporates the active airfoil source control with in-duct spatial mode
measurements. Data are acquired and analyzed that demonstrate the viability of this unique active noise control
technique. Significant simultaneous noise reductions are achieved for the upstream and downstream propagating
spatial modes. The control system is successfully demonstrated over a range of rotor blade pass frequencies.

Nomenclature
Ay = freestream speed of sound
ko = tangential wave number
kg ciicn = critical Nyquist mode

k, eigenvalue

ke = axial wave number

M = axial mean flow Mach number
N = number of microphones

Nplages = number of rotor blades

Nymes = number of stator vanes

n = rotor harmonic

P = spatial transform of acoustic pressure
p = acoustic pressure

0, = eigenvalue

r = radial coordinate

U, = mean axial velocity

v = statorindex,0, 1, ..., Nyies

X = axial direction

o = mean stator angle of attack

0 = circumferential coordinate

& = axial coordinate

Q = rotor circular frequency

Q, = pressure pattern phase speed
w = frequency, n Nyjages 2
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Introduction

N the design of advanced gas-turbine engines, aeroacoustics is

an increasingly importantissue. In addition to meeting the long-
term performance requirements of increased fuel efficiency, de-
creased weight, and improved reliability and maintainability while
being competitively priced, engine certification requires meeting
prevailing noise regulations, such as the U.S. Federal Air Regula-
tion 36 Stage 3 rules that are to be implemented through the end of
this decade. In addition, more stringent noise level guarantees are
oftenrequiredof the engine manufacturerby airlinesto meet tougher
local airport noise requirements. Also, there is a near certainty that
more stringent stage 4 requirements will require an additional re-
duction of 5-10 effective perceived noise level-dB.

Figure 1 shows the primary noise sourcesfor a high-bypassturbo-
fan engine and a typical turbomachinerynoise spectrum: the fan, the
low-pressureor boostercompressor,and the low-pressureturbine.!+?
Their noise signatures include a broadband noise level, with large
spikes or tones at multiples of the blade passing frequency. For
subsonic fans, the acoustic spectrum discrete tones are usually 10-
15 dB above the broadband level. The discrete-frequencytones are
generated by periodic blade row unsteady aerodynamicinteractions
between adjacentblade rows. Namely, turbomachineblade rows are
subjectto spatially nonuniforminlet flowfields resulting from either
potentialor viscous wake interactions.Potential flow interactionsre-
sult from variations in the pressure field associated with the blades
of a given row and their effect on the blades of a neighboring row
moving at a different rotational speed. This type of interaction is of
concern when the axial spacing between neighboring blade rows is
small or flow Mach numbers are high. Wake interactionsresult from
the impingement of wakes shed by one or more upstream rows on
the flow through a downstream blade row. This type of interaction
can persist over considerable axial distances. Both of these interac-
tions result in the generation of acoustic waves that may propagate
unattenuated and also interact with other blade rows.

Current noise control and reduction methods for high-bypass tur-
bofan engines usually are a combination of turbomachinery noise
source control and suppression. Source control is accomplished by
increasing axial spacing between adjacent blade rows and by se-
lecting blade and vane number combinations to produce cutoff,
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Fig. 1 Sources of turbomachine noise and the generated noise
spectrum.

whereby the highest-energy acoustic modes decay exponentially
with distance along the ducting. Source suppression is achieved
with acoustic liners in the fan inlet and exhaust ducts and the core
exhaust duct.

The increasingbypass ratios of advanced turbofan engines means
increased fan diameter. However, nacelle length is to be kept at the
current bypass ratio size, not scaled with diameter. Thus, inlet and
exhaust duct length-to-diameter ratios will be smaller, and current
liner design techniques will provide less noise suppression. Also, as
the fan diameter increases, the blading becomes larger, and main-
taining acoustically desired axial spacing becomes a severe weight
penalty. Furthermore, the trend toward low blade number, wide-
chord fan designs is a further deterrence to maintaining large spac-
ing/chord ratios. Larger diameters, lower blade numbers, and lower
tip speeds all produce lower blade passing frequencies that require
deeper treatment liners to achieve comparable suppression. To pro-
vide low drag, however, large-diameter nacelles must be thin. As a
result, current liner treatment designs will provide significantly less
source suppression.

In summary, higher-bypass-ratio engines require more source
noise control by design, not liner suppression, to even maintain cur-
rent engine noise levels, let alone reduce noise levels significantly
below those of current engines. As a result, progress in gas-turbine
noise reduction is dependenton a better understanding of turboma-
chinery noise, specifically far-field discrete-frequency noise, and,
after exhausting passive techniques, the designer is left to the active
control of noise.

For a turbomachinestage, arotor and statorin a duct, only specific
circumferential acoustic modes are generated by the rotor-stator
interactions, with these modes determined by the number of rotor
blades and stator vanes. In addition, only certain of these modes
propagate to the far field, with the rest decaying before reaching the
far field. Thus, it is only those circumferentialmodes that propagate
to the far field that represent the discrete-frequencynoise received
by an observer.

Active noise control has also been analytically modeled and ex-
perimentally demonstrated. Thomas et al.® applied a three-channel
active control system to reduce fan noise radiating from the inlet of
a JT15D turbofan engine. The error signals were provided by large-
area microphones placed outside the inlet in the acoustic far field.
The control sound field was generatedby an array of 12 horns and 24
loudspeakersmounted on the circumferenceof the inlet. The control
system utilized a feed-forward adaptive filtered least mean square
algorithm. The 28-bladed rotor was excited by 28 rods mounted
upstream of the rotor, which generated a plane wave spatial mode.
With the three error microphones placed outside the engine, noise

control was achieved within a 30-deg arc. However, there was an
overall increase in the acoustic response.

Another approach to active noise control considers the reduction
of the unsteady forces acting on the blade row.* This reduction in
the unsteady lift translates into a decrease in noise generation. This
was demonstrated by Simonich et al.’ on an isolated airfoil with a
moveable trailing-edge flap. The flap represented the active aerody-
namic element of the system. The flap was actuated by a servomotor
and its motion controlled to reduce the unsteady lift generated by
a periodic disturbance. The peak-to-peak acoustic dipole pressure
was reduced by a factor of two and the sound pressure level was
reduced by 10 dB over portions of the spectrum.

A third approach combines the antinoise and source control tech-
niques with the generation of antinoise at the noise source. This ac-
tive airfoil source control technique minimizes power requirements
and maximizes control authority. Kousen and Verdon® developed a
computationalmodel based on the linearized unsteady flow analysis
LINFLO. The model considered blade surface mounted pistons as a
source of antisound. Complete cancellationof all propagatingwaves
required one surface actuator per acoustic wave. The amplitude and
phase of the actuators were determined through the solution of a
set of complex linear equations. Kousen’ was also able to minimize
the sound generation through a least-squares minimization proce-
dure when the number of actuators was less than the number of
propagating acoustic waves.

With on-airfoil source control and in-duct spatial mode mea-
surements, both Minter et al.* and McCarthy and Fleeter” demon-
strated active control of propagating spatial modes generated by a
16-bladed rotor and a 3-vaned stator. Amplitude and phase control
was providedby three Ariel DSP-16 digital signal processingboards
mounted in two PC compatible personal computers with input pro-
vided by a filtered 16-pulse transistor-transistor logic output of an
optical encoder. Minter et al.® used piezoelectriccrystals to actuate
airfoil surface pistonsand oscillating flaps to realize maximum noise
reductions of 6 dB upstream and 8 dB downstream. McCarthy and
Fleeter® used a compression driver-horn combinationin a speaker-
dipole arrangement for near source control of either the upstream
or the downstream going acoustic wave. Maximum reductions of
17.1 dB upstream and 15 dB downstream were obtained.

This paperis directed at the reduction of discrete-frequencynoise
generated by rotor-stator interaction through a series of fundamen-
tal experiments performed in the Purdue Rotating Annular Cascade
Research Facility. The active discrete-frequencynoise control sys-
tem combines the advantagesof on-airfoilactive source control with
in-duct acoustic measurement for the simultaneous cancellation or
reduction of a rotor-stator generated spatial mode propagating up-
streamand downstream. This uniqueactive discrete-frequencynoise
control system is optimized for the control of rotor-stator generated
propagatingspatialmodes overa wide rangeof operatingconditions.

Discrete-Frequency Noise Generation and Control

The classicalmodel of discrete-frequencynoisein a turbomachine
considers a rotor and stator in an annular duct.!® For example, in
a multistage turbomachine unsteady pressure is generated on stator
rows due to the periodic wakes of an upstream rotor blade row
and the potential fields of upstream and downstream rotor blade
rows. These unsteady stator vane surface pressures are the source
of turbomachine discrete-frequencynoise. The stator row responds
to these periodic excitations by generating fluctuating periodic lift
forces at multiples of the rotor blade pass frequency. This stator row
unsteady loading then couplesto the ductto produce acoustic waves.

The acoustic response of the stator row is characterized as the
superposition of spatial modes, where the generated spatial modes
are a function of the number of rotor blades and the number of sta-
tor vanes. A spatial mode is described as a lobed pressure pattern
where the spatial mode order is equal to the number of lobes. The
propagation, resonance, or decay of a spatial mode is given by the
axial wave number. Of the generated modes, only certain modes
propagate to the far field. It is these propagating modes that rep-
resent the discrete-frequencynoise received by an observer. These
acoustic response characteristics are important to explain properly
the measured acoustic response due to rotor-stator interactions and
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to provide the necessary understanding of the basic concepts of an
active discrete-frequencynoise control system.

Annular Duct Acoustics
The unsteady flow in an annular duct is described by the wave
equation for a uniform axial flow, derived by considering the flow
to be inviscid and compressible with small unsteady perturbations:

2
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(8t+ wag)” W[rar(rar>+r2392+352}p
(1)

where p is the acoustic pressure; A, is the freestream speed of
sound; Uy, is the freestream axial velocity; and &, r, and 6 are the
axial, radial, and circumferential coordinates.

The acoustic pressure is a function of radius and is harmonic in
time, axial distance, and polar angle:

P(S, r, 95 t) = ﬁ(kur) exp[l(ksé + k99 - anladcht)] (2)

where @ = nNyj,qs €2 is a multiple of blade passage frequency; 7 is
the rotor harmonic; the spatial mode order ky = 1 Nyjages + 7 Nyanes
is determined to satisfy stator vane row periodicity conditions;
m =0, 1, £2, ..., isanarbitraryinteger; the radial variationof the
pressureis describedby p(k,r) = Ji, (k,r) + Q, Y, (k,r); acombi-
nationof Bessel functionsof orderk,, k,,, and Q, arethe eigenvalues
determined from the flow tangency conditions at the inner and outer
duct radii:

o kM k, M 2+
T M2 1— M2

the axial wave number, is determined through the solution of the
characteristicequation, k,, = w/A; and M is the Mach number of
the freestream flow.

k2 —k2
1= M

Far-Field Discrete-Frequency Noise

Although an infinite number of spatialmodes are generatedby the
rotor-stator interactionat the harmonics of blade passage frequency,
only certain of these modes propagate to the far field, with the rest
decaying before reaching the far field. Thus, it is only those spatial
modes that propagate to the far field that represent the discrete-
frequency noise received by an observer. The propagation of the
acoustic pressure modes is specified by the axial dependence of
the duct pressure waves, that is, the axial wave number, specifically
the expression under the radical of

o kM kM 2+
T 1-Mm2 1—M?

where for k7 — k7 (1 — M?) > 0 there are two real k; values corre-
sponding to two propagating pressure waves, one upstream and the
other downstream. For k, — k> (1 — M?) < 0 there are two complex
ke values corresponding to two decaying waves, one upstream and
the other downstream. The case of K — K. (1 — M?*) =0 is a res-
onance condition, with the resonant frequency known as the cutoff
frequency because below the cutoff frequency the pressure waves
decay in the axial direction or are cutoff.

k2 —k2
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Experimental Facility and Instrumentation

The experiments were performed in the Purdue Rotating Annular
Cascade Research Facility (Fig. 2). This facility is an open-loop
draw through type wind tunnel capable of test section velocities
of 220 ft/s (67.06 m/s). The flow, conditioned by a honeycomb
section and an acoustically treated inlet plenum, accelerates though
a bellmouth inlet to the constant area annular test section. The flow
exiting the test section is diffused into a large acoustically treated
exit plenum. The flow is drawn through the facility by a 300-hp
(223.7 kW) centrifugal fan located downstream of the exit plenum.
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Fig. 2 Purdue annular cascade facility.

Two arrays of 10 Piezotronics, Inc., PCB 103 A piezoelectric mi-
crophones with uniform circumferential spacing are mounted by
static pressure taps in the outer wall of the inlet annulus (Fig. 2).

The microphones have a nominal sensitivity of 1500 mV/psi
(188.57 mV/kPa) and a natural frequency of 13 kHz. The micro-
phones are calibrated as installed in the rig and show linear ampli-
tude response and flat frequency response in the region of interest.
Experimental error in the pressure measurement is within 3% am-
plitude and 5-deg phase. The Nyquist critical mode kg crisical 18 5 for
the 10-microphone array, with all spatial modes above the Nyquist
critical mode aliased below the Nyquist mode.

The annular test section was configured with a rotor with 16,
1-in.-wide perforated plates upstream of a stator with 18 NACA
65A012 airfoils with a 15.24 cm (6.00 in.) chord. An optical pickup
on the rotor shaft was utilized to determine the rotor shaft speed.

The 16 rotor blades and 18 stator vanes in the test sec-
tion generate ky =n16+m18 spatial modes, where n is the ro-
tor harmonic and m is an arbitrary integer. Therefore, the spa-
tial modes k= ..., —20, —2,16,..., are generated at blade
pass frequency. At twice blade pass frequency, the spatial modes
kg=...,—22,—4,14, ..., are generated by the rotor-stator inter-
action. For operating conditions from 800 to 1000 rpm, only the
ky = —2 mode is cut on at blade pass frequency, and the k, = —4 at
twice blade pass frequency are cut on and generated by the rotor-
stator interaction. The interblade phase angle of the 16-bladed rotor
and the 18-vaned stator is —320 deg.

Active Discrete-Frequency Noise Control

The far-field discrete-frequencynoise of a turbomachinereceived
by an observeris composed of spatial modes generated at multiples
of rotor blade pass frequency that have propagated in the duct and
haveradiatedto theacousticfarfield. These discrete-frequencytones
are generated by rotor-stator interactions and can be characterized
through the measurement of the modal structure in the duct both
upstream and downstream of the airfoil rows. The function of the
active noise control system is the cancellation or reduction of the
propagating acoustic modes in the duct, that is, before the modes
are radiated to the far field. The active noise control system utilizes
active airfoil source control that mimics the rotor-stator interac-
tion and is optimized for control of the propagating acoustic modes
generated by the rotor-stator interaction. Additionally, on-airfoil
actuators minimize the actuator power requirements.

An acoustic wave generated by rotor-stator interactionis charac-
terized by the spatial modes and the excitation frequency. The spa-
tial modes generated are specified by the number of rotor blades and
stator vanes ky = 1 Nyjages + 7 Nyanes - Ideally, the active control sys-
tem and the rotor-stator interaction produce the same propagating
acoustic waves. This enables the active control system to cancel the
rotor-stator generated propagating waves, resulting in no discrete-
frequency noise in the far field. The interaction of a 16-blade rotor
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andan 18-vanedstator generatesa k, = —2 propagatingspatialmode
atblade pass frequency. The stator equipped with active source con-
trol also generatesa k, = —2 propagating spatial mode at blade pass
frequency. If the noise generated by the active source control is out
of phase with the noise generated by the rotor-stator interaction,
the result is complete cancellation of the discrete-frequency noise
in the duct.

The source of the discrete-frequencynoise is the unsteady load-
ing on the stator airfoils, with the unsteady loading of adjacent
airfoils equal in magnitude and shifted in phase by the interblade
phase angle. The active noise control system is realized by placing
an acoustic source on each stator vane. When successive acoustic
sources are driven on adjacent stator vanes by signals that are equal
in magnitude and shifted in phase by the interblade phase angle, the
acoustic sources and the rotor-stator interactions generate the same
spatial modes (Fig. 3). The spatial modes generated by the acous-
tic sources will propagate or decay upstream and downstream in
the same manner as the spatial modes generated by the rotor-stator
interactions.

For example, a 16-bladed rotor interacting with an 18-vaned
stator generates the ky = ..., —20, =2, 16, ..., spatial modes at
blade pass frequency. At 1000 rotor shaft rpm, only the ky = —2
mode propagates to the far field. The spatial modes propagating
upstream and downstream are characterized by the complex am-
plitudes Pyustup (kg = —2) and Pyyst down (ke = —2). It is these modes
that will be canceled through active control, as illustrated in Fig. 4.
The control system is assumed to be linear with the control signal
input amplitude. Therefore, the active control system is character-
ized by the generated complex amplitudes Py, (kg = —2)A; and
PAl.down (ko =—2)A,, where PAl.up(kQ =—2)and PAl.down(kQ =-2)

Rotor-Stator Interaction

Acoustic Pressure
ky=-2

\/time
Active Control

Active Acoustic Source Voltage

A L™

T\ ime

Fig. 3 Vane-to-vane phase shift of acoustic pressure and active control
voltage.

Rotor-Stator Interaction Noise

Pduwn,gun (ke = '2)

Active Control

P, Al(ke =-2)A,

are the influence coefficients generated by the actuators and A, is
the complex amplitude of the control signal.

Thus, the amplitude and phase of the source control signal can
be set to reduce the upstream or the downstream propagating mode,
but not both at the same time. The simultaneous reduction of one
propagating spatial mode both upstream and downstream of the
blade rows requires two sets of acoustic sources. The measured
response is simply expressed in matrix form

PAl.up PAg.up Al _ Pmcasurcd.up _Pgusl.up (4)
PAl.down PAz.doWn A2 Pmcasurcd.down _Pgusl.down

where Py, ., and Py, gown are the influence coefficients of the second

setofacousticdriversand A, is the complex amplitudeof the second

control signal.
For zero measured response, Eq. (4) becomes

[ PAl.up PAg.up } [Al} — [ _Pgusl.up } (5)
PAl.down PAg.down A2 _Pgusl.down

The required control signals are

-1
Al _ PAl.up PAg.up _Pgusl.up
A2 PAl.down PAg.down _Pgusl.down
To reiterate, the simultaneous cancellation of one rotor-stator in-
teraction generated propagating spatial mode Py up and Pyyg down
both upstream and downstream of the airfoil rows requires two
sets of acoustic sources. Each set of acoustic sources will produce
upstream and downstream going spatial modes. When each set of
acousticsourcesis drivenat the proper amplitude and phase, cancel-
lation of both propagatingwaves is possible. The measured acoustic

pressure of the propagating mode is equal to the superposition of
the rotor-stator noise with that due to the active control system.

Active Airfoil Source Control

The central component of this active noise control system is the
active stator airfoils that generate propagating spatial modes analo-
gous to those of the rotor-statorinteraction. The acoustic sources are
drivenat the excitationfrequency and have the same phase shiftfrom
stator vane to stator vane. Thus, the active control system mimics
the rotor-stator interaction and generates a k; = —2 spatial mode.

The twin-cavity active airfoil with perforated metal sheathing is
shownin Fig. 5. The cavity access ports located on the airfoil hub al-
low the airfoilto be drivenby a remote centerbody-mountedacoustic
source. The microperforatedsheathingminimizes the disturbanceof
the stator vane aerodynamics while providing only minor resistance
to the acoustic radiation from the cavity. The perforated screen has
0.010-in.-diam holes and a 30% open area.

Measured Pressure

P, gux (Ko = -2)

Fig. 4 Active control of kg =— 2 mode in the downstream duct.
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The dimensions of the connector and vane cavity were selected
such that the cavity and the tube formed a resonator tuned to
the rotor blade pass frequency at 1000 rotor shaft rpm (267 Hz).
This resonator configuration provided an amplification of 12 dB
relative to the compression driver alone. This configuration is also
characterized by a sufficiently broad bandwidth that was necessary
to achieve a useful operating range specified for the experiments.

Both the upper- and lower-surface actuators generate upstream
and downstream going propagating spatial modes. When the two
sets of actuators are driven in concert by signals of proper ampli-
tude and phase, the active airfoils of the stator vane row cancel the
upstream and downstream propagating spatial modes.

The active control system is set up to naturally mimic the rotor-
statorinteractionnoise, with the physics that govern the rotor-stator
interactions also applying to the active noise control system. The
control signal generation is characterized by the magnitude and
phaseof two referencesignals. The referencesignalsdrive the zeroth
stator vane of the cascade, with successive stator vanes driven by
the same magnitude signal shifted in phase by the interblade phase
angle. The amplitude and phase of the reference signals are set to
reduce the measured propagatingacoustic wave both upstream and
downstream of the rotor-stator.

The generationof the control signals is accomplished using three
Computer Boards, Inc., model CIO DDAO6 six-channelanalog out-
put boards installed in a PC compatible computer. The digital-to-
analog converters are programmed to produce sinusoidal output
signals at blade pass frequency and are phase referenced to the
output of the optical rotor-shaft encoder. The generation of the
proper spatial mode is ensured because interblade phase angle is
set to the value determined by the rotor-stator interaction. The sig-
nal generationrate and phase reference are performed in real time.
The control signals drive the compression drivers via Kenwood
KM-X1 surround-soundpower amplifiers and transformersto match
the amplifier output impedance to the impedance provided by the
compression drivers.

Data Acquisition and Signal Processing

Acquisition and digitization of the microphone signals and the
shaft trigger signal is accomplishedusing five National Instruments

NB-A2000analog-to-digitalboardsinstalledin an Apple Macintosh
Quadra 950 computer. This system allows the simultaneous acqui-
sition of 20 channels of data, initiated by the shaft trigger signal.
Ensemble averaging over 100 rotor revolutionsis utilized to reduce
the random noise not linked to the rotor passage.

A primary component of the active noise control system is the
measurement of the propagating spatial modes!!"!? generated by
both the rotor-stator interactionand the active airfoil source control
system. The measured spatial modes not only characterize the base-
line rotor-stator response, but also quantify the effectiveness of the
active noise control system.

The discrete-frequencyacoustic response is the superposition of
spatial modes generated at the multiples of rotor blade pass fre-
quency, with the acoustic modes at blade pass and twice blade pass
frequency being of primary concern. An array of microphones is
required to determine the measured acoustic response as a function
of both frequency and spatial mode. This temporal-spatialtransform
is accomplishedusing two discrete Fourier transforms. The first de-
termines the frequency content of the microphone signals, and the
second determinesthe amplitude of spatial modes at each frequency.
The spatial transform, operating on the temporal Fourier transform,
is a function of frequency that separates the forward and backward
spinning modes. Note that the measurement errors are estimated to
be less than 5%. Based on a 95% confidence level, the maximum
estimated error on the mean is 3%.

Results

To demonstratethe viability and the effectivenessof this discrete-
frequency active noise control system, a series of experiments was
performedin the Purdue Rotating Annular Cascade Research Facil-
ity. A rotor with 16 perforated plates upstream of a stator with 18
active symmetric airfoils was installed in the annular test section,
with circumferential arrays of microphones in the inlet and outlet
used for spatial mode measurement. Rotor shaft rotation was varied
from 800 to 1000 rpm, and the axial velocity was 85 ft/s. At blade
pass frequency, the ky = —2 spatial mode propagatesboth upstream
and downstream. Because the ky = —2 spatial mode represents the
discrete-frequency noise produced by the rotor-stator interaction,
the control system was designed to minimize the amplitude of that
spatial mode.

The effectiveness of the control system is seen in Fig. 6 where
the upstream and downstream modal amplitudes are shown for the
baselinerotor-stator interaction and the simultaneousupstream and
downstream active control. Noise reductions of nearly 20 dB up-
stream and over 20 dB downstream are realized.

Figure 7 shows the controlled and the uncontrolled amplitudes
of the ky = —2 spatial mode as a function of rotor shaft rota-
tion, with simultaneous control of the k, = —2 spatial mode both
upstream and downstream of the rotor-stator. Significant control
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Fig. 6 Simultaneous upstream and downstream control.
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Fig. 8 Control authority demonstrated over alarge range of operating
conditions.

authority was demonstrated over the entire range of operating
conditions.

Figure 8 shows the reduction of the generated discrete-frequency
noise relative to the noise generated by the rotor-stator interaction.
Reductionsof over 10 dB were achievedover nearly the entire range
of operatingconditions,and maximum reductionsof 30-40 dB were
demonstrated for certain conditions.

Figure 9 shows the amplitude and phase of the control signals
required to realize the simultaneous control of the upstream and
downstream propagating discrete-frequency noise as a function of
rotor shaft rotation. Fortunately, the required control signals were
nearly in phase and of comparable amplitude. This situation allows
the drivers to complement each other and represents the minimum
power consumption of the system.
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Fig. 9 Control signal voltage amplitude and phase as a function of
rotor shaft rotation.

Summary

Advanced-design high-bypass turbomachines generate promi-
nent discrete-frequency tones. These tones are generated by rotor-
stator interactions, with specific spatial modes generated. However,
only certain of these generated modes propagate to the far field,
with these representing the far-field discrete-frequencynoise. High-
bypass turbomachines limit the effectiveness of current state-of-
the-art acoustic treatments for suppression and source control. As
prevailing noise regulations become ever more stringent, innova-
tive control of turbomachine noise sources is increasingly impor-
tant. Thus, a series of fundamental experiments was performed to
demonstrate the effectiveness of active simultaneous control of up-
stream and downstream propagatingdiscrete-frequencynoise using
active airfoil source control.

In the active airfoil source control technique, the upstream and
downstream propagating modes, that is, the far-field tone noise, are
simultaneously canceled through the generation of control propa-
gating waves that interact with and cancel those modes generated
by the rotor-stator interaction. The active airfoil source control is
optimized for the control of propagating spatial modes. The active
noise control system incorporates active airfoil source control with
in-duct spatial mode measurements and real-time rotor phase refer-
enced control signal generation.

The active airfoil source control system was successfully demon-
strated over a wide range of operating conditions with simultaneous
reductions of 10 dB realized over most of the operating range. In
some cases, nearly 40 dB of control authority was demonstrated.
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