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Acoustic Flutter Control of Three-Dimensional
Transonic Rotor Flow
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National Cheng Kung University, Tainan 70101, Taiwan, Republic of China

The fundamentals associated with the three-dimensional effects of acoustic excitation and � utter suppression
in a transonic turbomachinery � ow are studied. A high-resolution aeroacoustic Euler � ow solver that can capture
shock waves and resolve acoustic waves was developed and validated. This numerical procedure employs the
modi� ed Osher–Chakravarthyupwindtotalvariationdiminishingscheme for acousticand discontinuitycapturing.
Time accuracy is accomplished by using implicit approximate lower–upper factorization together with Newton
subiterations. Sound source modeling and characteristic far-� eld treatment are carefully implemented to result in
an accurate aeroacoustic solver. Numerical simulation of a three-dimensional transonic rotor blade row (NASA
rotor 67) is performed. Both internal and external acoustic excitations have been studied to investigate these
acoustically excited � ow� elds. It is found in the present simulation that internal trailing-edge forcing is 3–5 times
more effective than that excited by means of external methods, although the internal hardware implementation is
much more dif� cult. External casing forcing of rotor 67 operated at peak-ef� ciency condition was also simulated.
The physical mechanism of how a ducted transonic rotor � ow that can be externally excited is explained. It is
concluded that blade � utter in a three-dimensional turbomachine can be acoustically suppressed, either internally
or externally, provided a proper control logic and sensor device is selected.

Nomenclature
A = Jacobian matrix
a = speed of sound
a1 = freestream speed of sound
Cm = torsional moment coef� cient
C1 = torque coef� cient
D = diagonal matrix
E = acoustic energy
e = total energy
F = � ux matrix
QF = numerical � ux
Fn = normal � ux vector
f; g; h = Cartesian components of � ux vector
G = gain amplitude
H = source term
I = identity matrix
I = acoustic � ux vector
k = reduced frequency
L = lower triangular matrix
M = Mach number
n = unit normal vector
p = pressure
p0 = pressure � uctuation
Q = conservativevariables
Q0 = nondimensionlizedacoustic excitation strength
R = � ux residual
R1 = radius of inlet
r = right eigenvector
S = surface area
s = mean cell width
t = time variable
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U = upper triangular matrix
u = velocity vector
un = normal velocity component
u; v; w = x; y; z component of absolute velocity vector
ur ; vr ; wr = x; y; z component of relative velocity vector
V = volume
vg = grid velocity vector
W = work
XC = excitation location
x; y; z = Cartesian coordinates
® = angular deformation
° = speci� c heat ratio
³; Â; ± = length ratios
¸ = eigenvalue
½ = density
Q¾ ; QQ¾ = characteristicvariable differences
Á = accuracy parameter [Eq. (6)], gain phase [Eq. (17)]
Ä = rotational speed

Subscripts

i; j; k = indices designating computationalcell
n = normal direction
Roe = Roe’s average � uid states
1 = freestream condition

Superscripts

I = invicid
n = time-step index
s = subiteration index

I. Introduction

S UPPRESSING � utter instability using actively controlled
acoustic excitation is a novel idea, � rst demonstrated to be

feasible in a low-speed wind tunnel experiment.1 In this innova-
tive research both internal (a loudspeaker embedded in an airfoil)
and external (a loudspeaker � ush mounted in wind-tunnel wall)
acoustic excitationswere performed with equal success. As viewed
from the hardware implementation perspective, the acoustic � utter
suppression technique is quite different from those passive or ac-
tive suppression methods that have been developed in the past.2¡4

The acoustic method replaces the heavy, sluggish mechanical- or
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hydraulic-typeactuatorsystemsby light,electronicallydrivensound
generators. Moreover, the frequency range that can be employed
acoustically covers from a few hertz to thousands of hertz, which
is not a commensurable frequency range as considered by any me-
chanical suppression means. These advantages attract the attention
of researchers5;6 to investigate more deeply why it works and how
it can be implemented in a more pragmatic manner.

The Cambridge group led by Ffowcs Williams has been advocat-
ing this particular � utter suppression method as one of their “anti-
sound” applications.7 Acoustic or sound waves are known to be
irrotational pressure disturbances that have no direct link to the
circulatory aerodynamic damping needed for � utter suppression.
The suppression ability of acoustic waves actually comes from the
induced vortical � eld associated with the trailing-edge receptivity
phenomenon.8 As the emitted sound wave approaches the sharp
trailing edge, vorticity waves must be shed to maintain a smooth
� ow, or the satisfactionof Kutta condition, at the trailing edge. Ac-
cording to Kelvin’s theorem, these shedding vortices ought to be
accompanied by a simultaneous occurrence of bound circulation
variation around the airfoil, resulting in the so-called acoustically
induced airloads, whose phase can be controlled to suppress the
� uttering motion. This � nding bridges the role of acoustics and the
required aerodynamic damping for � utter suppression. Implied in
this fundamental mechanism are several guidelines for the subse-
quentdevelopmentof the acoustic � utter suppressionmethod. First,
acousticwavesare not thedirect suppressing� uid powerbutworkas
a medium that triggers the acoustic/vortical conversion around the
trailing edge to generate the requireddamping mechanism. Second,
the trailing edge is the most sensitive place for an effective imple-
mentation of the acoustic suppression method. Third, the acoustic
suppressionmethod will not work when the Kutta smooth � ow con-
dition is absent, for instance, when the trailing edge is a supersonic
edge or the � ow is separated around the trailing edge. These guide-
lines are useful and have been utilized to direct the subsequent the-
oretical and hardware design works that are performed presently in
the author’s group.

For many high-performanceaerodynamicdesigns, transonic� ow
is often the speed regime considered. Nevertheless, an undesirable
phenomenonof low � utter boundary,termed transonicdip, often re-
sides in the transonic regime. To overcome this low � utter boundary
problem, active suppression methods are often thought of, and the
acoustic method, perhaps, is the most unconventional one. Based
on the success of Huang,1 it is encouraging for the present acoustic
� utter suppression research to explore more into problems associ-
ated with transonic � ow. In transonic � ow, a unique phenomenon
that cannot be inferredor comprehendedfrom previousexperiences
collectedregardingsubsonicexcitationsis the shockexcursionprob-
lem. In fact, shock excursion is the major underlying mechanism
responsible for low � utter boundary in the transonic � ow. A feasi-
bility study that demonstratesthe suppressionabilityof this acoustic
forcing method for � utter occurring in a transonicexternal � ow was
carried out.9 The shock wave was shown to be moved considerably
when acoustic excitations were applied. This shock excursion phe-
nomenon was also shown to be attributed to the vortical induction
effect, in addition to the direct impingement of the acoustic wave
on the shock root.9;10

All of the mentioned works were done mainly for the two-
dimensional wing � utter problems pertaining to external aerody-
namics. It was proposed that acoustic � utter suppression should be
more ideal for internal turbomachinery � ows. This is because tur-
bomachineryblades are shorter and stiffer and possessmuch higher
� utter frequencies, hence are more amenable to acoustic excita-
tion methods. Fundamental studies concerningthis turbomachinery
acousticmethod were performed for linear cascades that are excited
externally from the casing wall11 and internally from the trailing-
edge region,12 respectively.The phenomenonof acousticallyexcited
transonic cascade � ow and the use of acoustic waves to suppress
turbomachinery � utter instability were investigated numerically by
Chen.13 Initial success has been claimed for these high-frequency
blade� uttercontrolproblemsunderthepreassumptionthat theKutta
condition still holds at the trailing edge. Particular problems asso-
ciated with these internal turbomachinery � ow investigations were

addressed. These problems include interblade phase angle effect,
acoustic blockage effect in a ductlike passage, and the critical in-
cidence angle effect as sound waves are sent from the downstream
sources.13

Conceptually,using acousticmeans to suppressa � uttering struc-
ture should not be viewed as a matter of energy strength.The energy
or force level involved in a � utter instability, which may lead to
structural disintegration, is usually much larger than those induced
by acoustic means. Acoustic � utter suppression actually is a prob-
lem analogous to those of instability � ow control problems.7;14 The
initiation of the control actuator for suppressing an instability, no
matter whether it originates in � uids or structures, ought to be the
sooner the better, when the growing disturbances are still small. As
energy builds up, when disturbances are drastically ampli� ed to a
signi� cant extent due to the system instability, there is literally no
chance that any existing acoustic methods would work effectively.
For the present acoustic � utter control problem, it is speculatedthat
with a proper sensor design, in principle, there should exist some
time window in which the instability amplitude, as growing from
an in� nitesimal perturbation, is still small so that the acoustically
inducedcontrolforcescan be of use to suppressthe � utter instability.

In this work, the NASA rotor 67 is takenas the physicalmodel for
evaluating the present active acoustic control method. Both internal
(blade trailing edge) and external (casing or hub) forcing scenarios
are examined.To simplify the � ow analysisand,hence,make the un-
steady three-dimensionalsimulation tractable, the tip-leakage � ow
of the turbomachine is neglected for the time being. Inviscid Euler
� owsimulationswere conductedto unveil theprimaryturbomachin-
ery � ow structure under acoustic excitations. The peak-ef�ciency
� ow� eld of a single-staged rotor 67 is assumed as the mean � ow
to be excited. The tip relative Mach number in this optimal op-
erational condition is supersonic, Mr D 1:38. As casing forcing is
applied, how this excitation reaches the subsonic core � ow and in-
duces airloads therein is explained. This nonuniform mean shear
stream constitutesan important three-dimensionaleffect that has to
be understoodwhen acousticdisturbancesare to be applied external
from the turbomachinerycasing.

A hypotheticalsingle-degree-of-freedom pitching� utter and � ut-
ter suppressionby means of acoustic excitation is investigated.The
importanceof appropriatecontrol logic and proper timing of control
activation is addressed.A practical concern of the required acoustic
strength and energy content is also raised and discussed. All of the
understanding gained will be valuable for the subsequent acoustic
� utter experiment to be carried out in the future.

II. Finite Volume Discretization
The unsteady, three-dimensional inviscid Euler � ow in a domain

V bounded by a surface S can be expressed in an integral conserva-
tion form,
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where un D u ¢ n is the normal velocity component,vn D vg ¢ n is the
normal grid velocity component, Ä is the rotational speed about
the x axis, and n is the unit outward normal of the boundary S.
Theseequationsarewritten in a rotatingCartesiancoordinatesystem
attached to the moving blade. The variables p and e are the static
pressure, and speci� c total energy, respectively. In closing these
governingequations, the thermodynamic state equation of a perfect
gas is assumed,

p D .° ¡ 1/[½e ¡ .½=2/u ¢ u] (3)

in which the speci� c heat ratio is given by ° D 1:4.
Note that (u; v; w) and (ur , vr , wr ) are the absolute and the rel-

ative velocity components, respectively, in the rotating coordinate
system.The followingrelationshipshold amongthe variousvelocity
components:

ur D u; vr D v C Äz; wr D w ¡ Äy (4)

Absolute velocity components are used in the numerical compu-
tation. However, in the analysis of � ow� eld physics, the relative
velocity components are more convenient.

In a � nite volume approach, Eq. (1) can be applied to each cell
to result in a semidiscreted form

@

@t
.Q i; j;k / D ¡

X

m

QFm Sm C HV i; j;k D ¡R.Q/ (5)

where Sm is the surfaceareaand the indexm refers to themth external
side of the control volume Vi; j;k . The value Q i; j;k is cell averaged
over the control volume, and R.Q/ is termed the � ux residual.

The numerical � ux function QFm dictates the nature and order of
accuracy of the scheme. The details of the numerical method cur-
rentlyadoptedmay be found in Ref. 15 and is highlightedas follows.
The spatial accuracy of the � nite volume discretization depends
on the construction of the numerical � ux function speci� ed at the
cell interface. In this study, to capture tiny acoustic disturbances,
the original Osher–Chakravarthy MUSCL-type upwind scheme16

based on Roe splitting17 is modi� ed. Modi� cation has been made
on the interpolation of cell interface values and takes into account
the grid nonuniformityeffect. For a time-accurate acoustic compu-
tation, this re� nement of interpolation is crucial to reduce spurious
high-frequencynumericalwavesoccurringwithin the gridsystem.15

At each i direction cell interface i C 1
2 , let QC

i C 1=2 and Q¡
i C 1=2 be

the values of the conservative variables speci� ed at the right and
left sides of the cell interface. This modi� ed Osher–Chakravarthy
MUSCL-type upwind total variation diminishing16 scheme takes
the following form10;15:
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in which ¾ m
i § 1=2 is the characteristic variable difference, rm

i is the
mth right eigenvectorof the � ux Jacobianmatrix, and the geometry-
related parameters³i ; Âi , and ±i are functionsof the mean cell width
si (de� ned as the length of a straight line segment connecting the
centers of the two opposite cell surfaces) in the i direction:
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With Q¡
i C 1=2 and QC

i C 1=2 de� ned, Roe’s17 approximate Riemann
solver can easily be used to construct the desired numerical � ux
function QF i C 1=2:
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An implicit scheme using Newton subiteration is adopted as the
time-marching algorithm. From time step n to n C 1, a number of
Newton subiterations are required to achieve time accuracy. The
semidiscretized system of Eq. (5), during each subiteration when
marchingfrom time n to time n C 1, can be linearizedabout a known
state Qn to yield
µ

V n C 1
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C @ R.Qs /

@ Q

¶
1Qs D ¡

µ
Qs V s ¡ Qn V n

1t
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¶
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where the superscript n denotes the nth time level. As the residual
res(Qs) de� ned in Eq. (9) is driven below a predetermined error
bound, the solution Qs C 1 will be taken as the converged time-
accurate solution Qn C 1. The constant ® re� ects the order of accu-
racy in time. The present scheme uses the second-order trapezoidal
method, which requires that ® D 0:5. An approximate lower–upper
factorization scheme18 is employed to factorize the left-hand side
of Eq. (9). The accuracy of the present code had been validated.19

III. Boundary Condition and Sound Source Modeling
In the presentwork, soundwaves emitted from a body surface can

be conceived as resulting from a � uctuating volume � ux (blowing
and suction) whose strength is speci� ed. In other words, the sound
source pertainingto the present problemis of the monopole type, as
classi� ed in the context of acoustics. The wall boundary condition
treatment designed by Lu and Yeh15 is employed. For the present
cell-centered� nite volume discretization,Euler simulation requires
the pressure � ux be evaluated over the monopole region. Basically,
acoustic accuracy demands a delicate treatment in evaluating the
pressure gradient around the monopole surface region. Any inaccu-
racy incurred in this sound source modeling will turn into spurious
numerical waves emitted into the � ow� eld. The present numerical
sound modeling is found very accurate, as demonstrated in many
previous investigations.9;10;13;15

For thepresentsimulationofacousticallyexcitedunsteady� ow,at
the inlet and outlet boundariesthe nonre� ective boundarycondition
treatment of Fan and Lakshminarayana20 is employed. This three-
dimensionalunsteadynonre� ective boundarycondition is an exten-
sion of the two-dimensionalversionoriginallyproposedby Giles.21

When this nonre� ective boundary condition is implemented, note
that upwind treatment ought to be employed not only in the in-
� ow/out� ow streamwise direction, but also in the lateral directions
so as to ensure the numerical stability.13

IV. Dynamic Grid Method
In the simulation of vibrational problems, the grid system is al-

tered due to either rigid-body motion or elastic deformation. Ac-
cording to Eq. (2), the � ux across the interface is seen to be affected
by the grid speed. A careful estimation of boundary grid speed is
needed to avoid numerical errors induced by the moving meshes.
In addition to the fundamentalphysical conservationlaws that have
to be satis� ed, a requirement of geometric conservation22;23 should
also be incorporated.The geometric conservation law states that

V .t2/ ¡ V .t1/ D
Z t2

t1

I
n ¢ vg dS dt (10)
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where [V .t2/ ¡ V .t1/] is the cell volume alteration during the time
interval1t D t2 ¡ t1 and dS is the differentialarea of the cell bound-
ary surface.Another constraintcondition accompanyingEq. (10) is
that the deforming cells should be closed in any instance,

I
n dS D 0 (11)

where n is the unit normal on the cell interface. In the construction
of a dynamic mesh � ow solver, the boundary velocities should be
de� ned so that Eqs. (10) and (11) are strictly satis� ed at the � nite
volume level.

In the present study, the grid nodal coordinates and the cell vol-
umes V .t2/ and V .t1/ are known before time marching; hence, the
individual averaged grid speed vg ¢ n at each cell face can be calcu-
lated using the following formula:

1Vk D
Z t2

t1

D n ¢ vg Sk dt ; k D 1; 2; : : : ; 6 (12)

where Sk is the area of the kth boundingsurface.The time-averaged
normal velocity of the cell boundary can, thus, be obtained using
Eq. (12):

.vg ¢ n/Sk ´ Qvn D 1Vk= QSk 1t (13)

Note that there exists certain arbitrariness in de� ning the cell
boundary area QSk . For an explicit scheme, QSk D S.n/

k , and otherwise
QSk D S.n C 1/

k for an implicit scheme. The present scheme uses the
implicit form.

V. Results and Discussion
A. NASA Rotor 67 Con� guration and the Mean Flow

The focusof the presentwork is to examine the ducted rotor � ow-
� eld under acoustic excitations. Numerical simulation will be con-
ducted to investigate the acoustically excited � ow� eld of a NASA
rotor 67 transonic fan. This rotor is the � rst-stage rotor of a two-
stage fan, designed and thoroughly tested at NASA Lewis Research
Center.24 Rotor 67 has 22 bladesand was designedto operateat peak
ef� ciencywith a pressureratio of 1.63 and a mass � ow of 33.25kg/s,
rotatingat a speedof 16,043rpm. Many numericalsimulationshave
been performed using rotor 67 experimental data as a benchmark
standard.25¡27

Rotor 67 was simulated in the present work with no inlet guide
vanes and downstream stators. An H-type grid .97 £ 36 £ 42/ was
generatedfor a singlebladepassage,and the surfacegrids are shown
in Fig. 1. Velocity and length scales used for the present nondimen-
sionalization are the freestream sound speed a1 and the shroud
radius R1 upstream (station 1 de� ned in Ref. 24). In the following
Euler calculations, it is assumed that there is no tip clearance and
that the shroud rotates synchronously with the blades. The steady
solution at the peak ef� ciency was computed. Figure 2 shows the
comparisonof the computedand experimentaldistributionsof static
pressure,total pressure, total temperature,and � ow angle at the rotor
exit plane. In general, an excellent overall agreement is achieved.

B. Acoustic Forcing

In this section, the behavior of rotor 67 under acoustic excita-
tion is studied. The peak-ef�ciency steady-state � ow was used as
the mean stream to be acoustically perturbed. The acoustic forcing
methods include both internal (sound source � ush mounted in the
blade surface)and external(sound source installedon engine casing
or rotor hub) excitations. The monopole strength of this harmonic
excitation is represented by Q.t/ D Q0 sin.kt/, in which Q0 is the
nondimensionalized forcing amplitude. Note that, for the present
acoustic application, Q0 D 5:78 £ 10¡4 is equivalent to about 1%
of the volume � ow rate inhaled from the inlet of each blade pas-
sage. As for external shroud excitations, there are � ve locations
that are selected for placing the monopole sources. These � ve ex-
citation locations, shown in Fig. 3a, are X c D 0:14 (near leading
edge), 0.47 (near midchord), 0.9 (near trailing edge), and 1.21 and

Fig. 1 Computationalgrid (97 £ £ 36 £ £ 42) of NASA rotor 67.

Fig. 2 Staticpressure, totalpressure, total temperature, and� ow angle
distribution, NASA rotor 67, near peak ef� ciency: circle, experiment
and line, computation.

1.74 (downstream areas). There is only one internal excitation lo-
cation (X c D 0:9) selected for simulation because we previously
concluded13 that trailing-edge forcing is the most effective internal
forcing strategy.

To examine the effectiveness of acoustic forcing, the unsteady
torqueCµ and torsionCm coef� cientswere computedand presented.
Here, the torque is de� ned as the moment about the blade rotational
axis, and the torsion is de� ned as the moment about an arbitrarily
chosen axis, which is a radial line originating perpendicularlyfrom
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a)

b)

c)

Fig. 3 Forcing locations of a) shroud excitation, b) blade excitation,
and c) hub excitation.

the rotational axis and passing through the midpoint of the root
chordon thehub.The parametricstudiesto be carriedout include the
arrangementof the soundsource locationsand the effectsof reduced
frequency,source strength, and forcing location, as discussed in the
following sections.

1. Effect of Sound Source Arrangement

The acoustically induced airloads resulting from forcings with
different slot (continuous)or perforated (discrete) sound source ar-
rangements are shown in Figs. 4 and 5. In these simulated cases,
equal overall sound source strengths are assumed while making
comparisons. In Figs. 4 and 5, P2 and P3 are de� ned as one acous-
tic source per two cells and per three cells, respectively, along the
circumferential direction for the external shroud excitation. Simi-
larly, the acoustic sources were arranged around the blade trailing
edge for internal (suction side) excitation. Figures 4 and 5 indi-
cate that the unsteady Cµ and Cm coef� cients are almost identical
except at the peak values. Generally speaking, the more uniform
are the sources distributed, the better will be the excitation effect
achieved. Nevertheless, in the practical implementation, the struc-
tural integrity should be considered. A long slot would cause more
structural problems than does an array of discrete holes. Hence,
there exists some structuraldesign compromise that a � nite number
of discrete sound sources might be adopted as internal excitation to
be used.

2. Shroud Forcing Mechanism

To understand the shroud forcing mechanism, a numerical simu-
lation of a duct � ow under acoustic excitation was examined. The
sound source was mounted on the duct wall. The excitation route
along which the acoustic disturbances travel internally in a ducted
transonic mean � ow is shown in Fig. 6. In this transonic case the
tip and hub stream Mach numbers are 1.4 and 0.6, respectively. It
is clearly seen in the snapshot pictures that the disturbances prop-
agate downstream initially along the Mach lines, and then induce
upstream in� uence while interacting with the subsonic part of the

Torque

Torsional

Fig. 4 Unsteady moment coef� cients induced by acoustic excitation
on NASA rotor 67, shroud forcing; Q(t) = Q0 sin(kt), Q0 = 5.78 £ £ 10¡ 4,
and k = 0.1355 and Xc = 1.21.

Torque

Torsional

Fig. 5 Unsteady momentcoef� cients induced by acoustic excitationon
NASA rotor 67, suction side forcing; Q(t) = Q0 sin (kt), Q0 = 5.78 £ £ 10¡ 4,
and k = 0.1355 and Xc = 1.21.

� ow� eld. The subsonic core � ow actually serves as an embedded
corridor,which backtransmitsthe acoustic pressure � uctuation sent
by the monopolemounted over the supersonicduct wall region.The
subsonic corridor, as perturbed by the induced downstream excita-
tion, will interact with its outer con� ning supersonic stream and
form a closed-loop-typemutual interaction.The resultant � ow� eld,
as demonstrated in Fig. 6e, shows a very vertically aligned pattern
of Mach lines near the forcing location.

Note that in a subsonic duct � ow the acoustic disturbancewould
not die out so long as it is excited by a cut-on frequency sound
source. This nondecaying duct acoustic behavior can explain why
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a) Mean � ow, Min = 0.6 and Mout =1.4, dash line: sonic line

b) t = 0.772

c) t = 1.158

d) t = 11.592

e) t = 15.456

Fig. 6 Pressure � uctuation distribution for monopole radiation in a
duct with transonic mean � ow; Q(t) = Q0 sin(kt), Q0 = 8.8 £ £ 10¡ 3 , and
k = 0.1355.

Torque

Torsional

Fig. 7 Unsteady moment coef� cients induced by acoustic excitation
on NASA rotor 67, shroud forcing; Q(t) = Q0 sin(kt), Q0 = 5.78 £ £ 10¡ 4,
and k = 0.1355.

the excitationeffectsremain almost unchangedas the shroudforcing
location is placeddownstreambeyond the trailing edgeof the blade,
as shown in Fig. 7.

3. Optimal Shroud Forcing Location

Shown in Fig. 7 are the time-dependent Cµ and Cm histories in-
duced by sound waves emitted from various monopoles located on
the engine casing. It has been well understoodthat, in turbomachin-
ery � ow, the potential interaction is relatively stronger as acoustic
waves are propagated from the downstream. By the same argument
and also supportedby the results of Fig. 7, the downstream location
is shown to be a better forcingplace for the presentexternalacoustic
excitations. Unlike the internal forcing cases, an effective external
excitation can easily be achieved so long as the sound source is

situated in the downstream beyond the trailing edge of the forced
blades.

4. Acoustic Energy Supply

Figure 8 shows the acousticstrengtheffectassociatedwith shroud
excitations.The induced airloads are seen enlarged,however, not in
a strict linear manner, as the forcing strength increases. This slight
nonlinearity is attributed to the shock excursion effect occurring
at the midspan region where weak transonic shock can be moved
by acoustic excitations. (This shock excursion phenomenon was
observed using a movie made from the simulated data.)

How much acoustic energy ought to be supplied for � utter sup-
pression is a concern in the practical design of the acoustic actuator
system. It was concluded in a previous investigation9 that an effec-
tive suppression can only be achieved when the � utter amplitude is
small. This constraint simply comes from the nature of the acous-
tics, namely, the pressure � uctuation of a sound wave is in general
very small. Here, we use the energy content to measure the power
consumption of an acoustic device:

Z

V

³
@ E

@t
C r ¢ I

´
dV D

X

i

p0
i Q i (14)

where E and I are the acoustic energy and acoustic � ux vectors,
respectively.28 This relationshipdescribes the energy contentsof the
stored acoustic energy in the control volume,

Z

V

E dV

the energy � ux across the control surface,
I

s

I ¢ n dS

and the acoustic energy supplied by a monopole,
X

i

p0
i Q i

where p0
i and Qi are the � uctuation pressure and the volume � ow

rate of the i th constituent cell of the monopole.

Torque

Torsional

Fig. 8 Unsteady moment coef� cients induced by acoustic excitation
on NASA rotor 67, shroud forcing; Q(t) = Q0 sin(kt), k = 0.1355, and
Xc = 1.21.
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Fig. 9 Acoustic energy supply histories of an acoustic excitation on
NASA rotor 67, shroud forcing; Q(t) = Q0 sin(kt), k = 0.1355, and Xc =
1.21.

Torque

Torsional

Fig. 10 Unsteady moment coef� cients induced by acoustic excitation
on NASA rotor 67, shroud forcing; Q(t) = Q0 sin(kt), Q0 = 5.78 £ £ 10¡ 4,
and Xc = 1.21.

The power supply required for actuating monopole sources lo-
cated on the engine casing is shown in Fig. 9. For the baseline
strength Q0 D 5:78 £ 10¡4 , which corresponds to 1% of the inlet
volume � ow rate, the maximum amplitude of the power required,
as nondimensionalizedby ½1a3

1 R2
1 , is around 1 £ 10¡5, equivalent

to 32.3-W power output per blade as the engine is operated at the
standard sea-level ambient condition.

5. Effect of Reduced Frequency

It hasbeengenerallyconcludedin unsteadyaerodynamicresearch
that the inducedunsteadyairloadsarediminishingas the forcingfre-
quency increases.29 Aerodynamically,this is caused by the inability
of the � ow inertia to respond fully when a high-frequency forcing
mechanism is introduced.Figures 10 and 11 show the resultant air-
loads as the rotor is externally or internally excited. It is observed
that, for the present turbomachinery� ow� eld, the differences in Cµ

and Cm under various forcing frequencies are less apparent than
those obtained in the externally unbounded � ows.10 When the cas-
ing and blade forcing results are compared, it can be found that
the unsteady � ow phenomena are more eminent when excited in-
ternally, hence showing a relatively marked difference between the
induced Cµ and Cm distributions because the excitation location is
placed much closer to the most sensitive trailing-edge region.

Torque

Torsional

Fig. 11 Unsteady moment coef� cients induced by acoustic excita-
tion on NASA rotor 67, suction side forcing; Q(t) = Q0 sin(kt), Q0 =
5.78 £ £ 10 ¡ 4, and Xc = 0.9.

Torque

Torsional

Fig. 12 Unsteady moment coef� cients induced by acoustic excitation
on NASA rotor 67; Q(t) = Q0 sin(kt), Q0 = 5.78 £ £ 10¡ 4 , and k = 0.1355.

6. Effectiveness Comparison Between Internal and External Excitations

Figure 12 shows the unsteady airloads resulting from forcings
at different excitation locations on hub, shroud, and blade areas.
Trailing-edge forcing is seen more effective when compared to hub
or shroud excitation. It is shown that the amplitude of Cm induced
by blade excitation is at least four times larger than those generated
by hub and shroud excitations. Shown in Fig. 13 is the amplitude
of the � rst harmonic associated with the aerodynamic derivative of
shroudandbladeexcitations,respectively.These derivativesprovide
a quantitativeevaluationof how effective the excitation is. External
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Fig. 13 Aerodynamic derivative vs forcing amplitude Q0 for NASA
rotor 67; Qt = Q0 sin(kt) and k = 0.1355: a) torque (� rst harmonic)
jj @(Cµ1 )/@Q0 jj and b) torsional moment (� rst harmonic) jj @(Cm1)/@Q0 jj .

excitationpossessesa wider range of linearity than does the internal
alternative. This is because that the acoustic disturbances, as emit-
ted and propagated externally from a distant sound source, remain
small when encountering the solid blade. At the present time, it is
premature to conclude which excitation method is better. Perhaps,
the choice might depend on the manufacturing technique available.
Suppose a miniaturized sound generator can be made and installed
without any material or delamination problems around the trailing
edge, internal excitationwill be an ideal candidate.Otherwise, forc-
ing via mounting loudspeakerson the engine casing would be more
realistic.

C. External Acoustic Flutter Suppression

To demonstrate that � utter suppressioncan be achievedby means
of acoustic excitation, the energy content of a forced pitching os-
cillation of the NASA rotor 67 is examined. The blade is forced to
oscillate about a hypotheticaltorsional axis de� ned previously.The
amplitude of oscillation is assumed linearly varing from 0 rad at
the hub to 0.008 rad at the tip. The reduced frequency is set equal
to 0.1355, and the forced vibration is described by the harmonic
angular oscillation,

®.r; t/ D ®0.r / sin.kt/ (15)

The work per cycle is de� ned as

Wpercycle D ¡
Z T

0

I
pn ¢ u dS dt (16)

in which, p is the unsteady pressure and u the oscillating surface
velocity relative to the pitching axis. A positive value of Wpercycle

means energy is stored in the blade or the system is unstable and
vice versa for a stabilized system.

A forced torsional motion under acoustic excitation is investi-
gated. Here, the mean stream is still the peak-ef� ciency steady-
state � ow. The shroud acoustic excitation conditions adopted
are Q0 D 5:78 £ 10¡4 , k D 0:1355, Q D Q0 sin.kt/, and X c D 1:21.
Shown in Fig. 14 are the unsteady loadings induced either by a
pure forced vibration, a pure acoustic excitation (blade � xed), or
an acoustically controlled forced vibration. The unsteady airloads
due to acoustic excitation is seen out-of-phase relative to that due

Torque

Torsional

Fig. 14 Unsteady moment coef� cients induced by acoustic excitation
and forced vibration for NASA rotor 67, shroud forcing; acoustic exci-
tation, Q(t) = Q0 sin(kt), Q0 = 5.78 £ £ 10¡ 4 , and k = 0.1355and Xc = 1.21;
forced vibration, ®(t)tip = ®0 sin(kt), and ®0 = 0.008 rad and k = 0.1355.

Fig. 15 Work per cycle for the NASA rotor 67, forced-vibration
under acoustic excitation shroud forcing, Q(t) = Q0 sin(kt + Á), Q0 =
5.78 £ £ 10 ¡ 4, k =0.1355,Xc =1.21,®(t)tip = ®0 sin(kt), and®0 = 0.008rad.

to forced vibration. The Cµ and Cm amplitudes of the acoustically
controlled torsional vibration are approximately equal to the sum
contributedby the pure acoustic excitationand the forced vibration.
This indicates that nolinearity is weak and that the superpositional
principle still prevails under such strength of forcing.

The work per cycle of the original forced vibration is negative,
as shown in Fig. 15 (dashed line). This negative work means that
the rotor blade at this oscillation frequencyis stable. Because active
control is considered in the present acoustic � utter suppression,
the monopole strength should vary in response to the sensed state.
For the present single-degree-of-freedom torsional oscillation, the
control law selected is

Q.t/ D G®®.kt C Á/ (17)

in which G® is the gain amplitude and Á the gain phase of the
control logic. In the simulated acoustic control cases, we choose
G® D 0:7225, which corresponds to a strength of Q0 D 5:78 £ 10¡4

for a vibrational amplitude of .®0/max D 0:008 rad. The work per
cycle for the acoustically controlled forced vibration is shown in
Fig. 15. The gain phase Á plays a critical role in dictating the sta-
bility of the closed-loop dynamic system. For the present case in-
vestigated, the stabilizingphase resides between 30 <Á < 210 deg.



LU, PAN, AND YU 1011

The most effective stabilizing phase is found around Á D 135 deg.
Under this optimal excitation condition, the maximum amplitude
of the power required is equal to 37.2 W per blade. As indicated in
Fig. 15, the � utter margin can be enlarged nearly six times when
acoustically forced using this optimal gain phase (Á ¼ 135 deg).

VI. Conclusions
A ducted NASA rotor 67 fan was used as the model to examine

the feasibility of suppressing transonic � utter instability by means
of acoustic excitations. Both internal and external forcing simula-
tions were performed and analyzed. Internal forcing is found more
effective than external, disregarding the disadvantages and dif� -
culties contained in hardware implementation. External forcing is
modeled by placing sound sources on either engine casing or rotor
hub. The physicalmechanism associatedwith external shroud forc-
ing is explained, and it is found that downstream forcing is more
effective.A forced vibration together with shroud excitation is con-
ductedto assesstheacoustic� utter suppressioncapability.It is found
that, as appropriatecontrol phase is employed, the � uttering motion
can be acoustically suppressed. The present numerical investiga-
tion achieves an initial understanding of the physical mechanism
associated with the turbomachinery acoustic � utter control tech-
nique. Important issues such as optimal excitation location, forcing
frequency effect, control gain amplitude and phase, and acoustic
energy supply requirements have been discussed.These basic � nd-
ings will be helpful for the futurehardware realizationof the present
acoustic method.
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