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A computational-�uid-dynamics (CFD) tool was developed and applied to a variety of aeromechanics prob-
lems, including both forced response and � utter. This three-dimensional nonlinear, viscous, time-accurate code,
in conjunction with a large parallel network, is used to demonstrate the mature capability of CFD-based tools
for aeromechanical analyses. Examples of multistage blade-row interaction analyses are presented and compared
against detailed experimental data highlighting the � delity of current CFD tools. Flutter analyses of isolated blade
rows are also compared to data and used to demonstrate several classical aeromechanical concepts such as in� u-
ence coef� cients, the destabilizing effect of neighboring blades in cascade � utter, the depiction of an aerodynamic
dampingmap,and the � utter bene� t of frequency mistuning.These two capabilities,multistageand � utter, are then
combined to examine the effect of multistage interaction on the � utter problem. Finally, the reasons for extending
the above modeling to include full-aeroelastic capability are discussed, and an example is presented.

Introduction

A EROMECHANICS is one of the latest � elds to bene� t from
the recentgrowthof computingmethodsand power.Before the

adventof these capabilities,theaeroelastician’s toolboxconsistedof
empirical,analytical,and semi-analyticalmethods.Empiricalmeth-
ods of course prevent any bold new designsor conceptsbecauseone
must stay within the parameter space de� ned by experience. Ana-
lytical and semi-analyticalmethods, such as Theodorsen’s function
and Whitehead’s LINSUB,1 are limited in applicability to simple
con� gurations (� at plates with no mean loading).

Advancements in computing capabilities over the past decade
have expanded the aeroelastic toolbox to include computational-
� uid-dynamics(CFD) methods.Forced response three-dimensional
multistage, Euler (Ni and Sharma2 ), and Navier–Stokes (Rai3;4)
codes have been documented for turbines. Similarly for � ut-
ter, two-dimensional linearized potential (Verdon and Casper5 ),
Euler (Hall and Crawley6 ), Navier–Stokes (Clark and Hall7), and
three-dimensional linearized Euler (Hall and Lorence8) codes are
well chronicled. More recently, three-dimensional nonlinear Euler
(Chuang and Verdon9 ) and viscous codes (McBean and Liu10 ) have
appeared in the open literature. These CFD aeroelastic tools have
two bene� ts over their predecessors:1) the removal of some restric-
tions on geometry and 2) detailed � ow� eld information throughout
the entire domain.

These examples highlight the fact that the ability to create a CFD
code for aeroelastic purposes has existed for some time. However,
a CFD code by itself is not very useful unless it is fast enough to
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solve meaningful problems in a timely fashion, that is, during the
design cycle. This point is further clari� ed by comparing the nature
of aeromechanicalanalysis to, for example, steady aerodynamicde-
sign, which has already bene� ted greatly from CFD over the past
decade. Normally a steady aerodynamicdesign is focused at one or
perhaps at most two operating points. For example, depending on
the missionnature this designpointmight be either cruiseor takeoff.
In contrast,aeromechanicsrequires the examinationof severaloper-
ating conditions,oftentimes well off design. In forced responseone
might be guided by crossings on the Campbell diagram as to what
conditions to examine. Unfortunately, for � utter there is no clear
guide, and a wide range of operating conditions, structural mode
shapes, and nodal diameter patterns must be examined. Because of
this much larger parametric space and the prohibitive amount of
time required to calculate these additional conditions, CFD tools
have been used mainly for steady design work until recently.

Linearized methods and other modeling techniques such as har-
monic balance11;12 have receivedmuch attentionin the last few years
as potential solutions to this situation. However, this paper will take
a different tack and demonstrate that with the corresponding com-
puting facilities a time-accurate viscous code can be applied to a
wide rangeof aeromechanicproblemswithin a meaningfulperiodof
time and hence be used as a viable design tool. This direct approach
does have drawbacks,mainly circumferentialscaling issues such as
low nodal diameters for � utter or blade count scaling/matching in
multistage analysis. However, this approach is straightforward to
implement and removes some of the modeling assumptions made
by the preceding methods. Particularly, this allows for the analysis
of problems that do not have a well de� ned steady � ow� eld or that
contain multiple frequencies of interest that are not harmonics of
one another and for the development of full aeroelastic models to
capture nonlinear � uid structure interactions.

Theory
Rhie’s NASTAR code13 is at the heart of the CAAS (Compres-

sor Analytical Aeromechanics System) tool, which was used for
these analyses. NASTAR, a three-dimensionalReynold’s-averaged
Navier–Stokes, pressure-based code was modi� ed by Silkowski
and Rhie for aeromechanical (multistage and � utter) applications.
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Unsteady multistage capability is provided via direct interpolation
between blade rows2¡4 as opposed to previous body force and de-
terministic stress modeling in the steady multistage code. Flutter
calculations are performed on a time-deforming grid, where the
blade motion is provided by prescribinga motion based on a struc-
tural analysis or by allowing the airfoil to deform freely under the
air loads in accordance with a reduced-order structural model (full
aeroelastic capability). Both the multistage and � utter capabilities
are performed in a time-accurate fashion and model tip clearance
by direct gridding.

Results
In this section results are presented in four categories:multistage

interaction (forced response), blade-alone � utter, combined multi-
stage � utter, and a fully coupled aeroelastic example. Each of the
analyses presented was completed in three days or less, except for
the six row example, which took a week. Furthermore, several of
these analyses were run simultaneously, demonstrating the timeli-
ness of such analyses within a design effort.

It is expected that the analysis will be in relatively good agree-
ment with known results because signi� cant portionsof the relevant
physics, speci� cally, viscosity, time dependence,and tip clearance,
have been modeled. Our primary measure of goodness is correctly
capturing trends and rankings, with a lesser emphasis on absolute
accuracy. To be useful as a design tool, the most important capa-
bility is to relatively rank changes. Is con� guration “A” better or
worse than con� guration “B”? Does a given design “tweak” im-
prove or degrade performance relative to the baseline con� gura-
tion? When large discrepancies are observed with known results,
it is most often because of one of three modeling approximations:
incorrectgeometry such as large scaling of blade counts, poor mod-
eling of system effects/boundaryconditions,or an inadequacyin the
transition/turbulence models.

Multistage Interaction (Forced Response)

Two examples are given here to demonstrate the use of unsteady
CFD to examine multistage interactions. The resultant periodic

Fig. 1 Instantaneous snap shots in time display good qualitative agreement between the analysis and data, for a top view of Mach at 90% span.
Upstream migration of ¸ structure clearly visible in both sets of � gures.

aeroloads can of course then be combined with structural infor-
mation to analyze forced response (resonant stress).

The � rst forced-response/multistage example is the Inlet Guide
Vane (IGV) rotor stator of an axial � ow compressor. Speci� cally,
comparison is made with the test data of Sanders and Fleeter14

and Sanders et al.15 The hardware’s blade count ratio of 18:19:18
was modeled in the calculations as 19:19:19. Good agreement was
observed between the analysis and the data.

Qualitative agreement is seen in Fig. 1. This � gure compares a
sequenceof “snapshots”of instantaneousMach contoursin the IGV
taken on a 90% span radial plane at successive time steps during
a period of rotor passing. A distinctive ¸ feature is clearly visible
in both the analysis and the data. This ¸ pattern is created by the
interaction of the incoming rotor leading-edge shock (back portion
of ¸) and the re� ection of a similar shock from the passing of the
preceding rotor blade (front portion of ¸). Both the data and the
analysis reveal that the ¸ pattern propagates upstream with time.
Furthermore, at any instant in time, the CFD and data are quite
similar as can be seen by keying off of islands of high and low
Mach.

A more quantitative comparison between the CFD and data is
seen in Figs. 2–4. Pressuredistributionsas a functionof chordon the
suction and pressure sides of the IGV at 90% span are compared in
these � gures.The maximum,minimum,and time-averageenvelopes
compare favorably in Fig. 2. There is good agreement with data in
both the shape and level of the unsteady pressure envelopes. The
instantaneous unsteady pressure on the IGV suction and pressure
surfaces during one rotor pitch passing are compared in Fig. 3.
Overall theagreementis quitegood.Speci� cally, in both thedataand
CFD one can track the upstream migration of the rotor bow wave.
At times in the data, this pulse seems to disappearor weaken; this is
causedby the pulsebeing locatedbetween two pressuretransducers.
Finally, Fig. 4 displays the magnitudes of unsteadypressureat rotor
passing and higher harmonics, at a sample axial location on the
IGV’s pressure surface. Again, the agreement is quite good.

This particularexampleutilizeda modelwith bladecountratiosof
1:1:1 to best match the experimental hardware. However, this is not
indicativeof any restrictions.In general, multistageanalyses utilize
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Fig. 2 Comparison at 90% span of unsteady pressure envelope on IGV as a result of rotor passing.

Fig. 3 Analysis matches data in both amplitude and phase for the instantaneous unsteady pressure on the IGV at 90% span. Unsteady pressure is
plotted against percent chord. Speci� cally, tracking with time, both the data and analysis clearly portray the upstream migration of the rotor bow
wave.

largermodelswith bladecountratioson theorderof 3:4:5,which are
completed in three days. Additionally, even larger models, such as
1
8 th wheel of six blade rows from a compressor with modeled blade
count ratios of 4:3:7:5:9:7, are often considered. Figure 5 presents
the instantaneoustop view of pressureon a radial plane at 23% span
for such a case that utilizedover 7 million grid points.Blade-related
features such as bow waves are clearly visible.

Flutter

In this section several examples of � utter calculations are given.
Although many previous authors have demonstrated � utter analy-

ses, few have demonstrated such good agreement with data and the
potential of what can be achieved by performing a large number of
such calculations. The need for a large number of calculations in
� utter analysis is a manifestation of the fact that one does not nor-
mally know a priori the most critical � utter conditions, that is, mode
shape, nodal diameter pattern, and fan operating conditions (pres-
sure riseand� ow). This needto examinea largeparametricspacehas
been discussed by several authors. These discussions often include
the concept of a � utter or aerodynamic damping map, such as the
sketchof Sisto.16 This diagramindicatesthat � utter can occurunder
a wide variety of circumstances, all of which must be investigated.
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Fig. 4 Quantitative comparison between multistage data and analysis
of rotor passing unsteadiness at a sample axial location on the pressure
side of the IGV at 90% span. Magnitudes of Fourier transform of un-
steady pressure. Because of grid and time-step considerations, only the
� rst few harmonics should really be considered.

Fig. 5 Top view at 23% span of static-pressure contours through a
six-row unsteady multistagecalculation. 1

8 th of a wheel calculation with
more than 7 million grid points. Bow waves are clearly visible.

Fig. 6 Comparisons of calculated and measured mode 1 aerodynamic damping for an isolated 16-bladed fan rig that � uttered in 0 nodal diameter.
Good trends are observed with both � ow and nodal diameter. Note that nonphysical nodal diameter of 5.33 lies along the curve.

Consider now the � utter analysisof a commercial shroudlessfan.
As an example, calculations were performed on a transonic fan rig
operated by Pratt and Whitney and United Technologies Research
Center. The con� guration modeled a commercial shroudless fan
of 16 blades. The fan � uttered in a 0 nodal diameter, � rst mode
(bending) pattern. The frequency of vibration was predicted within
5% of the measured frequency. Figure 6 plots the log decrement
of the aerodynamic damping of the mode 1 zero nodal diameter
pattern as a functionof the mass � ow through the fan. Note the good
agreement with the experimental data,17 including the calculation
of unstable, negative aerodynamic damping conditions.

Figure 6 also plots the aerodynamic damping for the different
nodal diameter patterns at a given � ow. Again, there is good agree-
ment with data, including the identi� cation of zero as the limiting
nodal diameter. There are many options as to how to model nonzero
nodal diameters. One approach combines a single passage domain
with time-lagged boundary conditions. However, there is an asso-
ciated memory and convergence rate penalty associated with this
method. A more direct approach,which was taken here, is to have a
periodic domain. Therefore, for a two-nodal-diameterpattern one-
half of the annulus is modeled. An interesting capability of this
approach is that nonphysical nodal diameter patterns can be exam-
ined.For example, in this analysisa 5.33-nodal-diametercalculation
was performed by using a domain of 3 of the 16 blades. This point
does lie on the curve, indicating that one might be able to construct
curves of aerodynamic damping vs nodal diameter by calculating a
few computationally“friendly” nodal diameters.

An alternate approach for calculating the aerodynamic damp-
ing as a function of nodal diameter is to utilize the well-known
concept of in� uence coef� cients.18 This method will create a full
nodal-diameter sweep with only one calculation. To achieve this,
the in� uence coef� cients are not obtained from a Fourier transform
of multiple analyses, such as in Fig. 6, but rather from a more de-
liberate interpretation of the in� uence coef� cients. Speci� cally, a
model is made with several blade passages. However, now instead
of all of the blades vibrating with a speci� c phase relationship,
as in the direct method, only one blade in the middle of the do-
main is vibrated. The resultant unsteady pressure signal on each
blade can then be recombined with any speci� ed phasing. Thus
with one calculation, the rotor’s aerodynamic damping can be de-
termined for all nodal diameters by performing a recombination
in the frequency domain of the aerodynamic coef� cients that were
originally calculated in the time domain. Figure 7 demonstrates
the agreement between the in� uence coef� cient and direct methods
for a 24-bladed commercial fan. This � gure depicts the aerody-
namic in� uence felt by the reference blade (blade 0) as a result
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Fig. 7 Aerodynamicdampingas a function of nodaldiameter calculated for a 24-bladedcommercial fan using both the direct and in� uence coef� cient
methods. Note the good agreement between the two methods and the traditional dominance of the ¡ ¡ 1, 0, 1 in� uence coef� cients, resulting in the
familiar sinusoidal plot.

Fig. 8 Sensitivity of aerodynamic damping to intentional mistuning. Alternate-blade mistuning results in two distinct groups of eigenvalues with
tighter distributions of damping and more stability than the idealized perfectly tuned example. Each tuned eigenvalue corresponds to a single � utter
pattern and is associated with a pure nodal diameter traveling wave. Alternate-blade mistuning eigenvalues are shown for optimal case. The blade
self-damping is an upper bound to the max achievable with frequency mistuning. Any alternate mistuning provides a � utter bene� t.

of the motion of any of the other blades around the annulus. This
in� uence decays as one moves further away from the reference
blade. Finally, the well-known destabilizing effect of cascades is
clearly seen in that an individualblade’s self-in� uence is stabilizing
while the in� uence as a result of its nearest neighbors is desta-
bilizing. This calculation also demonstrates the classical result of
a sinusoidal damping vs nodal-diameter curve and corresponding
C1, 0, ¡1 dominance of the in� uence coef� cients. This in� uence
coef� cient approach is appropriate when the dominant blade-to-
blade coupling is aerodynamic. If the vibration mode shapes de-
pend stronglyon nodal diameter, then the direct approachshould be
utilized.

Once these in� uencecoef� cients are obtainedfrom a tuned � utter
analysis,one can quickly examine the effect of stiffness (frequency)
mistuning on the � utter characteristics of the blade row. Stiffness
mistuning can be implemented through a perturbation of the main

diagonal of the structural stiffness matrix; thus, the frequency is
allowed to vary blade to blade, but the aerodynamic performance
and mode shape are uniform. Alternate stiffness mistuning is a sys-
tematic method of mistuning that is effective for improving � utter
margin. The idea is to disrupt directly the aerodynamic coupling
between adjacentblades and reduce the C1, ¡1 � rst harmonics and
spread of Fig. 7. It is supposed that there are two sets of blades,
one with higher frequency than the other, and that they are alter-
nately arranged in the wheel fhigh ¡ flow ¡ fhigh ¡ flow , such that
the mean frequency is still the same. Calculations can be conducted
to determine the improvement in � utter stabilitywith this frequency
difference . fhigh ¡ flow/. Figure 8 illustrateshow this feature can be
used to look at a range of frequencies to � nd the optimum. This
optimal level of mistuning however might not be the most robust,
and it might be bene� cial to trade some � utter bene� t for robustness
and choose to operate at some con� guration a bit to the right of the
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optimal level of mistuning.For the optimal frequencydifference the
improvement in stability is seen in the distributionof the tuned and
mistunedeigenvaluesof Fig. 8. Note the greater spreadof the eigen-
values and resultingcloser proximity to the stabilityborder (relative
loss of stability) for the tuned case. Alternate-blademistuning is not
necessarilyan optimal arrangement in the sense that there might be
many mistuning arrangements with the same mean frequency and
lower standard deviation that yield better � utter stabilization. This
pattern however has been widely examined and has the advantage
of requiring just one additional part.

Another item of interest is sensitivity to small random mistuning.
Provided with a standard deviation for the population of blades as
a percentage of the nominal blade frequency, 1000 combinations
of randomly chosen blade frequencies were analyzed for � utter
damping, and the results are plotted alongside the damping for a
tuned rotor as shown in Fig. 9. The results from the multiple ran-
dom mistuning analyses are represented in the shaded band. For
any given vector of blade-alone frequencies, there are 24 � utter
patterns, and so there are 24,000 individual points total. For these
mistuned rotors the � utter patterns do not occur as pure sinusoidal
traveling waves, and nodal diameter in this context is based on the
mean interblade phase angle and need not be an integer. In every
case the tuned results err on the conservative side, that is, any fre-
quency mistuning causes an increase in the limiting aerodynamic
damping.

One great advantageof these computationaltools is that they pro-
vide more than just the aerodynamicdamping. These tools provide
detailed informationabout the � ow� eld physics.For example, plots
of local aerodynamic damping are useful to designers as a guide to

Fig. 9 Sensitivity of aerodynamic damping to random mistuning.The
tuned analysis is conservative. Small random frequency mistuning im-
proves aerodynamic damping of the critical nodal diameter. 1000 vec-
tors of random blade frequencies with standarddeviationof 0.5% of the
nominal blade frequency are considered. Nodal diameter is the average
nodal diameter.

Fig. 10 Comparison of captured trends between calculation and data for a large diameter commercial fan. The calculation correctly captures the
change in limiting mode between low and high speed and limiting nodal diameter to within §§ 1.

help them know where speci� cally on the blade they should focus
their attention, hence allowing for local design tailoring.

To further demonstrate the ability of these tools to capture cor-
rectly relevant trends, an analysis was performed on a commercial
fan for which test data had shown that the limiting mode and nodal
diameter differed at low and high speed. The results of the analysis
are shown in Fig. 10. The correct limiting mode is predicted at both
low and high speed, and the limiting nodal diameter is within §1.

Finally, although the aerodynamic damping map schematic of
Sisto16 has been presented in many aeromechanic discussions, few
have actually created such a map based on analyses. Panovsky and
Kielb19 created a damping map for turbine airfoils with a quasi-
three-dimensional linearized Euler code, and here we present an
aerodynamicdampingmap createdfrommultiplethree-dimensional
nonlinear viscous analyses of a commercial fan in the transonic
regime. The transonic � utter “pinch point” is clearly visible in
Fig. 11. The predicted � utter boundary, zero aerodynamic damp-
ing boundary, is highlighted by a thickened black contour line.

Multistage Flutter

Traditionally,forced responseand � utter havebeen modeled sep-
arately. However, in multistage fans and compressors it is clear
that the close proximity of neighboring blade rows or inlets could
have a profound effect on the � utter characteristicsof a given blade
row. This effect has been demonstrated20 using a two-dimensional
linearized inviscid model. Here the geometry of this earlier case
(con� guration D) is adapted to a 6:8:10 bladed count ratio model
with a large radius ratio, and the example is calculatedusing a three-
dimensional time domain, nonlinear, viscous code. Figure 12 dis-
plays the results.Althoughthese resultsarenot a perfectmatch to the
preceding analysis, the same key trends are observed. Speci� cally,

Fig. 11 Conducting calculations at multiple operating lines and rpm
(A–D), one can construct an aerodynamic damping map for a commer-
cial fan. Zero aerodynamic damping contours are indicated to highlight
the transonic � utter “pinch point.”
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Fig. 12 Calculated real and imaginarycomponentsof lift as a function of interbladephaseangle for an isolated compressor bladerow and the identical
blade row in the middle of a three-row multistagemodel. The difference between the curves represents the importance of including multistage or other
“component” effects. —— with open symbols are current work; – – – with � lled symbols adapted from Fig. 7 of Ref. 20. Both methods demonstrate
similar trends.

considering � rst the real component of the lift coef� cient, the mul-
tistage con� guration is more stable than the isolated blade row for
an absolute value of interblade phase angle greater than 45 deg
and vice versa for an absolute value of interblade phase angle less
than 45 deg. Furthermore, the zero interblade phase-angle case is
the least stable. Additionally, the differencebetween the multistage
and isolated row results is greater for the positive interblade phase
angles than it is for the negative interbladephase angles. Now con-
sidering the imaginary componentof the lift coef� cient, the isolated
row result contains a peak at an interblade phase angle of ¡45 deg,
� anked by a concave-up segment for smaller interblade phase an-
gles and a concave-downsegment for larger interbladephaseangles.
The multistage result contains local peaks at interblade phase an-
gles of ¡135, ¡45, and an absolute peak at 45 deg with dips at
0 and 90 deg. Admittedly the curves are not well de� ned because
of the low amount of resolution in interblade phase angle. Note, to
facilitate comparison only results from Ref. 20 at interblade phase
angles that are multiples of 45 deg are presented. Furthermore, the
data are connectedwith dashed and solid lines to assist comparison
of trends. Two reasons can be suggested for why the methods do
not agree exactly. One potential reason for the discrepancy is that
the models are not identical. There are geometric differences such
as blade count scaling and two- vs three-dimensional effects in
addition to the modeling techniques of viscous time domain vs lin-
earized potential. Another possible explanation is that the calcula-
tion performed by the previous authors did not include the unsteady
multistage interactions as a result of the relative motion of steady
� ow features. These effects are the unsteadiness described in the
forced response section of this paper. An example of such an item
is the unsteadiness seen by the stator as a result of the passing of
the downstream rotor’s steady potential � eld. This is not a defect in
the coupled mode method of Silkowski and Hall,20 for this effect
can easily be included via their external source term. Furthermore,
in a linear framework these effects should be orthogonal to the re-
sult unless they occur at frequencies that are harmonics of blade
vibration.

Fully Coupled Aeroelastic Capability

In the � utter methods so far described in this paper, a prede� ned
blade motion is imposed on the computational model. This prede-
� ned motion typically comes from a standard structural analysis. In

reality, however, once the structure begins to move in the presence
of the � uid unsteady pressure forces begin to act on the structure
and thus to affect the motionof the structure.The � uid and the struc-
ture form a coupled system. In the earlier examples, however, the
coupling or communication was only in one direction, namely the
resulting � uid loads created from the prescribed blade motion, or
more formally, only addressing the right-hand side of the standard
aeroelastic model:

m Rx C c Px C kx D fareo.x; Px; Rx; : : :/

The next level of modeling,as has alreadybeen discussedby several
authors,21;22 is to allowfor fullycoupledor two-way communication
between the � uid and the structure. In a time-domain model this is
a straightforward task. At each time step the aerodynamic loads
faero are passed to a structural model, which then solves the entire
equation for the new blade position x . This new blade position is
passed to the CFD solver, and the process repeats. This process can
be simpli� ed by working in modal coordinatesand focusingon only
the structural modes of interest.

As an example, a typical section model was created that could vi-
brate in plunge (pure bending). This was a two-dimensionalNACA
0012 airfoil at no incidence in a low-Mach-number � ow. This ex-
ample was speci� cally chosen as a validation/demonstration test
bed because the model problem and its solutions are well doc-
umented. The airfoil was oscillated at the structural natural fre-
quency for several cycles, and then the forcing was discontinued,
and the system allowed to evolve freely. Figure 13 shows a time
trace of the airfoil displacement. From the � rst part of the anal-
ysis, the forced harmonic motion, the aerodynamic damping was
calculated as Caero , which agreed with the theoretical value. During
the free-responseportionof the analysis, the log decrement is calcu-
lated from successivepeaks to correspondto a total damping,which
is consistent with the structural damping of the model, speci� cally,
Ctotal D Caero C Cstruc. This capability is useful for three applications.
First, in most multistage � utter analyses the phase relationship be-
tween the vibration of the airfoils and the relative position of the
rotors is not usually known, and in general a sweep of calculations
with various phase relationships would have to be conducted to
identify the phase that leads to minimal aerodynamicdamping. Uti-
lizing this full-aeroelasticcapabilityhowever facilitatessolvingthis
problem with a single calculation in which the blade will choose to
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Fig. 13 Fully coupled � uid-structure interaction problem demonstrated on a one-degree-of-freedom plunging symmetric airfoil at low Mach. The
structural model was selected to have a damping of Cs and a natural frequency f0 . The airfoil was harmonically forced at this frequency for several
cycles, and the theoretical aerodynamic damping Ca was observed. Then the model was allowed to respond freely to the loads at each time step and
from the decaying sinusoid; a consistent total damping= Cs + Ca was observed.

vibrate at the phase of least stability. Second, this multistage full
aeroelastic analysis can also be viewed as a forced response (reso-
nant stress) problem. However, unlike the resonant stress analysis
alludedto in the multistageinteractionsection,this type of forced re-
sponse could be considerednonlinear in the sense that the unsteady
aerodynamic (multistage loadings and aerodynamic damping) and
structural (vibrational frequencies and displacements) analyses are
not conductedas separate entities,but insteadfall out naturally from
a single analysis.Finally, the full aeroelasticcapabilityis needed for
some off-designnonintegralvibration problems where interest is in
whether or not an unsteady � ow feature will lock in with a blade
mode, leading to large de� ections.

Conclusions
Througha variety of examples in both multistageanalysis(forced

response) and� utter, thispaperhasdemonstratedthat computational
software and hardware have both progressed to a level where real
aeromechanical problems can be addressed within a computational
framework.Severalclassicalconceptssuch as in� uencecoef� cients,
an aerodynamicdamping map, the � utter bene� t of frequency mis-
tuning, and the importance of multistage interactions were demon-
strated with fully three-dimensionalviscous calculations.Addition-
ally, the extension of these tools into the realm of the fully cou-
pled aeroelasticproblem was also demonstrated. It has been shown
that given appropriate computational resources a time-accurate ap-
proach is a viable tool. Although this approach has several draw-
backs, such as circumferentialscaling, in the currentenvironmentof
rapidly increasing computing capability what may have been con-
sidered not feasible within a time-accurate method a short while
ago is now possible, or might be in the near future. Furthermore,
these methods have several potential bene� ts over alternative mod-
eling approaches. Speci� cally, these methods are straightforward
to implement, relatively robust, and do not contain many of the as-
sumptionsand restrictionsof othermodelingmethods.Additionally,
these methods easily lend themselves to the full aeroelastic capa-
bility, which is a key component for performing multistage � utter
analysis, nonlinear resonant stress/forced response, and examining
self-induced lock-in phenomena. CFD-based aeromechanical tools
have now come of age and can be used to signi� cantly impact real
designs.
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