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A detailed � utter analysis is presented of a civil aeroengine fan assembly using an integrated three-dimensional
aeroelasticity model. Two different intake ducts are considered. The � rst one is a straight duct, the geometry of
which is representative of test rig intakes.The second duct is an axisymmetricversion of the � ight intake. During the
� rst phase of the study, a series of � utter analyses was conducted for the 60–80% speed range. Each computation
was performed at a single point along the speed characteristic by following an elevated working line that was near
the expected � utter boundary. As routinely observed in rig tests, the � utter stability was predicted to drop sharply
for some very narrow speed ranges, but the behaviorwas found to be markedly different for each individual intake.
To gain further understanding of the intake effects, a large number of calculations were undertaken for the second
intake alone. An assumed pressure perturbation, due a rotating fan assembly vibrating in a given nodal diameter
mode, was imposed at the duct exit. The propagation of this perturbation was monitored at a number of stations
along the duct. The cases studied were chosen to cover the combinations of speeds and nodal diameters for which
the earlier fan assembly plus intake calculationshad predicted � utter. It was shown that, for a given nodaldiameter
assembly mode, instabilities occurred when the perturbation frequency was suf� ciently close to the duct’s cuton
frequency in the region close to the fan. Such a � nding suggests that fan � utter and intake duct acoustics are related
in an integral fashion. Flutter will occur when the pressure perturbation due to fan rotation and blade vibration
match, both in frequency and shape, an acoustic mode of the intake.

Nomenclature
A = prescribed maximum perturbation amplitude
m = circumferentialwave number for acoustic mode
N = number of nodal diameters in vibration mode
Np.r/ = amplitude of steady-state pressure
r = radial coordinate
t = time
1p = unsteady pressure
1u = unsteady axial velocity
µ = angular coordinate
Ä = rotational speed
!b = natural frequency of blade 1F mode
1F = blade � rst � ap mode

I. Introduction

V IBRATION is a universalengineeringproblem,and most com-
ponents, which are subjected to high-speed air� ow, are also

susceptible to self-excited vibration, or � utter. In turbomachinery
applications, � utter is usually associated with fan blades, although
other compressor and low-pressure turbine blades may also suffer
from such instabilities.Indeed, there is a long history of � utter prob-
lems in thedesignof aeroenginefans.Whereastheneedto avoid� ut-
ter to preservefan integrityis obvious,alsonote that � utter is increas-
ingly becoming a limiting factor in developing improved-ef�ciency
designs, especially when � exible, slender, and unshrouded blades
are used. In the main, fan � utter is observed in one to six forward
traveling nodal diameter assembly modes, the blades usually vi-
brating in their � rst � ap mode. The worst condition, for which the
stability margin from the working line is smallest, typically occurs
between60 and 80% speeds.Within that interval, the � utter stability
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is reduced sharply for speci� c narrow speed ranges, hence the term
� utter bite.

A recent review of turbomachinery aeroelasticity is given by
Marshall and Imregun,1 which also includes an overview of com-
putational � uid dynamics (CFD) methods for unsteady � ows. Most
� utter investigations treat the � uid and the structure as two distinct
media, and two separateanalysesare linkedvia the surface pressure,
which is converted to a set of sinusoidal forces and moments acting
on the blade.2;3 The � utter stability is determined by the amount
of positive or negative damping exhibited by the complex eigenval-
ues of the aeroelasticsystem. A detailed frequency-domainanalysis
based on aeroelastic response functions is given by Imregun.4 More
advanced time-domain techniques employ a � nite element repre-
sentation for the structural part and reduce the mode shapes to a set
of aerodynamic coordinates.5;6 Although the governing equations
are solved separately, the structural motion due to � uid forces at the
current time step is used as a boundary condition to the � uid � ow
at the next time step and vice versa. There are no restrictionson the
aerodynamic model that can be used, the only limitation being the
available computing power. Such approaches allow the inclusion
of most nonlinear effects, both of structural and aerodynamic ori-
gin, and the � utter behavior is deduced from convergent,limit-cycle
or divergent time histories predicted at the blade surface. With ad-
vances in computational methods and faster computing hardware,
full-assembly models with time-accurate aerodynamics and blade
� exibility are beginning to emerge. Chew et al.7 used such an ap-
proach to predict the � utter of a 26-bladed fan assembly and com-
pared their results with experimentaldata. A major conclusionfrom
this work was that part-speed assembly mode � utter could be pre-
dicted using an essentially inviscid unsteady model, provided the
starting steady-state � ow was computed on a � ne viscousmesh and
the steady-state losses were extrapolated to the inviscid unsteady
solution. The work of Vahdati et al.8 demonstrated the importance
of retainingthe viscouseffects,albeit via a loss model,when dealing
with separated � ow � utter.

In any case, in spite of extensive research work over the past
40 years, an accurate determination of the � utter boundaries for
realistic industrial con� gurations remains a challenging problem,
especially around the � utter bite. In general terms, � utter modeling
needs to capture both global characteristics and local detail. The
former include suction surface boundary layer as well as the shock
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position and magnitude of the steady-state � ow, whereas the latter
requires the modeling of small local variations, such as marginally
different leading edge pro� les. To complicate matters further, � ut-
ter occurs at part speeds near the stall boundary, where it is very
dif� cult to obtain an accurate steady-statesolution.Whereas the ba-
sic instability is believed to depend on the unsteady � ow features
and the structural behavior of the fan blade, the � utter margin is
usually associated with other factors such as blade mistuning, � ow
distortions at the inlet, and those caused by bleeds, pylon effects,
and intake duct properties. This last factor is the main topic to be
studied in this paper.

Over the past 10 years or so, measurements on aeroengine test
rigs and theoretical considerationshave lead to the hypothesis that
fan � utter may be in� uenced by the acousticpropertiesof the intake
duct. It has been postulated that the variation in the cross-sectional
area of the duct may cause acoustic waves from the fan to be cut-
off at the intake throat, the trapped energy leading to an acoustic
resonance and to greater susceptibility to fan blade � utter (private
communications from C. Freeman, 1998, and A. B. Parry, 1998). A
full reviewof intakeacousticsis well beyondthe scopeof the present
paper, but it is useful to mention some of the relevant publications.
Campos and Lau9 assumed a low Mach number and that the acous-
tic wavelength was negligible compared to the length scale of the
cross-sectional area variation, allowing them to derive an analyti-
cal solution.Uenishi and Myers10 used a two-dimensionalmodi� ed
wave energy method to represent the sound � eld in a nonuniform
duct carrying a quasi-one-dimensional mean � ow. Eversman and
Astley11 and Astley and Eversman12 used numerical methods to
consider the transmission of sound through nonuniform ducts car-
rying high-speedcompressible� ows. Nayfeh et al.13¡15 have used a
mixture of analytical and numerical methods to study the acoustics
of nonuniformcircular and annular ducts with a range of mean � ow
pro� les for both hard and soft wall boundaryconditions.The case of
rotatingblade rows was investigatedby Hanson,16 who modi� ed the
� at plate cascademodel of Smith17 to accommodate two blade rows
in relative motion. His results showed that acoustic mode trapping
could occur in such situations. In any case, accurate predictions of
aeroengineforward-arcnoise require not only a realistic representa-
tion of the intake duct with � nite length and signi� cant asymmetry,
but also the inclusion of the rotating fan blades. When dealing with
the intakeonly, the acousticmodescan be computedin the frequency
domain using a linearized � nite/in� nite element velocity potential
formulation.18 It is assumed that an irrotational isentropic acoustic
disturbancepropagates through a prescribed irrotationalmean � ow
without interacting with it. A review of in� nite elements for wave
problems is given by Astley19 with emphasis on accuracy and the
use of high-order hierarchical shape functions.

With dramatic increases in computing power, CFD-based meth-
ods are increasinglybeing used for the investigationof duct acous-
tics. For instance, three-dimensional nonlinear CFD calculations
have already been reported by Ozyoruk and Long,20;21 who studied
ducted fan noise.Near-� eld acousticswere determinedvia the Euler
equations, whereas far-� eld noise was calculated using a moving
surface Kirchhoff formula. A combined fan plus intake calculation
was reported by Chew et al.,7 who used an axisymmetric represen-
tation for the intake. They showed that the intake was instrumental
in coupling the fan blade � utter modes, and they noted considerable
acoustic activity within the intake. This particular theme will be ex-
plored further in this paper. One of the � rst attempts to generate and
propagateductacousticmodes for a realistic three-dimensionalcon-
� guration is reportedby Rumsey et al.22 They used a Navier–Stokes
code for modeling the rotor–stator interaction,a � nite elementbased
code for duct propagation, and a Kirchhoff-type code for far-� eld
propagation.

Acoustic liners are frequentlyused in intakeducts to reduce noise
and might also have some effect at the � utter frequenciesby absorb-
ing the wave energy and, hence, perhaps increasing the � utter mar-
gin.The modelingof acousticlinershas itselfbeensubjectto consid-
erable research.23;24 Here, the acoustic liner effects will be ignored
on the basis that these are designed to absorb energy at frequencies
that do not necessarily coincide with � utter frequencies. However,
such features can be incorporated into the � utter model described
in this work by using the advanced liner model of Sbardella et al.25

The aim of this paper is to explore the synergy between fan blade
� utter and intake duct acoustics, two seemingly different areas that
have not been considered together before. A speci� c objective is
to provide an explanation for the so-called � utter bite by model-
ing the duct acoustics, the vibration of the fan assembly, and the
unsteady � ow using a large time-domain numerical model. Such a
full analysis, where all relevant engineering features are modeled
in a uni� ed fashion, is seen to be the only way forward because it
is more than likely that allowable simpli� cations will come from a
better understandingof the physics and not the other way round.

II. Overview of Flutter Prediction Methodology
The details of the Imperial College aeroelasticity code AU3D

have already been described by Vahdati and Imregun26 and Sayma
et al.,27;28 who also considered several validation cases. A detailed
� utter study is reportedby Vahdati et al.,8 where results from several
approaches are compared against measurements obtained from an
actual � utter rig. Although an overview of the aeroelasticity mod-
eling methodologywill be given subsequently for the sake of com-
pleteness, the interested reader should consult Refs. 8 and 26–28.

The � ow domain is described using general unstructured grids
of three-dimensional elements such as tetrahedra, hexahedra, and
wedges, a feature that offers great � exibility for modeling complex
shapes. The individual elements can have any number of boundary
faces,and the � ow variablesare storedat the vertices.The numerical
schemeis second-orderaccurate in space for tetrahedralmeshes.For
prismatic and hexahedral cells, the scheme is still second-order ac-
curate for regularcells with rightangles.In the worst case of a highly
skewedcell, theschemewill reduceto � rst-orderaccuracy.However,
hexahedral meshes are usually generated in boundary layer, where
orthogonality results in regular cells. Similarly, prismatic cells are
usually generated in a structured manner by projecting triangular
meshes on radial layers and then connecting them. Highly skewed
meshes are unlikely to occur in these situations.

The time stepping is done in an implicit fashion and, hence, very
largeCFL numberscan be used without creatingnumerical instabil-
ities in the solution algorithm. The so-called dual time stepping is
used for unsteady calculations.The time accuracy is guaranteed by
the outer iteration level, where the time step is � xed throughout the
solution domain, whereas the inner iterations can be performed us-
ing traditional acceleration techniques such as local time stepping
and residual smoothing. A discussion of the ef� ciency and accu-
racy of viscousunsteady� ow computationswith dual time stepping
is given by Rumsey et al.29 They considered a biconvex airfoil and
conductedseveralnumericalstudieswith emphasison mesh density
and turbulence modeling.

The current aeroelasticity code can be run in viscous mode via
Reynolds-averaged Navier–Stokes equations with Baldwin–Barth,
Spalart–Allmaras or q-zeta turbulencemodels. It can also be run in
inviscid mode, in which case the viscous losses are approximated
using a distributedloss model. In general, a loss model assumes that
the effect of the shear stresseson the motion can be representedby a
distributedfriction force, with the resulting � ow representationstill
of inviscid nature, but not isentropic.The success of the loss model
in approximating the true viscous � ow will largely depend on the
de� nition of the distributed friction force. The simplest represen-
tation consists of an averaged shear stress formulation using semi-
empirical data, such models being commonly used for multistage
turbomachinery � ows in connection with quasi-three-dimensional
approximations.The loss model is obtained numerically by match-
ing two steady-state solutions for the same blade passage, the � rst
one being computed on the standard inviscid mesh and the second
one on a � ne viscousmesh. The viscoussolutionis then interpolated
onto the inviscid mesh, which is used for the analysis of the whole
assembly. The viscous stresses of the � rst solution are, thus, saved
on the second mesh and used throughout the unsteady inviscid so-
lution as source terms.30 Such an approach will also be used here
for the fan assembly plus intake duct calculations.

The structural part of AU3D uses a modal model obtained from
a three-dimensional � nite element representation. It is inherently
assumed that the structural behavior is linear and that the amplitude
is small compared to the blade’s chord. The mode shapes are
interpolatedonto the � uidmesh;hence,velocitiesanddisplacements
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can be calculated without interpolationduring the coupled motion.
The equations are advanced in time using the Newmark-¯ method,
which is unconditionally stable. During the course of the aeroelas-
tic computations, the mesh is moved dynamically at each time step
to adapt to the instantaneous shape and position of the deformed
structure. The information exchange between the two domains is,
therefore, achieved via pressures and displacements.

III. De� nition of the Case Study
A. Preliminaries

The in� uenceof the intaketypeon � utter stabilityhasbeenknown
for sometime throughrig tests of developmentengines.Here the aim
is to study the same fan assembly with two different intakes to see
whether a similar behavior can be reproduced using a large numer-
ical model. It was decided to sweep the 60–80% speed range with
a 2% speed increment so that sharp stability drops, if any, could be
captured. It was decided to consider two symmetric intakes: a test
rig duct (intake 1) and an axisymmetric version of the � ight intake
(intake2), the respectivegeometriesshown in Fig. 1. The fan assem-
bly plus intake 1 will be called con� guration 1, and con� guration 2
is de� ned in the same way using intake 2. The simpli� cation of the
intake 2 geometry allows the use of an inviscid � ow representation
with a loss model because this particular approach is valid for sym-
metric assemblies only. Although a general viscous � utter analysis
of the actual � ight intake is possible, this route was considered to
be very expensivebecause of the large number of runs that must be
undertakento pinpoint the critical speeds.However, a small number
of viscous � utter analyses were undertaken to check the validity of
the inviscid � ow plus loss model approximation.

B. Discretization of the Flow Domain
The fan blade was discretized using the semistructured mesh

methodology of Sbardella et al.31 The basic idea relies on the fact
that bladelike structures are not strongly three dimensionalbecause
the radial variation is usually small. Therefore, it is possible to start
with a structured and body-� tted two-dimensional O grid around a
given airfoil section to resolve the boundary layer. This core mesh is
then extended in an unstructured fashion up to the far-� eld bound-
aries, with the triangulation performed using an advancing front
technique. Once this two-dimensional grid is generated, it is pro-
jected to the remaining radial sections via quasi-conformal map-
ping techniques. When all such radial sections are formed, a three-
dimensional prismatic grid is obtained by simply connecting the
correspondingpoints of different layers. In this way, hexahedral el-
ements are generated in the viscous region and triangular prisms in
the rest of the solution domain.

The meshing of the intakedomain is somewhatmore complicated
and requires two steps.

1) A structuredmesh was generated � rst for the part nearer to the
fan. The meshingwas doneby triangulatingthe sectorof the spinner
surface corresponding the fan blade passage, ensuring that it shares
the same points with the fan domain at the hub section.The meshes

Fig. 1 Comparison of intake geometries for con� gurations 1 and 2.

Fig. 2 Views of the viscous sector mesh.

for the fan in� ow section and the spinner were projected along the
intake duct axis in a structured fashion.

2) The external part of the intake duct mesh was generated using
a general-purposeunstructuredmesh generator for an intake sector
correspondingto a single-bladepassage.The duct wall was assumed
to be inviscid. This external part has a common boundary with the
structured part of the inner domain, and this interface was treated
as a sliding boundary in the � ow calculations.The external part of
the intake mesh was extended about 10 times the intake duct length,
taking the shape of a hemisphere toward the far � eld.

Several views of the mesh for a con� guration 1 sector are shown
in Fig. 2, where the terminology is also de� ned. There are about
180,000 points per blade passage, with 30,000 points in the duct
domain.

C. Steady-State Flow
The in� ow boundary conditions were applied at the farstream of

the duct domain, where total pressure and total temperature values
were speci� ed at sea-level conditions.A radial pressuredistribution
was imposed at the out� ow of the fan. The aerodynamicconditions
used correspond to an elevated working line, which is close to a
known � utter boundary. For each speed of interest, the boundary
conditions were obtained by linear interpolation from the available
data points.

For each con� guration, 11 steady-state � ow solutions, expressed
in a rotating frame of reference, were obtained. The intake duct,
being axisymmetric, is also solved in the same rotating frame of
reference. A detailed discussion of the � ow features at each partic-
ular speed is not of primary concernhere, and thus, only the general
� ow features will be discussed in the case of con� guration 1.

Figure 3 shows Mach number contours at the tip region of a
sector of three blades, an inspection of which reveals the change in
fan blade shock position and the propagation of the shock into the
intake duct as a function of speed. One of the most important � ow
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featuresaffectingthe � utter behavioris related to the shockposition.
As typical of modern fan designs, the shock is at the leading edge at
low speeds, and it moves farther back toward the trailing edge as the
speed increases.At low speeds, the shock is seen to interactwith the
leading-edgeexpansion, though it breaks away from it as it moves
fartherback.From a duct acousticsperspective,26 such shocks, one
on each blade, generate the 26th circumferentialmode arising from
the � rst blade passing harmonic. However, note that � utter and its
interactionwith ductacoustics,and notnoisegenerationdue to blade
passing harmonic, are of interest here. As will be discussed later,
the acoustic modes that interact with � utter behavior arise from the
blade vibration and are of much lower order, typically second and

Fig.3 Mach contours atblade tip–three-bladed sector, con� guration1.

Fig. 4 Pressure contours at the periodic boundary for 80% speed, con� guration 1.

third circumferentialmodes.Similar � ow featureswere obtainedfor
con� guration2, although there are some mass � ow rate and pressure
ratio differences between the two cases.

The steady-state pressure contours at the periodic boundaries of
the analysis sector are shown in Fig. 4 for con� guration 1 at 80%
speed. As before, the solution is in a rotating frame of reference.As
expected,a pressurewave is seen to extend upstream into the intake
duct, but its strength is decreasing rapidly at this particular speed.

IV. Flutter Analysis of Con� gurations 1 and 2
The structuralpropertiesof the fan assemblywere representedus-

ing a linearmodal model, with the modes of vibrationobtained from
a standard � nite element code. The assembly modes corresponding
to the � rst three blade modes were included in the � utter analysis.
The � rst bending mode shape of the blade, the � rst � ap 1F mode, is
plotted in Fig. 5. The contour levels indicate the amount of vibratory
motion, with the tip section exhibiting the largest response.

From the outset, it was decidedto performa whole-assembly� ut-
ter analysis and not to use the cyclic symmetry. Such an approach

Fig. 5 At 70% speed, 1F mode
shape.
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not only circumvents guessing the unstable nodal diameter modes,
but also allows interactions between the vibration modes. Given
the excessive computational requirements for a viscous nonlinear
time-accurateunsteady � ow simulation with a full assembly, it was
decided to use an inviscid � ow representation coupled to a loss
model. In the present work, the loss model was de� ned numerically
using data from the previous viscous single-passage steady-state
� ow analyses. A coarser mesh with about 30,000 points per blade
passage was created, and the available single-passage viscous so-
lutions were extrapolatedonto this coarser mesh for each speed of
interest. The viscous stresses of the � rst solutionare, thus, saved on
the second mesh and used throughoutthe unsteady inviscid solution
as source terms. The total numberof mesh pointswas about900,000
for each individualwhole-assembly� utter analysiswith an inviscid
plus loss model � ow representation.

A. Results and Discussion
The � utter calculations were started by giving initial modal ve-

locities to all modes included in the computations, a numerical pro-
cedure that is analogous to hitting a blade and monitoring whether
the response is decaying or growing in time.

For each con� guration, 11 � utter calculations were undertaken
and typical modal time histories are plotted in Fig. 6. The unstable
modes have growing time histories, whereas the stable ones have
decayingones.As can be seen from Fig. 6a, the two-nodal-diameter
(ND) mode at 68% speed is unstable for con� guration 1 and stable
for con� guration 2. Similarly, the growing time history of Fig. 6b
indicatesan unstablethree-NDmode at 74% speedfor con� guration
1, whereasthe samemode is stablein con� guration2, as indicatedby
the much lower response (almost indistinguishable from the x axis
in Fig. 6b). Finally, Fig. 6c indicates that the � ve-ND mode is stable
for both con� gurations at 74% speed.

For each time history, it is possible to calculate a logarithmic
decrement (logdec) value, that is, the decay rate between two given
cycles in the time history. In � utter calculations, it is customary to
assume zero structural damping; hence, the logdec value is repre-
sentative of the aerodynamic damping only. After processing the
modal time histories in this fashion, the aerodynamic damping in
the two-ND modes was plotted as a function of speed for both con-
� gurations(Fig. 7). When it is recalledthat both con� gurationshave
the same nominal fan assembly running to identical aerodynamic
conditions, the difference in the � utter behavior can only be due to
the intake duct properties. It is seen that the aerodynamicdamping,
indicatedby the logdec value to some datum level, is strongly speed
dependent,although there are less discrepanciesfor both ends of the
speed range. The aerodynamic damping plots exhibit sharp drops
at some speci� c speeds, which indicates that the � utter stability is
greatly reduced for very narrow speed ranges. In any case, the strik-
ing � nding is the very signi� cant effect of the intake duct geometry
on � utter stability.

When ranking the intakes for � utter stability, what is of interest
is the variation of the least stable mode with speed. The � ndings
of such an investigation are summarized in Fig. 8, where the least
stable nodal diameter mode is indicated for each speed. For both
con� gurations, the two-ND mode is generally the least stable one.
Note the least stable mode is not necessarily the same across the
speed range. For instance, at 66% speed, the least stable ND mode
is two for con� guration 1 and four for con� guration 2.

B. Viscous Flutter Analysis of Intake 2
The single-passage viscous mesh used for the steady-state � ow

analysisof con� guration2 was expandedto discretizethe whole fan
assemby plus intake 2, although the latter was modeled inviscidly.
The discretization of such geometries is relatively straightforward
with an unstructured CFD mesh, which not only offers great mod-
eling � exibility but also allows different grid densities in various
parts of the computationaldomain. The � nal mesh contained about
3:6 £ 106 points, and the memory requirement to undertake � utter
calculations with moving meshes was about 2 GB. Each � utter run
consisted of computing the � rst 10 cycles of vibration, with each
cycle having about 100 time steps. The computing time was about
50 dayson a single600-MHz21164DEC Alpha processor,although
the current generationof the same CPU (21264) is about four times

a) 2ND at 68% speed

b) 3ND at 74% speed

c) 5ND at 74% speed

Fig. 6 Typical modal displacement time histories; larger-amplitude
time history, either con� guration, shown in lighter dotted line.

faster at the same clock speed, and hence, the time may be expected
to reduce to 12.5 days. In any case, at the time of conducting the
analysis, it was not possible to undertake a large number of such
computationswithin realistic timescales, and it was decided to per-
form the viscous � utter computations at one speed only, with the
aim being to verify the accuracy of the earlier inviscid plus loss
model computations.

A comparison of inviscid and viscous � utter analyses of con� g-
uration 2 at 66% speed can be seen from the standard stability vs
nodal diameter mode diagram of Fig. 9. It can be seen that there
is a good agreement between the inviscid and viscous � utter mod-
els; the same nodal diameters modes are predicted as unstable by
both approaches. Some of the discrepancies are because the damp-
ing values, which were computed from nonlinear time histories, are
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Fig. 7 Aerodynamic damping vs speed (%) for con� gurations 1 and 2;
two-ND mode.

Fig. 8 Least stable mode vs speed %.

Fig. 9 Aerodynamic damping at 66% speed.

somewhat sensitive to the de� nition of the starting and � nishing
cycles when computing the log dec. Fortunately, such discrepancies
are much more pronouncedfor stable modes, and the agreement for
the least stable region of two-ND to � ve-ND modes is good.

C. Unsteady Pressure Perturbation due to Fan Assembly Vibration
During the � utter computations, the instantaneous pressure per-

turbations were recorded at each time instant at some duct radius
close to the fan face. Such a circumferentialdistributionis shown in
Fig. 10 for con� guration 2 running at 74% speed. A spatial Fourier
transform of this distribution will reveal the harmonics of the pres-
sure perturbationdue to the blade motion. SuccessiveFourier trans-
forms of such instantaneousperturbationswill yield a time history
for each harmonic, and these can then be compared to the modal
time historiesof the blade motion to assess the relationshipbetween
the blademotion and the ensuingpressureperturbation.Two Fourier
transforms of the instantaneouspressure distributions, after 10 and
15 vibrationcycles, respectively,are plotted in Fig. 11. The analysis
shows a strong time-varying third harmonic, indicating that the fan
is, in the main, vibrating in a three-ND mode (Fig. 11).

By means of successiveFourier transformstaken at different time
steps during the vibration cycle, the unsteady pressure and velocity

Fig. 10 Circumferential pressure � uctuation, con� guration 2 at 74%
speed.
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Fig. 11 Pressure harmonics after 10 and 15 vibration cycles, con� gu-
ration 2.

Fig. 12 Real part of the three-ND pressure � uctuation at in� ow, 74%
speed.

time historiescan be obtainedfor each ND harmonic.Such unsteady
pressure harmonics are plotted in Fig. 12, from which the unsta-
ble behavior of three-ND/74% speed/con� guration 2 can easily be
seen from the growing time history.On the other hand, the two-ND
mode/76% speed/con� guration 1 has a decaying time history (not
shown), indicating stable behavior. A comparison of Figs. 12 and
6b reveals that the pressure perturbation follows the blade motion
closely.This � ndingwill be exploitedwhenconstructinga simpli� ed
model in Sec. VI. The pressure perturbations are, thus, consistent
with the previous results obtained from the actual vibration time
histories. Three conclusions can be drawn from this analysis:

1) Growing blade vibration amplitude in a given nodal diameter
modeandgrowingunsteadypressurein the correspondingharmonic
are closely linked, although the exact mechanism is, so far, unclear.

2) The instantaneous pressure perturbations contain several har-
monics,which indicatesthepossibilityof � utteroccurringin several
nodal diameter modes simultaneously.

3) The pressure perturbation created by the fan vibration may be
viewed as an excitation source for the acoustic modes of the intake
duct. Such a possibility will now be investigated in more detail.

V. Investigation of the Flutter Mechanism
A. General Considerations

From the results, it is clear that the interaction of duct acous-
tics with the unsteady oncoming pressure perturbation from the fan
is one of the key factors in understanding the � utter stability. The
� utter modes rotate in the same direction as the fan, that is, the in-
stability occurs in forward-traveling ND modes. When it is noted
that the � ow swirl due to the fan is also in the same direction, it may
be speculated that a marginally cuton acoustic mode that is ahead
of the fan may become cutoff downstream because of the effects
of the swirling � ow. Consequently, the acoustic wave number and
assembly mode combinations, which produce propagating modes

ahead of the fan and decaying modes at the throat, can also produce
decaying modes behind the fan. Such a hypothesis implies that the
acoustic energy generatedat the fan face may become trapped in the
intake. This effect is illustrated in the schematic diagram of Fig. 13.
The possible � utter frequencies of a generic fan are plotted as a
function of the engine speed, along with the cuton frequencies of
the possibleacousticmodes. The acousticcuton frequenciesare dif-
ferent at the fan and the throat, and so both frequenciesare plottedat
each engine speed. The aim of Fig. 13 is to show that, for represen-
tative intakes, resonance may occur at part speed � utter with low,
positive nodal diameter numbers. Figure 13 may be considered to
be the equivalent of a Campbell diagram, which is commonly used
for rotor–stator forced responseevaluations.As for forced response,
there must be both frequencyand shape match between a structural
ND mode and an acoustic mode. For instance, referring to Fig. 13,
a two-ND vibration mode of the fan assembly may be considered
to be a cos 2µ wave, and the resulting unsteady pressure pressure of
the same shape will excite an acoustic mode whose circumferential
wave number is also m D 2. Furthermore, for a particular phase re-
lationship between the unsteady pressure � eld generated at the fan

Fig. 13 Matching between intake acoustic modes and blade � utter
frequencies.

Fig. 14 Prescribed unsteady two-ND pressure and resulting velocity
pro� les.
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and that re� ected from the intake throat, the � utter behavior will
be exacerbated by the successive re� ections of the trapped energy.
In any case, the overall dynamic behavior can be described as an
impedance match between the pressure perturbation created by the
fan and the acoustic response of the duct. Such a scenario will now
be simulated by focusing on the intake duct only.

B. Simpli� ed Model for Fan Perturbation
One way of studying the acoustic impedance match between the

duct and the fan assembly is to consider the transfer function be-

Fig. 15 Two-ND unsteady pressure and axial velocity pro� les at different speeds.

tween the (input) unsteady pressure due to the fan and the (output)
axial velocity perturbations in the duct. By changing the rotational
speed, that is, the frequency of the rotating disturbance due to the
fan, one can characterize the acoustic behavior of the duct in terms
of a frequency response function.Such an approachwill be adopted
here.

The pressure � uctuationdue to the presenceof a rotatingfan with
vibrating blades is given by

p D A Np.r / sin[N µ C .!b C N Ä/t] (1)
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where Np.r/ is the steady-state pressure as a function of the radial
coordinate r and N is the ND number of the vibration mode, Note
that the perturbation is de� ned as a percentage of the steady-state
pressure distribution,which has a radial variation.

Such a simpli� ed model has a number of limitations:
1) Any changes to the fan � utter condition due to acoustic inter-

actions from the intake duct are not modeled because the pressure
perturbation is kept � xed throughout the calculations.

2) The model does not prevent the acousticenergyfrom the intake
from escaping downstream, whereas, in the real case, the presence
of swirling � ow behind the fan will largely prevent such a leak. In
any case, the real situation is likely to be much more complicated
due to outlet guide vane and pylon effects.

C. Aeroacoustic Calculations for Intake 1
The computational grid, shown in Fig. 14, was obtained by re-

moving the fan blade from the earlier mesh used for the inviscid
plus loss model � utter calculations. Standard external � ow bound-
ary conditions were used at the far � eld. For the steady-state � ow
computations,the mean static pressurewas imposed at the duct exit.

Steady-state� ow solutionswere obtained � rst for all 11 speedsof
interest.The computedmass � ow rateswere foundto be comparable
to those obtained earlier for the complete geometry. To cover all 11
speedsfor the two-, three-,and four-NDmodes,33 separateunsteady
aeroacoustic calculations were performed. For a given 1F natural
frequency, the frequencyof the perturbationdue to fan rotation and
blade vibration is given by

! D !b C NÄ (2)

The values obtained from Eq. (2) for the particular case under
study are listed in Table 1.

Fig. 16 Real and imaginary parts of D p/ D u at in� ow for two-ND, 68
and 80% speed.

Table 1 Fan perturbation frequencies

Frequency for ND mode:
Speed, % 2 3 4

60 111.10 142.22 173.33
62 114.00 146.16 178.33
64 116.85 150.05 183.25
66 119.70 153.92 188.15
68 122.56 157.83 193.09
70 125.44 161.74 198.04
72 128.31 165.65 202.99
74 131.18 169.55 207.93
76 134.05 173.46 212.88
78 137.05 177.50 217.95
80 139.78 181.27 222.75

Fig. 17 Real and imaginary parts of D p/ D u at in� ow for two-ND,
intake alone vs full con� guration.

For the unsteadyaeroacousticcalculations,Eq. (1) was appliedat
the duct exit as a boundary condition.The amplitudeof the pressure
perturbation, Np, was set to 5% of the steady-statevalue, and this was
added to the steady-state pressure at the fan inlet. The propagation
of both the unsteady pressure and of the corresponding axial ve-
locity perturbationwere monitored at several speeds along the duct
length. Such data are plotted in Fig. 15 for 60, 70, and 80% speeds.
It is seen that, for the two-ND mode, the pressure wave is cuton
(propagating) for the 70–80% speed range and cutoff (decaying) for
the 60–70% speed range. Clearly, the duct is exibitingmarkedlydif-
ferent behavior between these two cases, one giving rise to a � utter
conditionand the other remaining stable. To gain further insight, the
cases of 68% speed/two-ND mode (unstable) and 80% speed/two-
ND mode (stable) were analyzed in more detail.A frequencysweep
using Eq. (1) was performed for these conditions by changing the
excitation frequency ! of Eq. (2). The cuton frequency was deter-
mined by monitoring the behavior of the unsteady pressure wave
along the duct. This critical value was found to be 107 Hz for the



VAHDATI ET AL. 417

Table 2 Duct-alone and full con� guration � utter conditions

Flutter condition 68% speed/two-ND (unstable)

Duct-alone cuton frequency 107 Hz
Full con� guration cuton frequency 118 Hz
Critical perturbation frequency 122 Hz

from Table 1

Fig. 18 Unsteady pressure and velocity pro� les at 68% speed, con� g-
uration 1/two ND (unstable).

two-ND/68% speed case, and 100 Hz for the two-ND/80% speed
case. For 80% speed, an excitation frequencyof 100 Hz will corre-
spond to a blade frequency!b of 12 Hz. Given that the actual blade
frequency is 52.8 Hz, the fan cannot produce a perturbation at the
critical frequency of 100 Hz at 80% speed. However, for the two-
ND/68% speed case, the duct cuton frequency of 107 Hz is quite
close to two-ND/68% speed of 122 Hz of Table 1. This frequency
matching is thought to be a prime reason for the occurrenceof � utter
at 68% speed.

The behavior of the duct can be studied further by monitoring its
acoustic impedance parameter, which is the ratio of unsteady pres-
sure to unsteadyaxial velocity.As before, the requireddata were ob-
tained by successiveFourier transformsof the pressureand velocity
time histories for each excitation frequency. Figure 16 shows the
real and imaginary parts of the intake 1/two-ND impedance for 68

and 80% speeds. It is seen from the real part plot that there is a
signi� cant magnitude increase near the cuton conditions of 100 Hz
(80% speed) and 107 Hz (68% speed). As discussedearlier, the per-
turbation from the fan can match the cuton frequencyat 68% speed,
but not at 80% speed. After the cuton condition, the imaginary part
of the impedance becomes nearly zero, indicating that velocity and
pressure perturbationsare out of phase. The results agree very well
with those obtained by T. Hynes (private communication,1988) for
a generic duct.

VI. Reconciliation of Full Con� guration
and Intake-Alone Results

The output from the earlier full con� guration runs was postpro-
cessed in the same fashion, and the results are compared to intake-
alone ones in Fig. 17. A summary of the relevant numerical data is
given in Table 2.

An inspection of Fig. 17 reveals that the impedance behavior of
the full con� guration is very similar to that of duct-alone case, but
there is a shift of about 10% between the two cuton frequencies.
For the 68% speed/two-ND case, � utter occurs when the excitation
frequency of 122 Hz is near the cuton frequency of 107 Hz (duct
alone) or 118 Hz (full con� guration).

Finally, a further critical feature was observed to be the phase
difference between the pressure perturbation and the axial velocity
perturbation. The full-assembly computations include all possible
NDs and, hence, the study of a particular ND requires a Fourier
decomposition,� lteringof all othernodaldiameters,and resynthesis
for the ND of interest. The unsteady pressure and velocity plots at
the fan in� ow plane are given in Fig. 18 for the unstable case of
the two-ND mode at 68% speed. The unsteady pressure and the
resultingunsteadyvelocity are almost out of phase, the minimum of
the velocity pattern occurring slightly earlier than the maximum of
the correspondingpressure pattern. On the other hand, the behavior
is stable for the case of 68% speed/three-NDmode (not shown). The
two quantities are no longer out of phase; this time the minimum
of the velocity perturbation occurs well after the maximum of the
pressure perturbation.

VII. Conclusions
1) During rig testing of development engines, sudden reductions

in � utter margin may occur for very narrowspeed ranges. It has been
possible to simulate such observed behavior using an integrated
aeroelasticity model of a whole-annulus fan assembly and intake
duct. The � utter bite was shown to consist of several sharp drops,
eacharisingfroman acousticmodeof theduct.During thenumerical
simulations, inherent mechanicaldamping was assumed to be zero,
and although its inclusion will improve the overall stability, the
general trend is likely to remain the same.

2) Flutter occurs when the pressure perturbation due to fan ro-
tation and blade vibration matches, both in frequency and shape,
an acoustic mode of the intake. The critical frequency of the fan
perturbation is seen to be the blade frequency in the rotating frame
of reference, and this can be computed using Eq. (2). The associ-
ated critical shape is the nodal diameter vibration pattern of the fan
assembly.

3) It is concluded that a full description of the � utter instability
needs to include an intake model. The presence of multiharmonics
in the instantaneous pressure perturbations due to the fan rotation
indicates the possibility of modal interactions during � utter.

4) The � utter margin was predicted to be much higher with the
straight intake than with the symmetric � ight intake. This is con-
sistent with acoustic re� ections being signi� cantly more important
for the � ight intake because of its variable cross section and shorter
length.

5) A largenumberof intake-alonecalculationswere performedto
obtain the acousticfrequencyresponseof the duct to a simulatedfan
perturbation.The duct’s acoustic behavior was characterizedby its
frequency response, from which the acoustic mode cuton frequen-
cies were obtained. Flutter occurred each time the combination of
the blade frequency, the number of NDs, and the rotational speed
matched this cuton frequency.
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6) At the design stage, instabilitymay be inferred from an inspec-
tion of the duct-alonecuton frequenciesand the criticalperturbation
frequencies of the fan assembly. However, full-assembly plus duct
and duct-alone cuton frequencieswere seen to differ by as much as
10%. Therefore, it may be dif� cult to assess the stability of certain
speed/ND combinations without a full analysis.

7) The � ndings also support the view that mistuning is bene� cial
for � utter stability. The existence of mistuning will cause the pure
ND patterns to degenerate, and hence, the matching of the shape of
an acousticmodewill bemoredif� cult.Acousticlinersandupstream
obstacles may also play a similar role.

8) The � utter results from the two modeling levels, that is, viscous
or inviscid plus loss model, were found to be in good agreement.
Therefore, the inviscid � ow plus loss model representation seems
to be adequate to predict the global characteristicsof fan assembly
� utter with an intake duct. The generalization of this observation
requires the study of further cases.
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