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A comparative computational study of current � utter-analysis methods, for fan geometry in subsonic � ow, is
carried out to evaluate the relative advantage of the methods. The � utter characteristics are computed using the
followingthree methods: time domain,work per cycle, and the eigenvalueanalysis.The eigenvalueanalysis is based
on a pulse method in combination with the in� uence coef� cient method. The aeroelastic analyses are performed
using a time-accurate solver based on Euler equations. The aeroelastic characteristics of the fan are obtained
by coupling the unsteady Euler equation solution with a normal-mode analysis of elastic blades. For the coupled-
mode � utter analyzed, the time-domainmethod indicated stability or instability faster than the eigenvaluemethod,
whereas the work-per-cycle method failed to predict the � utter. The eigenvalue method provided the results in the
form of aerodynamic damping and � utter frequency for each interblade phase angle analyzed. However, it was
more expensive than the time-domain method, and it was better suited for analysis with a fewer number of modes.

Introduction

L ARGER fan diameters with swept and wider chord blades are
being used to improve the performance and ef� ciency of the

new generationof aircraftengines.However, large-diameter,sweep,
twist, and wide chord blades make the fans susceptible to aeroelas-
tic problems. Several methods for analyzing the unsteady aerody-
namic characteristicsof the � ow� eld around vibrating blades have
been reported in Refs. 1–5. Reference2 providesa review of analyt-
ical methods developed for the unsteady aerodynamic analysis of
turbomachinery con� gurations. Numerical analysis of aeroelastic
characteristics for fan con� gurations is computationallyexpensive,
and a full three-dimensional analysis has not been practical until
recently. Over the years, several methods, with varying degrees of
simplifyingassumptions,havebeendevelopedto calculatethe aero-
elastic � utter stability characteristicsof a fan. The most commonly
used method, the work-per-cyclecalculationmethod, calculates the
aeroelastic characteristics based on energy exchange between the
vibrating blades and the surrounding � ow� eld. This method, also
referred to as the energy method by Bendiksen,6 calculates � utter
for isolatednaturalmodes. It ignores thecouplingof themodes.This
assumption provides fast calculation of the aeroelastic characteris-
tics, and is reasonably adequate for straight-bladedesigns. Several
methods based on the energy method, using linearized6¡8 as well
as nonlinear aerodynamic analyses,9¡11 have been reported. In the
modern designs of turbomachinerywith large swept blades, the en-
ergy method for single-mode � utter may not be suf� cient. Also, to
compute the � utter boundary with the energy method will require a
signi� cantly large number of calculations, as the calculation must
be repeated for all frequencies,normal modes, and interbladephase
angles (IBPAs) of interest.

Three-dimensionalaeroelasticmethods for ducted fan con� gura-
tions have been reported in literature in the last few years. Williams
et al.12 reporteda method for ducted-fan� utter analysis,basedon an
eigenvalue method using linear potential � ow analysis. The eigen-
valueanalysiswas basedon a pulse-responsemethod in conjunction
with an in� uence-coef�cient method. Ku and Williams13 used the
full potential equations to solve for � utter stability using the eigen-
value approach. Bakhle et al.14 reported a method based on pulse
response and in� uence coef� cient using the full-potential aerody-
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namic analysis. Recently, Srivastava and Reddy15 reported an anal-
ysis based on Euler equations to calculate � utter characteristics of
ducted rotors using a time-domain analysis method. Based on the
eigenvalue-analysismethod of Ref. 14, Srivastavaet al.16 developed
an analysismethod based on Euler equations.Both the time-domain
analysis15 and the frequency-domain analysis16 can calculate the
� utter characteristics for all possible IBPAs, and can couple any
arbitrary number of natural modes in the analysis.

Each of these methods for calculatingthe aeroelasticcharacteris-
tics has certain bene� ts and advantages.Dependingon the objective
of the analysis, one method may be more suited than another. The
objectiveof this paper is to investigateand report the relative advan-
tagesof each of the threemethods,namely, the time-domainmethod,
the work-per-cyclemethod, and the eigenvalue-analysismethod for
a fan con� guration. Accuracy, advantages, disadvantages,CPU re-
quirements, output parameters, and limitations of the methods are
discussed.

There are limited experimental data available in the open litera-
ture for � utter of fans. There are, however, signi� cant data available
for unducted rotors (propfans). In the present work, a propfan ge-
ometry that showed � utter17 is chosen for the analysis. The propfan
is modi� ed to represent a fan con� guration by enclosing it within a
rigid cylindricalduct. Dependingon the tip gap, enclosing the prop-
fan within a duct makes the � ow nearly two dimensional. Similar
geometry has been used by Williams et al.12 for aeroelastic studies,
and by Hall and Delaney18 for unsteady aerodynamic study. It was
shown in Ref. 12 that enclosing the propfanwithin a duct decreases
the aeroelastic stability of the fan.

An aeroelastic solver, DuctE3D,19 based on the Euler equations,
has been developedfor calculatingthe � utter of ducted rotor con� g-
urations.The solvercan calculate � utter characteristicsusing any of
the three � utter computationmethods: time-domain � utter-analysis
method, work-per-cyclemethod based on simple harmonic oscilla-
tion, or the eigenvalue-analysismethodbasedon pulseand in� uence
coef� cient. The DuctE3D solver is used in the present study. The
results are obtained for an in� ow condition and geometry close to
the � utter boundary of the unducted con� guration.

Formulation
Aerodynamic Analysis

The unsteady aerodynamic forces are obtained by solving the
three-dimensionalunsteady Euler equations using a time-marching
technique.The analysisuses a hybrid solution algorithmby treating
two � ux directions implicitly. The third � ux direction is treated in
a semi-implicit manner to reduce CPU time and memory require-
ments, which is critical for computationally expensive aeroelastic
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calculations. A detailed description of the numerical analysis is
given in Ref. 20.

Aeroelastic Analysis

The aeroelastic analysis is described in detail in Ref. 15 for the
time-domain method, and in Ref. 16 for the eigenvalue-analysis
method. Only a brief description is provided here for the sake of
completeness. For the aeroelastic analyses, the hub and the duct
are assumed to be rigid. This assumption simpli� es the problem by
structurallydecoupling the blades from one another as well as from
the hub and the duct. Consequently, each blade can be structurally
modeledseparately.Ignoringthe structuralcouplingcould,however,
impact the calculationsadverselyfor low-order, low-nodal-diameter
blade–disk vibration modes.

The governingaeroelasticequation in normal modes can be writ-
ten as follows:

[Mg]f Rqg C [Cg]fPqg C [Kg]fqg D fFg (1)

where Mg , Cg , and Kg are the modal mass, damping, and stiffness
matrices, respectively. These matrices are obtained using a � nite
element analysis; q is the normal-mode perturbation from a steady
state, and F, a function of q and Pq, is the modal unsteady aerody-
namic force vector.

Time-Domain Analysis

In the time-domain method, one of the blades of the fan is per-
turbed from the steady state by providing it a velocity impulse in
all of the normal modes included in the analysis. The response of
the system is then calculated for this initial disturbance from the
steady state by integrating the governingequation [Eq. (1)], in time
using the method of constant acceleration (trapezoidal rule). The
normal-mode perturbations obtained by solving Eq. (1) provide a
new de� ected blade shape. The new blade shape is then used to ob-
tain the new aerodynamic loads. This iteration process is repeated
and the subsequentvariation of the normal-modevector is analyzed
to obtain the stabilitycharacteristics.The � utter frequencyand IBPA
can be inferredby a Fourier analysisof the rotor blade responses, if
required.The intermodal coupling is includedonly by aerodynamic
coupling in the current model.

Work-per-Cycle Analysis

In this analysis, the blades are harmonically oscillated at a pre-
scribed mode shape, frequency, and IBPA. The work done on the
blade by the surrounding � uid is calculated. If the net work being
done on the blade by the � uid is positive, the blade is considered
aeroelasticallyunstable for the given condition.This process needs
to be repeated for all of the mode shapes, frequencies, and IBPAs
of interest.

Eigenvalue-Analysis Method

In this analysis, one of the blades is forced to undergo a small
de� ection from a steady state. The unsteady aerodynamic forces,
caused by de� ection, are obtained for all of the blades, and the un-
steady aerodynamiccoef� cients are calculatedusing Fourier analy-
sis. These coef� cients are used in the Laplace transformof the gov-
erning aeroelasticequation [Eq. (1)] to form an eigenvalueproblem:

det Mgs2 C Cgs C Kg ¡ Q( r , s) D 0 (2)

where r is the IBPA and Q( r , s) is obtained by taking the Laplace
transform of F for each blade and combining them using linear
superposition based on the in� uence coef� cient method14 for the
IBPAs of interest. The stability of the blades is determined by � nd-
ing the roots of Eq. (2). The roots of the eigenvalues indicate the
aerodynamic damping at the coupled-mode frequency for a given
IBPA to provide the aeroelastic characteristics. If the real part of
any of the roots of Eq. (2) is greater than zero (negative aerody-
namic damping), the fan is unstable for that IBPA. For a given fan,
the number of possible IBPAs for � utter are same as the number

of blades in the fan.21 Therefore, Eq. (2) is solved for only these
possible phase angles.

The aerodynamic coef� cients can be obtained either by a har-
monic analysis or by a pulse-responsemethod. The pulse-response
method signi� cantly reduces the computationaltime required, com-
pared with the harmonic-analysismethod,by utilizingthe principles
of superposition. In a single run, the unsteady aerodynamic coef� -
cients can be obtained for a range of frequencies contained within
the pulse. The harmonic-analysismethod will require separate runs
for each frequency of interest. If the � utter frequency is not known
a priori, the harmonic analysis must be carried out over a range of
frequencies, resulting in much higher computational cost. The un-
steady aerodynamiccoef� cients are obtained for the normal modes
of interest, using separate runs for each mode.

Results and Discussion
The DuctE3D code has been validated for steady performance in

Ref. 22 and for � utter of unducted fans in Ref. 23. The unsteady
� ow� eld analysis for a fan con� guration is validated here by � rst
applying it to a � at-plate helical fan for subsonic � ow conditions.
The unsteady pressures obtained are compared with results for a
linear theory24 and a three-dimensional linearized Euler analysis.8

The code is then applied for � utter analysis of a fan con� guration
using the three � utter-analysismethods. All of these analyses have
been carried out on a Cray C-90.

Flat-Plate Helical Fan

The � at-platehelical fan has a tip diameter of 8.488, a hub diame-
ter of 6.790, a constantblade chord of 1, a stagger angle at midspan
of 45 deg, 24 blades, and no gap at the tip. All of the lengths are
scaled with the blade chord. The in� ow conditions are such that the
in� ow relative Mach number at the midspan is 0.7 with an axial
Mach number of 0.495. These conditions result in a � at-plate at
zero incidence under steady � ow conditions. The � at-plate helical
fan is harmonically oscillated about the steady-state position, with
a reduced frequency based on a chord of 1. This example has been
presented by Montgomery and Verdon8 and is a good subsonic test
case. Because the Mach number is in the subsonic range, the re-
sults are expected to be linear and should compare well with linear
analytical methods24 for unsteady pressures.

The results are presented for two different cases: pitching about
midchord with 0-deg IBPA and plunging with 180-deg IBPA. The
pitching amplitude is 0.2 deg and the plunging amplitude is 1%
of chord at the midspan. The results obtained are compared with
results presented in Ref. 8 for linearized three-dimensional Euler
analysis (3D LINFLUX) and for two-dimensional Smith theory.24

The comparisons are shown in Fig. 1 for pitching, and in Fig. 2
for plunging. The variation of unsteady pressure difference at the
midspan, normalized with oscillation amplitude, is plotted against
the distance along the blade chord. Good correlation is obtained for
both cases presented, indicating the unsteady aerodynamicanalysis

Fig. 1 Comparison of unsteady pressure difference normalized with
oscillation amplitude for the � at-plate helical fan undergoing in-phase
pitching motion.
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Fig. 2 Comparison of unsteady pressure difference normalized with
oscillation amplitude for the � at-plate helical fan undergoing out-of-
phase plunging motion.

Fig. 3 Schematic of the eight-blade-passage computationaldomain.

of DuctE3D to be accurate for vibrating fan blades. The analysis
was carried out using a 140 £ 13 £ 21 grid with 70 points on the
blade surface. The code required 8 MWord of memory and slightly
less than 5 min per oscillationcycle. A total of � ve cycles with 352
steps per cycle were required for convergence.

SR3C-X2 Ducted Fan

The aeroelastic analysis was then applied to a fan con� guration
obtained by enclosing the eight-bladedSR3C-X2 propfan within a
rigid cylindrical duct with a tip gap of 1.0% of the blade tip radius.
It should be noted here that the � ow� eld within the gap is not being
resolved. The gap, however, does provide a pressure relief at the
tip. The propfan is highly swept with the � rst natural mode being
primarily � exural with signi� cant torsional component.The second
modeis primarily� rst torsion,and thethirdmodeis primarilysecond
� ex. The natural frequenciesof the � rst three modes for nonrotating
blade are 221, 431, and 695 Hz, respectively.

The propfan, in the unducted con� guration, � uttered for several
test con� gurations.17 One of the measured � utter conditions for the
eight-bladedcon� gurationwas at advance ratio J D 3.55, blade set-
ting angle b D 61.2 deg, and a freestreamMach number M1 D 0.60
(Ref. 17). The � utter was reported to be a coupled-mode � utter
and was measured at a frequency of 264 Hz and at an IBPA of
225 deg (Ref. 17), implying a couplingbetween the � rst and second
modes. In the present paper, the aeroelastic stability is calculated
for M1 D 0.5, J D 3.55, and b D 61.2 deg. The experiments17 and
calculations23 showed the unducted propfan to be stable at a 0.5
Mach condition;however, the fan con� gurationwas found to be un-
stable in the numerical analysis.15 A coupled-mode instability was
found for the unducted propfan at a Mach number greater than 0.62
(Ref. 23).

A schematic of the fan layout and blade-numbering scheme is
shown in Fig. 3. Several different phase angles are analyzed. The
nonzero IBPAs are analyzed by stacking the number of blade pas-

sages required. The � utter was observed between the � rst and the
second normal mode; hence, the analysis is carried out using up to
three normal modes.

Time-Domain Results

The time-domain analysis is carried out using the � rst three nor-
mal modes. The fan is analyzed using one, two, and all eight-blade
passages. The single-blade-passage analysis can resolve only the
0-deg IBPA characteristics,and the two-blade passages can resolve
the 0- and the180-degcharacteristics.The eight-blade-passageanal-
ysis will resolve the � utter characteristicsof all possible IBPAs for
the eight-bladed fan, namely, 0-, 45-, 90-, 135-, 180-, 225-, 270-,
and 315-deg IBPAs. For these cases, the initial perturbation is pro-
vided to the reference blade (Ref. Blade, Fig. 3) in all of its normal
modes, with no perturbations to any of the other blades. The sub-
sequent responses of all the blades are observed. The time-domain
responses of blade oscillations would be such that the steady IBPA
contributionshaving a positive aerodynamicdamping would dimin-
ish,whereasthe IBPA with negativeaerodynamicdampingwill have
increasingamplitudes,and the net responsewill be a combinationof
the responsesof all unstable IBPAs. These responsescan be Fourier
analyzed to provide the frequency and the IBPA for � utter.

The responseof theblade for the single-passageanalysis is shown
in Fig. 4. As can be seen, the initial perturbation provided to the
blade rapidly dies out. However, for the two-blade-passageanalysis
(Figs. 5 and 6), the response amplitude for the blade increases with
time. Further, from Fig. 5, it can be seen that the response frequency
of all the modes have coalesced, indicatinga � utter instability.Only
the referencebladeresponseis shown in this � gure.Similar response
was obtainedfor the other blade as well. Not only does the reference
blade, the blade that was perturbed, show diverging response, but
the other blade also shows a diverging response.An examinationof
the � rst mode response (Fig. 6) shows the two blades moving about

Fig. 4 Time history of the modal displacements for single-blade-
passage analysis of the eight-bladed SR3C-X2 fan.

Fig. 5 Time history of the modal displacements of reference blade for
two-blade-passage analysis of the eight-bladed SR3C-X2 fan.
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Fig. 6 Time history of � rst mode displacements for two-blade-passage
analysis of the eight-bladed SR3C-X2 fan.

Fig. 7 Time history of � rst mode displacements for eight-blade-
passage analysis of the eight-bladed SR3C-X2 fan. a) Blades: Ref.,
Ref.+1, Ref.+2, Ref.+3. b) Blades: Ref., Ref.+4, Ref. ¡ 3, Ref. ¡ 2, Ref. ¡ 1.

180-deg out-of-phase, indicating the � utter IBPA to be 180 deg. A
Fourier analysis of the responses indicated the � utter frequency to
be »290 Hz, indicating a coupled-mode instability with coupling
between the � rst and the second normal modes. This was further
veri� ed by analyzing the fan with only one of the normal modes at
a time. No instability was found for the single-mode analysis.

The response for the eight-blade-passage analysis (all possible
IBPAs) is shown in Fig. 7. Again, not only does the perturbation to
the reference blade start growing, the responses for the other blades
also show an increasing amplitude oscillation. For this case also,
the oscillation frequencyof all three modes analyzed is observed to
coalesce, indicating a � utter instability. However, no clear pattern
of IBPA is obvious from these responses.

The analysis assumesall of the blades to be structurallyidentical;
however,perturbingonly one blade introducesaerodynamicmistun-
ing into the system. Because of the spatial periodicity, the general
motionof blades in the mistunedsystemcan be representedin a trav-
eling wave form of the correspondingtuned system.25 The real and

Fig. 8 Time history of amplitudes for various IBPAs for eight-blade-
passage analysis of the eight-bladed SR3C-X2 fan: a) real and b) imag-
inary amplitudes.

imaginary components of the traveling-mode response amplitudes
are plotted with respect to time in Fig. 8. Because the travelingmode
assumes a harmonic variation, 0- and 180-deg IBPA responses do
not have an imaginary component. Further, the responses for 225-,
270-, and 315-deg IBPAs are complex conjugates of the responses
for 135-, 90-, and 45-deg IBPAs, respectively, and are not shown.
From these � gures, it can be seen that 0- and 45-deg IBPAs are
stable, and 135 and 180 deg are unstable. An IBPA of 90 deg ap-
pears to be mildly unstable. It is also evident from these � gures that
perturbing only one blade in the rotor provides perturbation to all
of the IBPAs, so that the stability of all IBPAs can be determined
from a single calculation.

These responses indicate that the eight-bladed fan for the given
conditionsis unstable, in the180-degIBPA, whereas the0-deg IBPA
is indicatedto be stable.The stabilityor instabilityis indicatedfairly
quickly,within � ve or six cyclesof oscillation.A Fourier analysisof
the responses can provide the frequencyand aerodynamicdamping
associated with each IBPA. For the length of time of the calculated
time history, the frequency and phase, particularly for the eight-
blade-passages case, were not uniform and were still changing. A
more accuratedeterminationof these quantitieswill require a much
longer time history.For the time historyshown, the analysisrequired
approximately 45 min of CPU time per blade passage analyzed,
and scaled linearly with blade passages. On the other hand, it was
found that including more normal modes in the analysis does not
signi� cantly increase CPU time. Each additional mode increased
the CPU requirement by approximately 3%.

Work-per-Cycle Results

The results from the work-per-cycle analysis are presented next.
For this method, all of the blades are forced to undergo a har-
monic oscillationat a prescribedmode shape, frequency,and IBPA.
Depending on the IBPA being analyzed, the analysis uses the re-
quired number of blade passages. The results have been obtained
for one blade passage, undergoing 0-deg IBPA motion, and two
blade passages, undergoing 180-deg IBPA motion. Variation of the
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Fig. 9 Variation of nondimensional work per cycle with oscillation
cycle for � rst mode for the eight-bladed SR3C-X2 fan.

Fig. 10 Time history of the generalized force caused by pulse motion
for four-blade-passage analysis of the eight-bladed SR3C-X2 fan.

nondimensional work per cycle with an oscillation cycle, for the
� rst mode, is shown in Fig. 9. The net work for a cycle of oscil-
lation is shown by solid circles for the 0-deg IBPA, and by solid
triangles for the 180-deg IBPA. As can be seen, a negative work
is obtained, implying a stable fan. Several modes and frequencies,
including the one indicated by other methods for instability, were
analyzed. In all of the cases, a negative work was calculated, imply-
ing the blade was doing work on the surrounding � uid, indicating
a stable fan. This was not unexpected as � utter occurs in a coupled
mode, whereas, in the analysis, only one of the normal modes of
the blade was included at a time. This method required approxi-
mately 28 min of CPU time per blade passage and scaled linearly
with blade passages. Further, because only one mode is analyzed
at a time, the CPU time scales linearly with the number of modes
of interest. The CPU time was also dependent on the frequency of
oscillation.The time step required for the analyses was determined
by stability considerationsof the � ow solver, and was independent
of the frequency of oscillation. This resulted in lower frequencies,
requiring more time steps per oscillation cycle; hence, higher CPU
time than higher frequencies.

Eigenvalue Results

The eigenvalueanalysiswas carried out usingone-, two-, or four-
blade passages, and only the � rst two normal modes to save com-
putational time. In this case, again, the pulse motion was provided
only to the reference blade with no motion to the other blades. The
resulting unsteady aerodynamic responses were recorded for all of
the blades. The Fourier transformsof the unsteady aerodynamic re-
sponseswere used to solve Eq. (2) to obtain the stabilitycharacteris-
tics for all of the possible phase angles. For a two-passage analysis,
0- and 180-deg IBPAs can be resolved, whereas, for a four-passage
analysis, 0-, 90-, 180-, and 270-deg IBPAs can be analyzed.

A typical pulse (dotted line), along with a time variation of the
generalizedforce amplitude, is shown in Fig. 10. The pulse motion,

Fig. 11 Eigenvalue plot for two- and four-blade-passage analysis of
the eight-bladed SR3C-X2 fan.

provided only to the reference blade, smoothly ramps up from zero
to a prescribed peak value, and then smoothly ramps down to zero,
remaining there for all subsequent time. The analysis is carried
out until all of the disturbances resulting from pulse motion die
out. It can be seen that it requires approximately four to � ve pulse
durations, after the pulse motion has subsided, for the transients to
diminish to a prescribed tolerance, even though it becomes fairly
small after about one pulse duration.

The eigenvalues obtained are plotted in Fig. 11. The variation of
the imaginary part of the eigenvalue, a representative of the char-
acteristic frequency, is plotted vs the real part of the eigenvalue,
representativeof the aerodynamic damping. Both of these calcula-
tions show that the 0-deg IBPA has a negative real part, indicating it
to be stable, whereas the 180-deg IBPA has a positive real part, indi-
cating instability.The other two IBPAs, for the four-blade-passages
analysis, are very close to the stability boundary with 90-deg IBPA
beingunstableand270-degIBPA being stable.The frequencyfor the
180-deg IBPA was calculatedto be 274 Hz. The eigenvalueanalysis
carried out with only one normal mode did not indicate instability.
This implies that the instability is a coupled-mode instability and
requires coupling between the � rst and the second mode. Also, the
results obtained from the two- and four-blade-passageanalysescor-
relate very well with each other.

The eigenvalue analysis required »45 min of CPU time per
blade passage per normal mode analyzed. The CPU time, as ex-
pected, scales linearly with blade passages. However, unlike the
time-domain analysis, the CPU time for the eigenvalue analysis
scales linearly with the number of normal modes. For the coupled-
mode � utter calculation, eigenvalue analysis requires that the gen-
eralized forces be calculated for motion in each mode of interest.
This requires separate runs for each mode included in the analysis,
resulting in a linear scaling of CPU time with the number of normal
modes.

Discussion of Results

The results obtained from time domain and eigenvalue analysis
correlate well with each other. Both of these methods indicated
that the 0-deg IBPA is stable and that the 180-deg IBPA and a
few other IBPAs are unstable. The � utter was indicated by both
methods to be a coupled-mode � utter with coupling between the
� rst two modes. The � utter frequency was calculated to be 274 Hz
by the eigenvalue analysis, whereas it was calculated as »290 Hz
by the time-domain method. This difference in frequency could be
attributed to the inability to accurately calculate the frequency from
the availabletime histories.A longer time history will providebetter
correlation for frequency, albeit at a higher computational cost. On
the other hand, the work-per-cycleanalysis failed to indicate � utter
altogether.

The time-domain method provided the stability behavior much
faster than the eigenvalue-analysismethod. It required only a few
oscillation cycles to indicate the stability or instability of the fan.
Any number of normal modes, with little additional computational
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cost, can be easily included in the analysis. There are, however, a
few areas of concern that are foreseen for the time-domain analysis.
A marginally stable or unstable fan, or a limit-cycle behavior, may
require a much larger run time to establish the stability characteris-
tics of the fan. Also, to obtain a more accurate estimate of the � utter
frequency and the IBPA of � utter, much larger time histories will
be required. A larger time history will not only be computationally
expensive, but also may not be always feasible, as large oscillation
amplitudes could lead to numerical problems for the computational
� uid dynamics analysis.

The eigenvalue-analysismethod provides all of the characteris-
tics needed to clearly understand the behavior of the fan. However,
there were several problemareas encounteredby the pulse-response
method. First of all, it requires a, very steady, steady-state aerody-
namic condition to start the analysis.If the aerodynamicsis not very
steady, the variation in the generalized forces because of changes
in the steady state would mask the variations caused by unsteady
pulsemotion, thus leadingto erroneousresults.To obtain this steady
state, a much longer aerodynamic steady run was required, leading
to increased CPU requirements. This may also pose a problem for
the viscous calculations because there are inherent unsteadiness in
the � ow� eld caused by vortex shedding and turbulence. For these
disturbances to be at the noise level, a much larger pulse ampli-
tude may be required for viscous analysis. However, a larger pulse
may lead to questions of linearity, invalidatingthe method. Another
problem foreseen for the eigenvalueanalysis is that the calculations
must be carried out until the unsteadinessof the � ow� eld, after the
blade has returned to its steady-state position, diminishes. For cer-
taincon� gurationsand in� ow conditions,this may take signi� cantly
longer. It may also not work for a viscous analysis where unsteadi-
ness resulting from wake vorticesmay not allow the unsteadinessin
the calculated aerodynamic responses to die out. Because of these
limitations, the eigenvaluemethod may not be suitable at off-design
conditions, as viscous effects must be included for the analysis.
Further, each additional mode included in the analysis increased
the CPU cost signi� cantly. For example, the time-domain analysis
required »6 h of CPU time to analyze eight-blade passages (eight
IBPAs) with threenormalmodes,whereasfor theeigenvaluemethod
only four IBPAs with two normal modes could be analyzed in 6 h.
Using three normal modes and eight-blade passages, as in the time
domain, would have required a total of 18 h of CPU time. This
implies that an analysis with a large number of modes could be
prohibitively expensive with this method.

Based on these results, it appears that the work-per-cyclemethod
is best suited for a single-mode � utter, such as stall � utter. The
method reported by Gerolymos9 may be able to predict a coupled-
mode instability using the work-per-cycle method, and needs to
be applied to this con� guration to evaluate its effectiveness. If sta-
bility indication is the primary interest, the time-domain method
provides the fastest solution. For � utter details, such as � utter fre-
quency, IBPA, and aerodynamic damping at all of the IBPAs of
interest, one may have to use the eigenvalue-analysis method. It
should also be noted, however, that a Fourier analysis of time his-
tories from time-domain analysis will provide reasonably accurate
� utter details. Further, for viscous aeroelastic analysis, where the
pulse method may not be applicable,a harmonic oscillationmethod
may have to be used to provide the aerodynamic coef� cients for all
of the frequenciesof interest.This could increase the computational
cost signi� cantly.

Concluding Remarks
Three different analysis methods were applied to a fan con� gu-

ration to understand the relative merits of the methods in predicting
� utter behavior. For the example case of a coupled-mode � utter, it
was found that all of the analysismethods failed to indicate instabil-
ity for a single-modeanalysis.The coupled-modeanalysesusing the
time-domainand eigenvalue-analysismethods indicated a coupled-
mode instabilityand correlatedwell with each other.Both indicated
the 0-deg IBPA to be stable and the 180-deg IBPA, along with a
few other IBPAs, to be unstable. The time-domain method for the
eight-blade-passage analysis, even though it indicated instability,

did not converge to a state where the values of � utter frequency,
aerodynamicdamping, and the IBPA could be accuratelyobtained.
It, however, required less than half the CPU time of the eigenvalue
analysis for the same problem size. Also, the pulse method may
be fairly expensive when more normal modes are included in the
analysis. Further, including the structural coupling would increase
the CPU cost for the time-domain analysis.

From this study it is felt that for an indication of stability the
time-domain analysis is the best choice, whereas the pulse method
is best suited if one is interested in all of the details of the � utter
characteristics.The pulse method may fail for � ows with inherent
unsteadiness; the harmonic oscillation method may then be used
to obtain the unsteady aerodynamic coef� cients for the eigenvalue
method. This will lead to requiring even larger CPU time for the
eigenvaluemethod. The work-per-cyclemethod may be best suited
for blade geometries, where the � utter occurs in a single normal-
mode and there is negligible modal coupling.
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