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ABSTRACT 

This paper reports the results of an ongoing researc
effort to explain the underlying mechanisms for aeroacoustic
fan blade flutter. Using a 3D integrated aeroelasticity method
and a single passage blade model that included 
representation of the intake duct, the pressure rise vs. ma
flow characteristic of a fan assembly was obtained for the
60%-80% speed range. A novel feature was the use of 
downstream variable-area nozzle, an approach that allowe
the determination of the stall boundary with good accuracy
The flutter stability was predicted for the 2 nodal diameter
assembly mode arising from the first blade flap mode. The
flutter margin at 64% speed was predicted to drop sharply an
the instability was found to be independent of stall effects. On
the other hand, the flutter instability at 74% speed was foun
to be driven by flow separation. Further post-processing of th
results at 64% speed indicated significant unsteady pressu
amplitude build-up inside the intake at the flutter condition,
thus highlighting the link between the acoustic properties o
the intake duct and fan blade flutter. 

 
1. INTRODUCTION 
Vibration is a universal engineering problem and most
components, which are subjected to high-speed airflow, ar
also susceptible to self-excited vibration, or flutter. In 
turbomachinery applications, flutter is usually associated with
fan blades, though other compressor and low-pressure turbin
blades may also suffer from such instabilities. Indeed, there i
a long history of flutter problems in the design of aero-engine
fans. A review of turbomachinery aeroelasticity is given by
Marshall & Imregun (1996) where flutter prediction methods
are described in some detail. These range from uncouple
methods which treat the fluid and the structure as two distinc
media (Kielb & Ramsey 1989) to fully-coupled time-domain 
analyses where boundary conditions are exchanged betwe
the two domains at each time step (Vahdati & Imregun 1996)
s://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of U
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A full literature survey is well beyond the scope of this pap
and emphasis will be placed on the actual flutter mechani
rather than prediction methodologies. 
      In the main, fan flutter is observed in 1 to 6 forwar
travelling nodal diameter assembly modes, the blades usu
vibrating in their first flap mode. The worst condition, fo
which the stability margin from the working line is smalles
typically occurs between 60% and 80% speeds. Within th
interval, the flutter stability may be reduced sharply fo
specific narrow speed ranges, hence the term "flutter bit
Over the last ten years, measurements on aero-engine test
and theoretical considerations have led to the hypothesis 
flutter bite may be linked to the acoustic properties of th
intake duct. It has been postulated that the variation in 
cross-sectional area of the duct may cause acoustic wa
from the fan to be cut-off at the intake throat, the trapp
energy leading to an acoustic resonance and to gre
susceptibility to fan blade flutter. Chew et al (1998) we
amongst the first who studied the flutter behaviour of a typic
industrial configuration, a 26-bladed fan assembly, using
large-scale time-domain numerical model which included 
axisymmetric intake duct representation. They showed that 
intake was instrumental flutter initiation modes and they not
considerable acoustic activity within the intake. The work w
extended by Vahdati et al. (2002) who studied the same 
assembly for two different duct configurations, namely a te
rig intake and a flight intake (Fig. 1). Using an inviscid 
unsteady flow representation where the viscous losses w
based on their steady-state counterparts, they were able
predict not only the flutter bite behaviour but also to link it t
intake duct acoustics. They demonstrated that the flut
behaviour of the same basic fan assembly changed marke
when used with two different intake ducts (Fig. 2). Both the 
duct length and the duct radial profile were seen to influen
the flutter behaviour. 
1 Copyright © 2003 by ASME 
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Downlo
      The aim of this paper is to extend the work of Vahdati e
al. (2002) by improving the modeling level on three important
areas. First, the unsteady flow will be represented in a viscou
fashion. Second, the discretization quality will be improved by
extending the grid downstream and by using a much fine
resolution. Third, a variable nozzle will be used as a nove
downstream boundary condition to allow the pressure behin
the fan blade to adjust automatically. It should be noted tha
the static pressure at the nozzle exit is set to the local ambie
pressure, while the characteristic line is obtained by changin
the nozzle area. Such an approach allows the determination 
a more accurate fan characteristic and, more significantly, th
stall boundary is reached without any numerical problems
The previous analysis by Vahdati et al. (2002) was conducte
along a higher working line than the nominal, but sufficiently
away from stall to avoid numerical difficulties associated with
the stall boundary. The current analysis has no such limitation
and hence it is, for the first time, possible to distinguish
between stall and flutter mechanisms. Finally, it should be
noted that the flutter analysis could be conducted using th
single passage model of Vahdati et al. (2001). Such a
approach has two advantages. First, it allows the use of a ve
fine mesh to capture the acoustic activity. Second, the pos
processing of the unsteady flow results is much easier sinc
only one vibration mode is considered at a time. This
approach was used partly in the present analysis. 

2. THEORETICAL BACKGROUND 
The details of the Imperial College aeroelasticity code used i
this study have already been described by Sayma et al. (200
& 2000b). The single passage flutter methodology is describe
by Vahdati et al. (2001) who compared results from severa
approaches against measurements obtained from an actu
flutter test rig. The development of the variable nozzle
boundary condition and its application to a typical fan
assembly have been reported by Vahdati et al. (2003).   A
brief overview will be given below for the sake of 
completeness but the interested reader should consult th
above references. 
    The flow model is based on Reynolds-averaged Navier
Stokes equations with Baldwin-Barth, or Spalart-Allmaras
one-equation turbulence models. The flow domain is
described using general unstructured grids of 3D element
such as tetrahedra, hexahedra and wedges, a feature that off
great flexibility for modelling complex shapes. The individual 
elements can have any number of boundary faces and the flo
variables are stored at the vertices. The numerical scheme 
second-order accurate in space for tetrahedral meshes. T
time stepping is done in an implicit fashion and hence very
large CFL numbers can be used without creating numerica
instabilities in the solution algorithm. The so-called "dual time
stepping" is used for unsteady calculations. The time accurac
is guaranteed by the outer iteration level where the time-step 
fixed throughout the solution domain, while the inner 
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iterations can be performed using traditional acceleratio
techniques such as local time stepping and residual smoothi
    The structural part of the code uses a modal model obtain
from a 3D finite element representation. It is inherently
assumed that the structural behavior is linear and that t
amplitude is small compared to the blade chord. The mod
shapes are interpolated onto the fluid mesh and hen
velocities and displacements can be calculated witho
interpolation during the coupled motion. The equations ar
advanced in time using the Newmark-E method, which is 
unconditionally stable. During the course of the aeroelast
computations, the mesh is moved dynamically at each tim
step in order to adapt to the instantaneous shape and posi
of the deformed structure. The information exchange betwe
the two domains is therefore achieved via pressures a
displacements.  
    The flutter analysis is performed using a single-passa
model, which has an arbitrary inter-blade phase ang
capability. The formulation tracks the periodicity of the blade
motion by storing the flow variables in time and by using
these to impose a given inter-blade phase angle (IBPA
Another important feature is that the viscous representation 
the flow, which is required both to capture the shock positio
and strength accurately and to simulate the behaviour near 
stall boundary. The flutter solution procedure begins b
prescribing an aeroelastic motion in a given nodal diamet
mode by specifying the associated natural frequency and t
amplitude of vibration in that mode. The computation is
continued until a periodic flow solution in time is obtained
Frequency changes due to aerodynamic effects are ignor
and only one mode at a time can be analysed, thus ignori
any potential coupling between the modes.  The flutte
stability is inferred from the (negative or positive) work done
by the generalised aerodynamic force on the blade.  In oth
words, the product of modal velocity and modal force i
integrated over a vibration cycle. Negative work implies
transfer of energy from the blade to the flow, and positiv
work done indicates a transfer of energy from the flow to th
blade. The former case is stable; the latter case is unstable
the blade cannot dissipate the additional energy by som
mechanical damping mechanism.  An alternative solutio
method, available in the same solver, is the modelling of th
whole fan assembly, an approach that allows the simultaneo
consideration of all vibration modes. Such a route is no
pursued here because the study is focussed on a small num
of nodal diameter assembly modes arising from the blade 1
mode. Furthermore, it is much easier to post-process t
acoustic waves when there is only one mode of vibration. 

The use of a variable-nozzle downstream boundar
condition allows to consider any point on a given spee
characteristic by simply modifying the nozzle area, the actu
boundary conditions being set to atmospheric ones in a
cases. Indeed, when the static pressure is fixed downstre
the fan the flow is stable at lower working lines but numerica
difficulties occur at higher working lines. It is well known that
2 Copyright © 2003 by ASME 
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Downlo
rigid boundary conditions, based on imposing given exit
pressure distributions close to the fan, are not suitable fo
numerical studies for which the fan is operating near stall. In
such cases, the pressure profiles downstream the fan a
neither known nor fixed. Furthermore, at high working lines, 
the flow becomes genuinely unsteady near the stall boundar
and the imposition of a fixed exit static pressure at a domain
boundary close to the blade is likely to result in numerical
instabilities, the so-called “numerical stall”.  The new 
approach makes the boundary conditions “less stiff” and
provides a powerful natural boundary condition for stall 
studies. Moreover, since the aim is to simulate, as much a
possible, engine and rig tests, nozzle area changes can be us
to move to any point on the compressor characteristic. The
application of such a methodology for computing a part-speed
characteristic of a fan blade will be presented in the nex
section. 

3. CASE STUDY 
The case study is for a development-engine fan assembly wit
26 blades.  The aims are threefold: 
(i) To obtain a detailed characteristic for the 60%-80% speed

range using the variable nozzle method, 
(ii) To determine the flutter boundary, including the so-called

flutter bite phenomenon, for 2 the nodal diameter mode
and, 

(iii) To attempt to explain the flutter bite mechanism. 
 

3.1 Determination of the fan characteristic 
As mentioned earlier, the steady-state computations wer
conducted using a single-passage model that included both a
intake and a downstream variable nozzle (Fig. 3). 
Atmospheric total temperature, total pressure and zero flow
angles were prescribed upstream while atmospheric stati
pressure was imposed at the nozzle exit. The 60%-80% spee
range was covered in 2% increments and about 5 points wer
considered for each speed characteristic. It is important to not
that both the inlet and outlet boundary conditions remain the
same for all the points. Different points on the speed
characteristic are obtained by changing the area of the ex
nozzle, the path from choke to stall requiring an area decreas
and vice-versa. An important feature of current flutter 
computations is the extension of the domain to avoid
reflections from the boundary caused by finite amplitude
waves. Given the difficulties of devising and applying 3D 
non-reflecting boundary conditions for unsteady flows, a
practical solution is to extend and coarsen the grid to move th
boundary further away from the source.  However, it is
recognized that this particular approach has limitations since
there is no guarantee that all waves will be absorbed with suc
a treatment. Hence, the development of full 3D non-reflecting
boundary conditions for unsteady flows is highly desirable. 
    When conducting flutter studies, it is important to have the
blade in its correct running position. Indeed, large blades ma
deform by a significant amount from their manufactured shape
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under the combined effect of centrifugal (CF) loads and g
pressure, a phenomenon known as “untwist”. In the stea
state single-passage calculations, the blade untwist is ta
into account by using the blade vibration modes that a
obtained from a finite element model at the correspond
speed. Under the steady-state pressure distribution, the 
corrected mode shapes settle to their running position ab
which the final flow solution is obtained.  
    11 steady-state solutions along the working lin
corresponding to 11 speeds between 60% and 80%, are sh
in Fig. 4 in the form of Mach number contours near the t
region. As expected, the passage shock is close to the lea
edge at low speeds while it moves further back at high
speeds. At higher speeds, the shock is seen to propagate
the intake duct up to 76% speed, above which, the propaga
is reduced by shock weakening due to interaction with lead
edge expansion. From a noise generation viewpoint, the f
blade-passing harmonic will give rise to a 26th circumferential 
mode since there are 26 blades. From a flutter viewpoint, 
fan assembly vibration in low nodal diameter modes, he
second and third nodal diameters, creates the unste
pressure disturbance that might interact with duct acoustics
    Using the variable nozzle boundary condition, it w
possible to obtain a hysteresis loop, characteristic of 
behavior at incipient stall or surge (Fig. 5). Once the fan is 
operating near the stall boundary, the flow is no longer ste
since both the mass flow and the pressure ratio begin to v
with time. Provided the computations are conducted in a tim
accurate fashion, the pressure rise across the fan will ad
itself automatically. Starting from a drop in the mass flow, t
hysteresis loop can be described as follows. As the mass 
decreases, the pressure rise also decreases and the s
moves to a lower working line. In this new operatin
condition at a reduced pressure ratio, the mass flow increa
and the fan tries to move to its original working line. Th
causes an increase in the pressure ratio and the mass 
drops. The hysteresis characteristic in Fig. 5 was determined 
from the pressure and mass flow time histories of the tim
accurate calculations at stall. The center of area of 
hysteresis loop may be considered to be the “equivalent” s
point and this definition was used to produce the fan map
Fig. 6. A comparison of the working line with the stall line
indicates that, as expected, there is more stall margin at hig
speeds than lower speeds.  
 
3.2 Determination of the flutter bite 
As mentioned earlier, the flutter analysis was conducted us
the single-passage analysis method, which considers only 
vibration mode at a time. Only 2 nodal diameter mode, aris
from blade mode 1F, was considered. The 1F mode shap
plotted in Fig. 7 where the contour levels indicate the amou
of vibratory motion, with the tip section exhibiting the large
response. Such a simplified single-passage analysis metho
possible because previous experience indicates that 
3 Copyright © 2003 by ASME 
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Down
assembly flutter occurs, in the main, for the blade 1F mode
and for low nodal diameter modes. 
    As in rig tests, a series of flutter analyses was conducted b
approaching the stall line on a given speed characteristic. Fo
each speed at least two points must be considered to get t
respective damping values. The point with negative dampin
is obtained by linear interpolation or extrapolation. The flutter
boundary was defined by joining the points at which the
analysis yielded negative aerodynamic damping. The result
are summarized in Figs. 8 for 2 nodal diameter mode. The 
trend of the predicted flutter boundary exhibits the flutter bite
behavior, which has been observed during rig tests o
development engines. There are sharp stability drops for ver
narrow speed ranges, namely around 64% and 74%, som
occurring very near the working line. As will be discussed in
the next section, the flutter bite phenomenon is believed to b
driven by the intake acoustics. 
 
3.3 Explanation of the flutter mechanism 
The two flutter regions, occurring around 64% and 74%
speeds, will now be investigated in more detail. The flow
separation on the blade surface, characterized by negativ
axial velocity, is plotted in Fig. 9 for both cases. There is a 
large separation region, located at 70% height, for the 74%
speed case. Such a finding seems to suggest that flutter 
driven by flow separation at this speed. On the other hand, th
flutter mechanism must be different at 64% speed, since the
is no evidence of flow separation, even near the high-working
line where the flow remains fully attached (Fig. 9b).  

To investigate the flutter behaviour for 64% speed case
three pressure monitoring points, labelled P1, P2 and P3 i
Fig. 3, were selected along the flight intake. The steady
increase in the pressure amplitude at each point can be se
from Fig. 10. The pressure build-up in the duct suggests that 
significant amount of energy is trapped inside the intake, a
the amplitude of the disturbance close to fan face increase
every cycle, thus providing a potential mechanism for flutter
instability. It is likely that such a case will occur when the 
pressure perturbation from the fan face will match an acousti
mode of the intake, a phenomenon of a resonance-lik
mechanism, driven by a frequency and mode shape match. 
    To investigate such a possible match between the intak
duct acoustics and the perturbation at the fan face, it wa
decided to study the intake-alone behaviour by imposing a 
nodal diameter pressure variation at different rotationa
speeds. At this stage, it was realised that an intake duct, wit
an extended grid covering the entire 3D domain around th
intake will represent the physical behaviour of the intake duc
acoustics better than a long cylindrical extension used in th
previous flutter analyses.  The frequency of the rotating fan
perturbation can be computed from Z=Zb+Nu:, where Zb is 
the assembly vibration frequency, N is the nodal diameter 
number and : is the rotation speed. The resulting velocity 
variation was monitored at the intake exit (fan face) and the
duct impedance, defined as the ratio of pressure to velocit
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variation, is plotted in Fig. 11. It is clearly seen that the duc
has an acoustic mode around 110 Hz, which is believed to
responsible for the flutter bite at 64% speed. There is 
acoustic mode for the 74% speed, confirming that flutter
this speed is driven by flow separation. To investigate 
acoustic behaviour of the intake further, the intake-alo
pressure contours due to a rotating 2 nodal diameter pres
perturbation are plotted in Fig 12 for various speeds. It is see
from Fig. 12 that the acoustic mode is just cut-off around 1
Hz, a condition that matches the intake-alone acoustic mod
Fig. 9,  

CONCLUDING REMARKS 
The flutter instability seems to have at least two differe
mechanisms, namely flow separation and pressure build
due to intake acoustics. It is likely that these two mechanis
will be linked at some speeds.  

During rig testing of development engines, sudd
reductions in flutter margin may occur for very narrow spe
ranges. It has been possible to simulate such obse
behaviour using an integrated aeroelasticity model. T
predicted “flutter bite” consists of several sharp drops, ea
corresponding to an unsteady pressure build-up inside 
intake. The maximum response is likely to occur when 
pressure perturbation due to fan rotation and blade vibra
matches, both in frequency and shape, an acoustic mode o
intake. During the numerical simulations, inherent mechani
damping was assumed to be zero and, although its inclu
will improve the overall stability, the general trend is likely 
remain the same. 

It was shown that using a downstream variable-area no
was able to provide a superior boundary condition over 
standard static exit pressure boundary condition. 
    It is concluded that a full description of aeroacoustic flut
instability needs to include an intake model. In the gene
case, there may be multi-harmonics in the unsteady pres
field and hence a whole-annulus model may be m
appropriate to study the possibility of modal interactio
during flutter. It also may be necessary to properly account
the influence of neighbouring blade rows in compressor flu
cases. In any case, the flutter margin may well be higher
straight test rig intakes than for flight intakes since t
presence of throat and droop may increase the likelihood
acoustic reflections.  
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Fig. 1 Flight and rig intakes - Vahdati et al. (2002) 

 

 

 
 

Fig.2 Differences in aerodynamic damping between the 
two intakes - Vahdati et al. (2002) 

 
 

 

 
 
Fig. 3a Periodic boundary grid showing extent of the flow 
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(iii) tip section 

 
Fig. 3b View of the blade mesh 

(ii)Leading Edge 

(i)Blade surface 
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Fig. 4 Steady-state Mach number contours  
near the blade tip 
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Fig. 5 Determination of stall boundary- Variable nozzle vs 

fixed back pressure 
 

 
 

Fig. 6 Mapping of fan characteristic using the variable 
nozzle method  

 

 
Fig. 7 Fan blade 1F mode shape 
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Fig. 8 Determination of flutter bite for 2ND nodal 
diameter mode 

 

                  
                (a) 74% speed                (b) 64% speed 
 

Fig. 9 Negative axial velocity at suction surface 
 

       
Fig. 10 Pressure (normalized) build-up as the acoustic 

wave reflects from inside the duct 
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Fig. 11 Duct-alone impedance ('p/'u) for 2 nodal diameter 

pressure perturbation at fan face 
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74% speed 
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Fig. 12 Pressure contours from duct-alone computations 
for imposed 2 nodal diameter pressure perturbation at 

various speeds 
 

dp 

(c) f=130Hz 

(d) f=170Hz 

(a) f=80Hz 

(b) f=110Hz 
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