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Active Control of Turbomachine Discrete Frequency
Noise Utilizing Oscillating Flaps and Pistons

Jason A. Minter¤ and Sanford Fleeter²

Purdue University, West Lafayette, Indiana 47907

Turbomachine discrete frequency tones are a signi® cant environmental concern. These tones are generated by

periodic blade row interactions, with only speci® c circumferential acoustic modes generated. This research is
directed at active control of discrete frequency noise generated by subsonic blade rows through cancellation of the

propagating acoustic waves, accomplished by utilizing airfoil surface mounted oscillating actuators to generate
additional control propagating pressure waves. These control waves interact with the propagating acoustic waves,

thereby canceling the acoustic waves and thus the far-® eld discrete frequency tones. A series of experiments are
described, directed at investigating the fundamentals of this active discrete frequency noise control technique as

well as verifying basic modeling assumptions. Both an isolated vane and a three-vane row are utilized, with the
stator vane actuators including both oscillating ¯ aps and surface pistons.

Nomenclature
a 1 = speed of sound
C/ S = cascade solidity
h = hpiston is the piston amplitude, hpistone

i x t

kc = reduced frequency
kh = tangential wave number
k n = axial wave number
M = freestream Mach number
Mh = tangential Mach number, M sin H
M n = axial Mach number, M cos H
m = mode number
Nblades = number of rotor blades
Nvanes = number of stator vanes
n = rotor harmonic
p = perturbation pressure
Åp = complex pressure perturbation constant
qpiston = piston velocity, dh/ dt
U 1 = mean axial velocity
u = axial perturbation velocity
Åu = complex velocity perturbation constant parallel to

blade row
V 1 = mean tangential velocity
v = tangential perturbation velocity
Åv = complex velocity perturbation constant normal to

blade row
wG,LE = vortical gust velocity magnitude at the airfoil leading

edge
w (x) = airfoil surface upwash velocity
x = direction along chord
y = direction normal to chord
a ¯ ap = ¯ ap torsion amplitude
H = cascade stagger angle
h = tangential coordinate
n = axial coordinate
u = phase angle between the actuator motion and the

vortical gust
X = rotor rotational speed
x = frequency
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Introduction

A EROACOUSTICS is an increasingly important issue in the
design of high-performancegas turbine engines, with discrete

frequency tones being a signi® cant environmental concern. These
discrete frequency tones are generated by periodic blade row un-
steadyaerodynamicinteractions.Namely, turbomachineblade rows
are subject to spatially nonuniform inlet ¯ ow® elds resulting from,
for example, inlet distortions or the wakes from upstream airfoil
rows.The interactionof a downstreamairfoil row with thesenonuni-
form spatial inlet ¯ ows results in periodic unsteady aerodynamic
forces on the downstream blading, which are the source of the dis-
crete frequency tones. The discrete tones appear in an engine noise
spectrum as spikes at multiples of blade passing frequency, whose
magnitudesare signi® cantly higher than the backgroundbroadband
noise levels.

One noise control approach involvescancellationof the unsteady
aerodynamicforceson the airfoil, the unsteady lift, therebydecreas-
ing the noise generation,1 accomplished, for example, with oscil-
lating ¯ aps.2, 3 Although appropriate for isolated airfoils, this is not
a ® rst principals approach for turbomachine blade rows. Namely,
blade row interactions generate acoustic waves that may propagate
unattenuated or decay exponentially with distance, depending on
the rotor stator relative airfoil counts as just described. If decay-
ing perturbations are produced, the mode is said to be cut off, with
no far-® eld discrete frequency noise generated. In contrast, with a
propagatingmode, a pairof acousticwavesare formed,one traveling
upstream and the other downstream, resulting in far-® eld discrete
frequency tones.

For a turbomachine stage, only speci® c circumferential acous-
tic modes are generated by the rotor±stator interaction, with these
modes determined by the number of rotor blades and stator vanes.
Only some of thesemodes propagateto the far ® eld, with the rest de-
cayingbefore reachingthe far ® eld.To decreasethe far-® eld discrete
frequency noise, the propagating acoustic pressure modes must be
controlled.There are two approaches:cancellationof the duct mode
or cancellation of the mode generation source.

With duct mode cancellation, the propagating pressure modes
are canceled in the engine ducts. This technique has potential but
also some dif® culties. For example, the cancellation mechanism is
mounted external to the duct, i.e., on the inner or outer duct radii.
Hence, it is very dif® cult to cancelpropagatingacousticpressurecir-
cumferential modes with radial components. Using duct-mounted
loud speakersand generatingonly plane waves, active noise control
was demonstrated by Thomas et al.4 on a JT15D turbofan engine,
with a decrease in the fundamental tone of up to 16 dB achieved.
The noise was decreased for a range of §30 deg about the engine
axis but was increasedfor all other angles,with a maximumincrease
of 15 dB. Thus, this noise control technique is not effective over the
entire engine inlet region.
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Mode generationsourcecancellationis accomplishedby generat-
ing additional control propagatingpressurewaves that interactwith
thosegeneratedby the rotor±statorinteraction,therebyprovidingthe
physical mechanism for the far-® eld discrete frequency noise con-
trol. Ideally, these additional control propagatingwaves will cancel
the rotor±stator generated propagating waves, both upstream and
downstream, thereby resulting in no propagating acoustic modes
and thus no far-® eld discrete frequency tones. In this approach,
initially proposed by Kousen and Verdon,5 a computational model
based on LinFlo6 was developed for controlling wake±blade inter-
action noise by means of oscillating pistons. Later, Minter et al.7

developed an analogous model based on LinSub,8 directed at ac-
tuator requirements for oscillating leading- and trailing-edge ¯ aps
as well as surface pistons. Note that this propagating wave cancel-
lation approach does not correspond to unsteady lift cancellation
because the unsteady lift is a result of both the propagating and
nonpropagatingwaves.

This research is directed at active control of discrete frequency
noise generated by subsonic blade rows through cancellation of
the propagating acoustic waves, accomplished by utilizing airfoil
surface mounted oscillating actuators to generate additional con-
trol propagating pressure waves. These control waves interact with
the propagating acoustic waves, thereby, in principle, canceling the
acoustic waves and thus the far-® eld discrete frequency tones. A
series of experiments, directed at investigatingthe fundamentalsof
this activediscretefrequencynoise control techniqueas well as veri-
fyingbasicmath model assumptions,are described.Both an isolated
vane and a three-vanerow are utilized,with the stator vane actuators
including both oscillating ¯ aps and surface pistons.

Discrete Frequency Noise Generation
The model to analyze the discrete frequency noise generated in

a turbomachine considers a rotor and stator in a duct, with the ¯ ow
inviscid and compressible with small unsteady perturbations, de-
scribed by the three-dimensionalwave equation
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This wave equation is variable, separable, and harmonic in time,
with solution

p( n , r, h , t) = Åp(r) exp[i (k n n + kh h ¡ nNblades X t )] (2)

where x = nNblades X , and kh is the mode order, corresponding to
the number of nodal diameters of the pressure pattern.

Tangential Wave Number kµ

The duct acoustic modes are generated by the unsteady pres-
sures generated by Nblades rotor blades rotating at speed X interact-
ing with Nvanes downstream stationary vanes. The vane tangential
spacing D h is equal to D h = 2p / Nvanes, with the vanes indexed
v = 1, 2, . . . , Nvanes. In time t ! t + ( D h / X ), the rotor will
traverse one stator passage so that the rotor position goes to h !
h + D h ; see Fig. 1. The response of the v = 2 vane is

p( n , r, h + D h , t + D t ) = Åp(r) exp{i[k n n + kh ( h +
2 p

Nvanes
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With the rotor in this position, the response of the v = 2 stator is
identical to the response of the v = 1 stator at time t :

Åp(r) exp[i (k n n + kh h ¡ nNblades X t)] = Åp(r) exp{i[k n n
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where m is any integer. Solving for kh ,

kh = nNblades + m Nvanes m = §1, §2, §3, . . . (5)

Fig. 1 Cascade periodicity in time and space.

Fig. 2 Mean ¯ ow and cascade geometry.

Thus, the only modes generated by the rotor±stator interaction
are speci® ed by the values of kh . The frequenciesare the harmonics
of blade pass x = nNblades X , with the acoustic duct modes also re-
spondingat these frequencies.The phase speed X p = nNblades X / kh

is the angular velocity of the (kh , n)th pressure mode. Note that a
negative value for m represents a backward traveling wave.

Axial Wave Number k»

The linear theory model to analyze rotor±stator interactionscon-
siders a two-dimensional ¯ at plate cascade in a subsonic inviscid
isentropic irrotational ¯ ow® eld (Fig. 2). The unsteady ¯ ow is as-
sumed to be a small perturbation to the uniform mean ¯ ow, leading
to the following linearized continuity and momentum equations:
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The unsteady ¯ ow is harmonic in space and time:
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where the discrete frequencyacousticor pressurewaves are de® ned
by the complex wave strength Åp and the axial and tangential wave
numbers k n and kh .

Substituting into the linearized continuity and momentum equa-
tions
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For a nontrivial solution, the determinant of the coef® cients must
be zero, leading to the following characteristic equation:

(U 1 k n + V 1 kh ¡ x )[(U 1 k n + V 1 kh ¡ x )2 ¡ A2

1 (k2
n + k2

h
)] = 0 (9)

There are two families of solutions: a vorticity wave and two
acoustic waves. The acoustic wave characteristics are determined
by kh , with k n describingwhether the waves propagateunattenuated
or decay.

The axial wave numbers k n are calculated from the respective
solutions of the characteristic equation. The solution corresponds
to a pair of irrotational acoustic or pressure waves, one propagating
upstreamand the otherdownstreamat the speedof sound if (U 1 k n +
V 1 kh ¡ x )2 ¡ A2

1 (k2
n + k2

h ) = 0. The terms k n for these pressure
waves are

k n =
M n (kh Mh ¡ x / A 1 ) § Ï (kh Mh ¡ x / A 1 )2 ¡ (1 ¡ M2
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n
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Far-Field Discrete Frequency Noise

Although all of the acoustic pressure circumferential modes of
orderkh = nNblades + mNvanes are generatedby the rotor±stator inter-
action at the harmonics of blade passage frequency x = nNblades X ,
only certain of these modes propagate to the far ® eld, with the rest
decaying.Thus it is only those circumferentialmodes thatpropagate
to the far ® eld that represent the far-® eld discrete frequency noise.

The term k n speci® es whether a mode will propagate or not,
speci® cally the argument under the radical. When (kh Mh ¡ x /
A 1 )2 ¡ (1 ¡ M2

n )k2
h > 0, there are two real distinct axial wave

numbers that correspond to two pressure waves propagating unat-
tenuated, one upstream and the other downstream. If (kh Mh ¡ x /
A 1 )2 ¡ (1 ¡ M2

n )k2
h < 0, there are two complex axialwave numbers

that correspond to two decaying pressure waves, one upstream and
the other downstream. With (kh Mh ¡ x / A 1 )2 ¡ (1 ¡ M2

n )k2
h = 0,

there is one wave propagating in the tangential direction. This is
a resonance 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.

Mathematical Model
The blade row is modeled as a row of vortex sheets, with the vor-

tex strength C (x), and thus the unsteady pressure difference across
the airfoil chord D p(x), D p(x) = q 0W C (x). The term D p(x) ¯ uc-
tuates at harmonics of blade pass frequency x and is calculated as
a function of the upwash velocity w (x). The upwash for the con-
vectedvorticalgust and the oscillating¯ ap and airfoil surfacepiston
actuators (Fig. 3) are as follows.

Vortical gust:

w (x) = f ¡ wG,LE exp( ¡ ikcx) 0 · x ·1 g (11)

Vortical gust

Trailing edge ¯ ap

Oscillating piston

Fig. 3 Airfoil surface actuators.

Flap:

w (x) = { 0 0 < x < x f

W a ¯ ap[1 ¡ ikc(x ¡ x f )]ei u x f < x < 1} (12)

Piston:

w(x) =
ìï
í
ïî

0 xP,TE < x

qpistone
i u xP,LE < x < xP,TE

0 x < xP,LE

üï
ý
ïþ

(13)

The ¯ ow tangency condition on the airfoil surface, Åv = ¡ w(x),
is related to D p(x):

w (x) = * 1

0

K (x ¡ x 0 ) D p(x 0 ) dx 0 (14)

where the kernel function K (x) depends on the mean ¯ ow and
geometry,8 with this equation solved for D p(x) and thus C (x) and
used to calculate the acoustic waves.

Far-Field Discrete Frequency Noise
Although all of the acoustic pressure circumferential modes of

order kh = nNblades + mNvanes are generated by the rotor±stator
interaction at the harmonics of blade passage frequency, only cer-
tain of these modes propagate to the far ® eld. Thus it is only these
propagating modes that represent the far-® eld discrete frequency
noise.

If decayingperturbationsare produced, the mode is cut off. For a
particular set of cascade parameters, there is a de® nite value of j m j
above which all modes are cut off. For each value of m that gives a
propagatingmode, a pair of acousticwaves is formed, one traveling
upstream and the other downstream. The upstream traveling wave
is denoted by a subscript 1 and the downstream wave denoted by a
subscript 2. The far-® eld acoustic waves generated in such a mode
are determined from the bound vortex strength C (x).

A bound vortex of strength (1/ S) C (x0) dx0 creates a velocity
disturbance in the tangential direction at the leading edge of the
stator equal to

Åv1,2 = v 0
1,2

C (x0)

S
exp[¡ i (k n 1,2 n 0 + kh g 0)] dx0 (15)

where Åv1,2 is the complex amplitude of the tangential velocity dis-
turbance v 01,2 , n 0 = x0 cos H , and g 0 = x0 sin H .

The relationship between Åp1,2 and Åv1,2 is determined using the
unsteady Bernoulli equation and solving Eq. (15) for the strengths
of the pressure disturbances:

Åp1,2 = ¡ ( q 0W / kh )[(kc/ C) + k n 1,2 cos H + kh sin H ]v 0
1,2
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The pressure disturbance caused by a bound vortex distribution is
determined by integrating over the stator chord. Thus, the pressure
disturbance at the leading edge of the stator is

Åp1,2 = ¡
q 0W

Skh ( kc

C
+ k n 1,2 cos H + kh sin H ) v 0

1,2

£ * 1

0

C (x0) exp[¡ i (k n 1,2 cos H + kh sin H )x0] dx0 (16)

Discrete Frequency Noise Control and Cancellation
The far-® eld discrete frequency noise generated by rotor±stator

interactionsis a result of the propagatingpressureor acousticwaves
generated by the vortical gust convecting past the stator vane row,
with the waves propagatingboth upstream and downstream.Hence,
the far-® eld noise is affected through control of only the propagat-
ing pressure waves. This is accomplished by generating additional
propagating pressure waves that cancel the rotor±stator generated
propagating waves, thereby resulting in no propagating acoustic
modes and thus no far-® eld discrete frequency noise.

Propagating Acoustic Wave Cancellation

The nondimensionalpropagatingacousticwavesgeneratedby the
convected vortical gust and the oscillating control surfaces are

Åp 0
1,2 gust =

Åp1,2 gust

q 0WWG,LE

Åp 0
1,2 ¯ ap =

Åp1,2 ¯ ap

q 0W 2 a ¯ apei }

Åp 0
1,2 piston =

Åp1,2 piston

q 0Wqpistonei }

where Åp 01,2 gust, Åp1,2 gust, Åp 01,2 ¯ ap, Åp1,2 ¯ ap, Åp 01,2 piston, and Åp1,2 piston are
complex.

The total far-® eld discrete frequency noise is determined by the
sum of the propagating acoustic waves. Hence, for the oscillating
¯ ap or piston,

Åp1,2 total = q 0WwG,LE( Åp 01,2 gust) + q 0W 2 a ¯ apei } ( Åp1,2 ¯ ap)

Åp1,2 total = q 0WwG,LE( Åp 01,2 gust) + q 0Wqpistonei } ( Åp 01,2 piston)
(17)

Ideally, the total propagating acoustic ® eld is zero. Hence, com-
plete cancellation of the blade row interaction generated acoustic
wave by the oscillating ¯ ap or piston requires that Åp1,2 total = 0.
Thus, the following are the actuator amplitudes and phase angles
for complete cancellationof the vortical gust generatedpropagating
acoustic waves:

a ¯ ape
i } = ¡

wG,LE Åp 01,2 gust

W Åp 01,2 ¯ ap

hpistonei } =
iwG,LE Åp 01,2 gust

x Åp 01,2 piston

(18)

The two complex constants that de® ne the upstream and down-
stream propagating waves generated by the vortical gust Åp 01 gust and
Åp 02 gust are known. Thus, for either one of these two waves, the com-
plex motion of the ¯ ap or piston can be determined. However, note
that the actuator motion required to cancel one of these waves may
not be the motion required to cancel the other.

Experimental Facility and Instrumentation
The experiments were performed in the Purdue annular cascade

researchfacility,an open-loopdraw-through-typewind tunnel capa-
ble of test sectionvelocitiesto 220 ft/s (Fig. 4).The ¯ ow, conditioned
by a honeycomb section and an acoustically treated inlet plenum,
accelerates through a bellmouth inlet to the constant area annular
test section, which contains a single-stage turbomachine. The ¯ ow
exiting the test section is diffused into a large acoustically treated
exit plenum. The ¯ ow is drawn through the facility by a 300-hp
centrifugal fan located downstream of the exit plenum. Note that
the rotor that serves as a wake generator is powered to rotational
speeds of over 800 rpm by a 10-hp motor.

The acoustic mode magnitudes of the spinning pressure patterns
generatedby the rotor±stator interactionare measured with an array
of 10 Piezotronics Inc. PCB 103A piezoelectric microphones with

Fig. 4 Purdue annular cascade research facility and gust generators.

uniform circumferential spacing, ¯ ush mounted via static pressure
taps in the outer wall of the inlet annulus (Fig. 4). The microphones
have a nominal sensitivity of 1500 mV/psi and a natural frequency
of 13 kHz. The microphonesare calibratedas installed in the rig and
exhibit linear amplitude response and ¯ at frequency response in the
regionof interest.Experimentalerror in the pressuremeasurement is
within 3% amplitudeand 5-deg phase.The microphonesare located
in axial planes two stator chord lengths upstream and downstream
(30.48 cm, 12 in.) of the rotor. The Nyquist critical mode is 5 for the
10-microphone array, with all signals having a spatial mode order
above the Nyquist critical mode aliased below the Nyquist mode.

For these experiments, the annular test section is con® gured with
a rotor with 16 wake generators upstream of a stator with con® gu-
rations of either an isolated stator or a cascade of three stator vanes.
The maximum rotor rotational speed is 800 rpm, giving the 16 rotor
gust generators a rotor pass speed of 13.3 Hz and a vane pass fre-
quency of 213.3 Hz. An optical pickup on the rotor shaft is utilized
to determine the rotor pass speed.

Acoustic Modes
At blade pass frequency the cascade with 16 gust genera-

tors and a single stator generate circumferential modes of or-
der kh = . . . , ¡ 2, ¡ 1, 0, +1, +2, . . .. However, only the ¡ 1, 0,
and +1 modes propagate when the excitation frequency is above
their cut-on frequencies. For the cascade with 16 gust genera-
tors and 3 stator vanes, the circumferential modes of order kh =
. . . , ¡ 5, ¡ 2, +1, +4, +7, . . . are generated,with only the+1 mode
propagating.

Gust Generators

Two types of rotor gust generators are used to excite the acous-
tic modes with the downstream stator row (Fig. 4). The perforated
plates generate large vortical gusts, thereby corresponding to the
model forcing function (Fig. 5). The NACA 0024 rotor airfoils re-
sult in wakes an order of magnitude smaller than the perforated
plate wakes, with the airfoil wake containing both vortical and po-
tential components. The perforated plate vortical gust magnitudes
are approximately30% of the freestream velocity. These wake data
are utilized to estimate the gust strengths at the various experimen-
tal operating conditions. The axial velocity and angular speed of
the rotor are measured, with the velocity triangles evaluated and
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Perforated plate vortical gust

Airfoil combined potential and vortical gust

Fig. 5 Perforated plate and airfoil rotor convected gust.

the freestream velocity and direction computed. Knowing the gust
strength and direction relative to the stator row, the convected gust
upwash velocitiesalong the stator vane are computed, providing the
necessary gust information to model the noise experiments.

Pressure Transducers
The acoustic modes are measured with two circumferential ar-

rays of PCB microphones installed upstream and downstream of
the stator row. The PCB microphones are mounted through static
pressuretaps in the outerwall with uniformcircumferentialspacing.
The PCB microphones have a resolution of 0.000022 psi,rms and
a maximum pressure limit of 30 psi. This is well within the range
of the acoustic modes generated in these experiments, which have
a range of 0.0002±0.01 psi. Also, the response time of the PCBs is
25 l s, resulting in negligible data phase shift.

Data Acquisition
The microphonesignalsare measuredusingthreeNationalInstru-

ments NB-A2000 analog-to-digital conversion boards with 12-bit
resolution installed in an Apple Macintosh Quadra 950 computer.
The NB-A2000 boards acquire data at a rate of 250,000samples per
second, taking data on four input channels simultaneously.The data
acquisition is triggered with a rotor-based optical encoder signal
that is in sync with rotor shaft rotation. The 10 microphone signals
from either the upstream or downstream array are recorded on the
three A2000 boards, with four inputs on two boards and two inputs
on the third, and ensemble averaged over 400 rotor revolutions us-
ing a Labview acquisitionprogram. The time traces are then treated
as amplitude modulated signals. The spatial transform of this am-
plitude modulated signal yields the acoustic mode magnitudes of
the pressure patterns rotating in the annulus. This data heterodyn-
ing procedure was developed by Sawyer and Fleeter.9 Note that the
upstream and downstream data are not taken simultaneously.

Airfoil and Actuator Design
Utilizing piezoelectric crystals as motor elements, two actuated

airfoil designs are used, a trailing ¯ ap and a surface piston (Fig. 6).

Fig. 6 Flap and surface piston actuators.

Fig. 7 Noise control system schematic.

The piezoelectriccrystalsare 1.5 £ 2.5 in. standardtwo-layerpiezo-
electric motor elements with nickel electrodes and G1195 piezoce-
ramic. For the ¯ ap, the piezoelectriccrystal is mounted within a slot
cut into the trailing edge of the stators. The crystal has a 1-in. lever
arm and is sandwichedbetween two strips of lightweight stiff mate-
rial to form the ¯ ap. The ¯ ap lengths are 15.4% of the ¯ apped airfoil
chord, with the airfoil 6.5 in. long including the ¯ ap. The piston sta-
tors have a chord length of 5.75 in. A section was removed from
their center, a ledge cut at midwidth, and the piezoelectric crystal
mounted with a 1-in. lever arm. A light stiff material was then used
to form the surface of the 1.125-in.-long,19.6% of the airfoil chord
length, surface pistons. The piston center is located at 60.8% of the
airfoil chord.

Actuator Control System
The control system for the piezocrystal actuators is depicted in

Fig. 7. The piezoelectriccrystals are excited by a sinusoidalvarying
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voltage signal generated in sync with the rotor at rotor blade pass
frequency.A 16-per-revolution§5-V square wave is generated us-
ing an optical encoder mounted on the rotor shaft. This signal is
band-pass ® ltered to remove all but the fundamental sinusoidal sig-
nal from the square wave. This sine wave signal is then passed
through an Ariel DSP-16 digital signal processor (DSP) board con-
trolled by a second computer to control the piezocrystal excitation
voltage phase and amplitude. The DSP-16 board can digitally de-
lay a signal from 20 l s to 2621.44 ms using its buffer memory,
has a 20-l s resolution, and can also control the amplitude of the
delayed output signal, ranging from a minimum amplitude of zero
to a maximum equal to the input voltage. The output signals from
the DSP-16 boards are passed through ampli® ed channels and then
through a 1±8 step-up transformer to provide the crystals with an
excitation voltage of around 680 V maximum. Operating the crys-
tals at their maximum capacity, their off-resonance tip de¯ ections
are approximately 0.13 in. with 7.4-deg angular motion for a 1-in.
lever arm, and their resonant tip de¯ ection are from 0.15 to 0.50 in.
with a range of 8.5±26.5 deg of angular motion. Measurements of
the surface displacementsare made using a Omron 3Z4M laser dis-
placement sensor that has a range of 70±130 mm and a resolutionof
50 l m.

Experimental Results
To both verify the basic assumptions of the math model and

demonstrate active discrete frequency noise control, a series of ex-
periments were performed in the Purdue annular cascade.The rotor
was composed of 16 gust generators, either perforated plates gen-
erating a large vortical wake or airfoils that generate small wakes
with both vortical and potential gust components.The noise change
due to the ¯ aps and pistons is evaluated by dividing the measured
sound pressure magnitude with the actuator oscillatingby the noise
measured with no actuator motion, with the decibel change in noise
level then evaluated, D dB = 20 log10(Pactuator / Preference ). The gust
velocity magnitude for each case was estimated using information
from Feiereisen and Fleeter,10 with the actuator velocity magnitude
evaluatedconsideringits displacementamplitude and the frequency
of the actuator motion. With regard to the experiments themselves,
they were repeatable day to day, with the rotor rpm selected so as
to operate the piezocrystals at resonance, thereby maximizing their
amplitudes of oscillation.

Isolated Stator Vane

With 16 perforated plate or airfoil wake generators and a single
stator vane, the §1 acoustic modes propagate upstream and down-
stream. The actuators on the stator, either a ¯ ap or a surface piston,
were then oscillated at rotor blade pass frequency to generate con-
trol propagating pressure waves that interact with the propagating
acoustic waves, with the phase between the control wave and the
gust variable.Note that these airfoil rotorwake amplitudesare much
smaller than those generated by the perforated plate rotor. There-
fore relatively large noise reductions were achieved with moderate
amplitudes of the oscillating actuators.

The viability of this active noise control technique is demon-
strated for a single stator vane in Figs. 8±12. The upstream and

Fig. 8 Flap effect on perforated plategenerated upstream propagating
modes, high velocity.

Fig. 9 Piston effect on airfoil wake single vane generated upstream
propagating mode.

Fig. 10 Flap effect on airfoil wake single vane generated upstream
propagating mode.

Fig. 11 Piston effect on airfoil wake single generated downstream
propagating mode.

Fig. 12 Flap effect on airfoil wake single generated downstream prop-
agating modes.
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downstreampropagating§1 acousticmodes exhibita noise increase
or decrease dependent on the phase angle between the gust and the
actuator, trendwise analogous to the math model predictions; i.e.,
the correct actuator phase angle results in a noise decrease,whereas
a phase approximately 180 deg out of phase results in a noise
increase.

Figure 8 shows the effect of the oscillating ¯ ap on the upstream
propagating §1 acoustic modes generated by the perforated plate
rotor. A maximum decrease of nearly 7 dB for the +1 mode and
3 dB for the ¡ 1 mode are achieved, both at approximately 270-deg
phase, decreasing the ¡ 1 and +1 mode noise levels from 112.9
and 108.2 dB to 109.4 and 101.6 dB, respectively.However, with a
phase angle near 120 deg, the +1 mode increased by over 4 dB and
the ¡ 1 mode by 2 dB. Thus, in this case, the one actuator actually
acts to decreaseor increase two modes simultaneously.Note that the
perforatedplate wakes are large, but a relativelylarge ¯ ap amplitude
was achieved, thereby resulting in the relatively large changes in the
acoustic mode amplitudes.

The effect of the piston and ¯ ap actuators on active discrete fre-
quency noise control, with the discrete tones generated with the
airfoil rotor, is shown in Figs. 9±12. The upstream propagating ¡ 1
mode is decreased by a maximum of nearly 11 dB by the piston,
from 95.4 to 84.7 dB (Fig. 9), and by more than 9 dB by the ¯ ap,
from 96.8 to 87.7 dB (Fig. 10). The downstream propagating +1
mode is decreased a maximum of almost 11 dB by the piston, from
100.6 to 89.8 dB (Fig. 11). In comparison, the ¯ aps decrease this
downstream propagating +1 mode by a maximum of 6.5 dB, from
96.3 to 89.8 dB, and the downstream propagating ¡ 1 mode by al-
most 8 dB, from 100.0 to 92.3 dB (Fig. 12). Note that no correlation
with predicitons are presented for this single stator vane case be-
cause the primary interest was in the three-vanecase, which is more
applicable to turbomachine blade rows.

The phase angles for the maximum noise decrease are not
the same for the piston and the ¯ ap actuators, as expected from
the math model, which showed the importanceof the locationon the
stator and the phase of these different actuators. For the upstream
propagating ¡ 1 mode, the maximum noise reduction is found at
approximately 130 deg with the piston and near 200 deg for the
¯ ap. In contrast, for the downstream propagating ¡ 1 mode, the ¯ ap
phase angle for maximum noise change is close to 0 deg. With re-
gard to the downstream propagating +1 mode, the piston and ¯ ap
relative maximum noise decreases occur with a phase angle near
90 deg.

Operating the actuators at a nonoptimum phase angle results in
a noise increase. For example, the maximum noise increases for
the ¡ 1 mode propagating upstream are almost 7 dB for the pistons
(Fig. 9) and nearly 4 dB for the ¯ aps (Fig. 10). For the downstream
propagating+1 mode, the maximum noise increase is on the order
of 4 dB for both the pistons and the ¯ aps, with the ¯ aps increasing
the ¡ 1 mode by over 5 dB (Figs. 11 and 12).

Three-Vane Stator Row

With 16 perforated plate or airfoil wake generators and a three-
vane stator row, only the +1 mode propagatesupstream and down-
stream.Oscillatingstatorvaneactuators,eithera ¯ apor a surfacepis-
ton, were oscillatedat rotor blade pass frequencyto generate control
propagatingpressurewaves that interactwith thepropagatingacous-
ticwaves,with the phasebetweenthecontrolwaveand gustvariable.

The viability of this active noise control technique is demon-
strated for the three-vane stator row with the airfoil rotor wakes
in Figs. 13±15. Also shown is the correlation of these data with
predictions from the model developed herein.

The ¯ aps decrease the upstream propagating+1 mode by a max-
imum of almost 6 dB, from 104.0 to 98.4 (Fig. 13), and the down-
stream propagating +1 mode by over 8 dB, from 98.0 to 89.8
(Fig. 14). The piston actuator results in a maximum decrease in
the +1 upstream propagatingacoustic wave by 8 dB, from 103.4 to
95.4 dB (Fig. 15).

With regard to the phase angle for maximum tone reduction, the
¯ aps result in maximum noise reduction near to 240 deg for the
downstreampropagatingwave. For the upstreampropagatingwave,
the maximum noise reduction achieved with the ¯ aps is found at a

Fig. 13 Flap effect on airfoil wake vane cascade generated + 1 up-
stream propagating mode.

Fig. 14 Flap effect on airfoil wake vane cascade generated + 1 down-
stream propagating mode.

Fig. 15 Piston effect on airfoil wake vane cascade generated + 1 up-
stream propagating mode.

phase angle of approximately 120 deg, whereas the surface pistons
result in a maximum reduction at a 90-deg phase angle. Operating
theactuatorsat a nonoptimumphaseangleresultsin a noise increase.
For example, the maximum noise increase by the ¯ aps for the +1
mode propagatingupstreamis over 9 dB (Fig. 13), with a maximum
noise level for the downstream propagating mode of over 7.5 dB
(Fig. 14).

For the ¯ ap actuators, the overall data±theory correlationis good,
with the data and predictionboth predictingapproximatelythe same
phase angle behavior and relative noise change. The noise reduc-
tion data±theory correlation is best for the downstream propagating
acoustic wave, with excellent correlationobtained at the two higher
reduced frequency values. For the upstream propagating acoustic
wave, thedata±theorycorrelationimprovesas the reducedfrequency
value is increased,with excellent correlationobtained at the highest
reduced frequency.
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Summary and Conclusions
This research was directed at active control of discrete frequency

noise generated by subsonic blade rows through cancellation of
the propagating acoustic waves, accomplished by utilizing airfoil
mounted oscillating actuators to generate additional control propa-
gating pressurewaves. These control waves interactwith the propa-
gating acoustic waves, thereby, in principle, canceling the acoustic
waves and thus the far-® eld discrete frequencytones.A series of ex-
perimentsweredescribed,directedat investigatingthe fundamentals
of this active discrete frequency noise control technique as well as
verifying basic math model assumptions. These experiments were
performed in the Purdue annular cascade facility con® gured with
both an isolated vane and a three-vane row, with the stator vane
actuators including both oscillating ¯ aps and surface pistons.

For a single vane, the upstream and downstream propagating§1
acoustic modes exhibit a noise increase or decrease dependent on
the phase angle between the gust and the actuator, trendwise analo-
gous to the math model predictions. The upstream propagating ¡ 1
mode is decreasedby a maximum of nearly 11 dB by the piston and
by more than 9 dB by the ¯ ap. With regard to the downstream pro-
pagation+1 mode, the piston achieves a maximum reduction of al-
most 11 dB, with the ¯ ap resulting in a 6.5-dB maximum decrease.
Also, the phase angles for the maximum noise decrease are not the
same for the piston and the ¯ ap actuators, as expected from the
math model, which showed the importance of these different actua-
tors and locationson the stator vane. In fact, operating the actuators
at a nonoptimum phase angle results in a noise level increase.

The viability of this active noise control technique was also
demonstrated for a three-vane stator row. The ¯ aps decreased the
upstream propagating+1 mode by a maximum of almost 6 dB and
the downstream propagating +1 mode by over 8 dB. The piston
actuators achieved a maximum decrease in the +1 upstream prop-
agating acoustic wave of 8 dB. The phase angles for the maximum
noise decreaseare not the same for the piston and the ¯ ap actuators,
with actuator oscillation at nonoptimum phase angles resulting in a
noise increase.

The far-® eld discrete tones result from the upstream and down-
stream propagating acoustic modes generated by the rotor stator
interaction. Both the model and experimental results show that the
actuatormotion that decreasesone of these propagatingmodes may

not decrease the other; in fact, it may increase it. Thus, to cancel or
decreaseboth the upstream and downstreammodes simultaneously,
one actuator per propagatingmode, i.e., two actuators per airfoil, is
generally required.
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