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This article describes a method to study the fan forced response under crosswind. Cross-
wind can lead to boundary layer separation at the inlet of the engine and this separa-
tion leads to a non-homogeneous flow field which will then strike the fan. This non-
homogeneous flow field is called distortion and it can create fan blade instabilities. Dis-
tortion has to be studied when the engine is designed to prevent stability problems and
to help the certification process. The method predicts the displacement of a fan blade
for a given crosswind speed with a Finite Element analysis, unsteady Computational Flu-
ids Dynamics computations with an upstream distortion boundary condition, and a forced
response analysis. Comparison of computed displacements with engine test displacements
for a turbofan engine shows that the method underestimates the response and thus that
improvements are needed to have a more reliable methodology.

Introduction

Structures of an aircraft engine are not completely
rigid. Therefore when they are subjected to aero-
dynamic loading, those structures will deform elast-
ically and their shape will change, especially fan
blades because of their size. Those elastic deforma-
tions and change in load can, depending on struc-
tural and flow characteristics, lead to stability prob-
lems and cause an excessive fatigue of the structure
decreasing its lifetime or in the worst case, break the
structure. Consequently it is necessary to study the
engine response to aerodynamic loads to design it to
prevent those problems and to simplify the certific-
ation. A way to do it is to use Computational Fluid
Dynamics (CFD) calculations to predict behaviors
and better explain phenomena.

Today, the trend for turbofans in order to de-
crease their fuel consumption is to increase their
bypass ratio so their fan diameter as well and con-
sequently increase potential elastic deformations,
and to shorten the length of the engine air intake
to decrease the engine mass but therefore the flow
homogeneity also. In these conditions, the cross-
wind has an increasing impact on turbofan engines
because it can create instabilities on the fan blades.
Therefore it is important to develop a method to
predict the fan behavior under crosswind with a
numerical simulation.

The present study thus aims to develop a robust
and accurate methodology which from a given cross-
wind speed predicts the displacement of a fan blade
to characterize the fan forced response under cross-
wind. Computations will be made on a high-bypass
turbofan engine where such phenomena can occur
and which was tested. Thus computed results will
be compared to test results.

Problem description
Forced response
Aeroelasticity studies the interactions between the
inertial, elastic, and aerodynamic forces that occur
when an elastic body is exposed to a fluid flow. The
forced response is a phenomenon due to dynamic
aeroelasticity, which deals with the body’s dynamic
response.

When an heterogeneity appears in the flow field
of an engine, it is seen at each turn by the fan
blades and generates an excitation whose frequency
is a multiple of the fan speed. This is what is
called forced response: when the blade is excited
at a special frequency. When this frequency is
close to one of the blade eigenmodes, the blade
oscillates and the amplitude of this oscillation can
grow significantly. Those irregularities can be due to
the nacelle geometry, to wakes generated upstream,
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or to boundary layer separation in the inlet due to
an high angle of attack or crosswind.

To recognize potential excitation problems, for-
cing lines are overlaid to the natural frequencies of a
certain turbomachinery component [1]. The result-
ing diagram is referred to as Campbell diagram as
can be seen in Figure 1. Intersections between lines
are called coincidences: F means bending mode of
the blade, N is the harmonic thus 1F2N is the co-
incidence between the first bending mode and the
second harmonic.

Fig. 1 Campbell diagram : blue lines represent eigenfre-

quencies, red lines represent natural frequencies

of a certain turbomachinery component or in

other words multiples of the fan speed, both as

a function of the shaft’s rotation speed.

The aim of a turbomachinery designer is to avoid
coincidences. To do it, the turbomachinery can be
designed to modify its eigenfrequencies with the
aim of putting them outside of a certain operation
envelope. But some coincidences can not be avoided
so the designer must prevent them to occur at im-
portant engine speeds (take-o�, cruise, landing).
When the speed varies and reaches critical speeds
which cause an important excitation, operational
constraints have to be imposed.

Crosswind
A crosswind is a wind that has a perpendicular
component to the direction of travel. Crosswind
can lead to boundary layer separation at the inlet.
Crosswind e�ects are particularly critical for an
airplane on the ground before it begins the take-o�

and when it progressively increases the engine speed
because at this moment the plane has no velocity so
the crosswind has an important impact on the flow
heterogeneity compared to when the airplane flies
and has a relatively high velocity in comparison to
the crosswind velocity.

The separation at the inlet leads to a non-
homogeneous flow field which will then strike the
fan. Typically, a loss in total pressure can be ob-
served in the area where the flows separates. Figure
2 shows this total pressure heterogeneity which is
called total pressure distortion.

Fig. 2 Flow heterogeneity in the plane in front of the

fan due to the total pressure distortion, cross-

wind from the left [2].

This flow heterogeneity has to be studied when
the engine is designed because it can result in loss
of performance and, which is the purpose of this
work, instabilities.

Distortion
An engine requirement is the homogeneity of the
flow in front of the fan which is quantified by the
distortion levels of the total pressure in this plane [2].
The influence of the total pressure distortion can
be studied with the circumferential distortion index
(IDC) which characterizes the flow heterogeneity. It
is defined as [3]

IDC = nradius≠1
max

i=1

1
2

C(Pi ≠ Pmin,i)
P

+
(Pi+1 ≠ Pmin,i+1)

P

D

(1)
where nradius is the number of radius considered for
measurements, Pi is the average total pressure of the
i

th circle, Pmin,i is the minimal total pressure of the
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i

th circle and P is the average total pressure. The
number of circles for engine test results is usually low
to perturb the flow as less as possible with pressure
rakes, therefore the maximum in the definition is
not defined precisely and the value of the IDC is
not accurate. With computed results, the IDC can
be calculated without perturbing the flow so it can
be much more accurate.

The experimental evolution of the distortion with
the IDC as a function of the mass flow rate (MFR)
in front of the fan plane is represented in Figure 3
for a 27 kt crosswind. At low MFR, a subsonic sep-
aration takes place. When the MFR increases, the
separation extent tends to reduce but total pressure
losses increase and therefore the IDC as well. At
intermediate MFR, the flow reattaches which leads
the IDC to decrease significantly. Finally, at high
MFR, supersonic separation occurs with a shock
wave associated to strong total pressure losses and
consequently increases sharply the IDC. A shock
wave can induce a separation of the boundary layer
resulting in high heterogeneity. Therefore, the en-
gine operating range is when the flow reattaches.
To reach this MFR, the engine is designed to limit
the IDC during the transitional regime and to avoid
the supersonic separation because the flow would
cause instabilities which can damage the fan blades
[3]. An hysteresis region exists when the IDC is
measured while the MFR decreases because the
boundary layer remains attached longer.

Fig. 3 IDC as a function of the mass flow rate (MFR)

in front of the fan plane for a crosswind speed

Vw = 27 kt [2].

Figure 4 shows also the IDC as function of the
MFR but for di�erent crosswind speeds. It can
be seen that when the crosswind speed increases,
the boundary layer reattaches further and separ-
ates before. So it is important to understand the

crosswind e�ect to design an inlet which avoids
supersonic separation even with crosswind.

Fig. 4 IDC as a function of the mass flow rate (MFR)

in front of the fan plane for di�erent crosswind

speeds Vw [2].

Methodology for the forced
response
The aim of this study is to compute the displacement
of a fan blade under crosswind. In order to do it,
CFD computations and mechanical computations
are made separately and then assembled to solve
the aeroelastic problem, it is a so-called decoupled
method which will be explained in this part.

Computational Fluid Dynamics
Chorochronic condition

The chorochronic condition is a numerical bound-
ary condition between the fan and the upstream
distortion condition, and between each fan blade.
It makes it possible to use a time-space periodicity
of the configuration to simplify calculations.

Figure 5 shows this time-space periodicity: a
pattern and the flow seen by this pattern at a certain
moment are identified. Then with chorochronicity,
it is assumed that this same pattern will meet the
same flow at another moment and another place
of the fan. In other words, it assumes that the
flow is identical for each fan blade but occurring
at di�erent times. Then with this condition, the
computation domain can be reduced to only one fan
blade and its channel. Then the 360¶ field can be
obtained with a chorochronic reconstruction which
is a process to obtain multi-channel fields using this
time-space periodicity and giving the complete flow
field at a given moment [4].
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Fig. 5 Flow at a time t (A) and a time t + ∆t (B)

showing the chorochronic periodicity [5].

Computational configuration

Forced response computations require a perturb-
ation of the flow field to take the crosswind into
account: the distortion condition. The distortion
can be upstream or downstream of the fan. In this
study, only an upstream condition and the total
pressure distortion condition are taken into account.
This total pressure distortion condition is called a
pressure map and is obtained with Navier-Stokes
3D calculations with the nacelle, the spinner and a
boundary condition on the MFR in the nacelle.

The pressure map is a non-axisymmetric bound-
ary condition imposed at the inlet, it implies to use
a 360¶ upstream mesh whereas thanks to the choro-
chronic condition it has been seen previously that
only one blade of the fan is used for computations.
Thus, the pressure map rotates during computa-
tions and the fan makes a full turn after a 360¶

rotation of the pressure map.
The core flow outlet condition uses the simpli-

fied radial equilibrium equation which assumes that
radial velocities are negligible so that the duct is
cylindrical. With this condition the MFR of the
core flow is imposed.

The bypass flow outlet condition is also a radial
equilibrium but with a valve law boundary condi-
tion. The valve law uses a valve parameter which
increases or decreases the pressure. Thus by varying
the outlet pressure of the bypass flow, the intake
mass flow varies. During tests, it is made by varying
the exit area with a Variable Fan Nozzle. In this
study, the valve parameter is chosen in order to
be on the operating line of the engine. Operating
lines are curves in a pressure-ratio / mass flow rate
diagram which correspond to the operating regimes
of the engine.

Figure 6 shows a 3D view of the configuration,
the 360¶ upstream mesh and the single channel can
be noticed, and Figure 7 shows a meridional view

where the computational domain can be seen.

Fig. 6 3D view of the computational configuration.

Fig. 7 Meridional view of the computational configura-

tion.

Computations

Computations in fluid dynamics are performed us-
ing the CFD solver elsA developed by the French
aerospace lab ONERA. Unsteady CFD computa-
tions are made with the URANS method which uses
the Unsteady Reynolds-Averaged Navier-Stokes
equations and a Smith k ≠ l turbulence model. The
fan speed is set so that an harmonic of the fan fre-
quency is close to the eigenfrequency of a certain
mode at this speed and thus the blade displacement
can be studied at a coincidence in the Campbell
diagram.

The convergence of computations is checked using
the moving averages of the MFR at the inlet, in
front of the fan, and at the core flow and bypass flow
outlets. When computations are considered as con-
verged, the pressure field is computed on the blade
and decomposed in Fourier series, and aerodynamic
fields are extracted to check the flow. Harmonic
pressures are computed because they are necessary
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for further processing, aeroelastic computations will
be made in the frequency-domain and harmonic
pressures are an input.

Mechanical computations
Mechanical computations are made using the Finite
Element (FE) analysis software Samcef. It is used to
compute the eigenmodes, the mass matrix M and
the sti�ness matrix K of the fan blade. Mechanical
results are an input of aeroelastic computations.

Forced response prediction
Decoupled method

In this study, the forced response prediction is made
using a decoupled method as illustrated in Figure
8. The decoupled method represents an open-loop
system which does not require iterations between
the fluid and structural equations. The decoupled
approach calculates the aerodynamic forcing and
damping independently before applying the aerody-
namic forces to the structural equations [6].

A FE analysis of the structure associated to the
Campbell diagram allows to identify coincidences
and fan speeds which are associated to them. Then
steady fluid computations are made to get the aero-
dynamic field at the fan speed corresponding to the
coincidence identified. From that point, unsteady
CFD computations are separated in two parts made
in parallel [7]:

a) Aerodynamic excitation pressures due to the
inlet distortion are calculated with rigid blades,
providing the modal excitation force also called
Generalized Aerodynamic Forces (GAFs) which
are the projections of aerodynamic pressures
in the modal base, limited to a single mode in
this case.

b) Computations are made with a moving blade
thanks to a moving mesh, to yield the aerody-
namic damping. This approach assumes that
the aerodynamic damping is linear, it allows to
impose an arbitrary displacement amplitude,
and that mode shapes are not a�ected by an
aerodynamic loading. These assumptions are
generally valid for turbomachinery blades which
are of high density and sti�ness and vibrate at
low amplitudes [6]. Finally, the work of aero-
dynamic forces during an oscillation period is
calculated to get the damping.

This approach assumes that aerodynamic forces
follow the principle of superposition [8].

The damping is the sum of an aerodynamic damp-
ing and a mechanical damping. Independently, the
mechanical damping of the structure is calculated
and finally all those results are used as inputs for
the forced response analysis.

Fig. 8 Decoupled forced response prediction method.

Forced response analysis

The forced response analysis involves the analyt-
ical solution of the modal equation, to provide the
modal amplitude, which is then used to get the ab-
solute blade displacement at the resonant condition.
The dynamical equation from the aeromechanical
coupled system is:

Mq̈ + Cq̇ + Kq = f (2)

where q is the displacement vector, a dot denotes
a di�erentiation with respect to time, C is the
damping matrix and f is the excitation vector. This
equation is solved in the frequency-domain by an
in-house software.

The mass and sti�ness matrices are computed
with Samcef.

In this study, the step b) of the previous para-
graph is not made: the damping is estimated from
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engine tests. This method allows to compare com-
puted results with test results for a same damping
and it takes all contributions into account. Figure
9 illustrates test data obtained during an engine
test and the fitted curve. For this test, the stress
is measured while the engine speed varies. The
strain gauge which measures the stress is placed the
nearest to the place where the stress is maximum
for a certain number of modes. Then the stress amp-
litude is extracted on an harmonic corresponding to
the coincidence considered. To get the damping for
a certain coincidence and a given crosswind speed,
the principle is to fit the experimental curve with
a theoretical one to get the modal damping which
corresponds to the coincidence. In this study, the
fitting is made using the unconstrained nonlinear
optimization [9]. This fitting uses an algorithm
to minimize the error between the theoretical and
experimental curves and gives the margin of error
for the damping. This method assumes that eigen-
modes of the blade are decoupled because the fitting
can not fit two peaks at the same time. The margin
of error will then be used to give the displacement
of the blade with a margin too: for instance the
lower bound of the margin for the displacement is
computed by inputting the upper bound for the
damping, actually those bounds can be easily calcu-
lated knowing the displacement given for a certain
damping since the displacement and the damping
are inversely proportional.

Fig. 9 Test data obtained during an engine test and

the fitted curve to estimate the modal damping.

The excitation vector, the GAFs, is computed by
the software by inputting harmonic pressures.

Assuming the mechanical system linear, the dy-
namical equation (2) is solved in the form of a linear
combination of mode shapes computed by Samcef.
The software then gives the displacement of a cer-

tain node of the blade at the coincidence considered.
The node is chosen to be comparable with tests.

Case studied
The case studied is an high-bypass turbofan engine
which stands still on the ground. Figure 10 shows
the total pressure maps obtained with Navier-Stokes
3D computations with the nacelle. These pressure
maps are used for the boundary condition at the
inlet. They are computed for di�erent crosswind
speeds: 25, 30, 35 and 45 knots. The crosswind
comes from the right hand side thus a pocket where
the flows separates can be seen on the right hand
side too: when the flow separates there are pressure
losses therefore blue areas in pressure maps where
the pressure is relatively low appear. When the
crosswind speed increases the area where the flow
separates increases. It is illustrated in Figure 11:
the flow is considered as separated when the IDCr

begins to increase significantly. IDCr is the circum-
ferential distortion index at the radius r, it is close
to zero for low radii where the flow is not separated.
The flow for 25 kt is a little bit separated whereas
from 30 kt the flow becomes strongly separated.

Fig. 10 Computed total pressure maps of the engine

studied for 25, 30, 35 and 45 kt crosswind

speeds. They are computed for a MFR giv-

ing the engine speed of the coincidence 1F2N.

The wind comes from the right hand side.

Figure 12 shows IDCr as a function of the radius
for the total pressure map with a crosswind speed
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Fig. 11 Nondimensionalized radius of the pocket where

the flow is separated as a function of the cross-

wind speed.

equals to 45 kt. The IDC is indicated with the red
line, it is the maximum of the IDCr. The radius
of the pocket has been calculated with that type
of figure, when the IDCr increases significantly the
flow is considered as separated, so in that case, the
nondimensionalized radius of the pocket is close to
0.55. For this crosswind speed, the IDCr increases
sharply and then reaches a plateau. This plateau
can be explained with Figure 10 because the blue
area for the crosswind speed 45 kt is large.

Fig. 12 IDCr, the circumferential distortion index at

the radius r, as a function of the nondimen-

sionalized radius for the total pressure map

corresponding to a 45 kt crosswind speed. The

red dotted line corresponds to the IDC which

is the maximum of IDCr.

Figure 13 shows the evolution of the IDC com-
puted with pressure maps for di�erent crosswind
speeds: for 25 kt and 30 kt, the value varies slightly

but decreases significantly for 35 kt and 45 kt. How-
ever, for low MFR, the IDC is supposed to be con-
stant when the crosswind speed varies as can be seen
in Figure 4. Equation (1) indicates how the IDC is
calculated, three parameters are used, the averages
Pi and P and the minimal pressure Pmin,i. With
the Navier-Stokes 3D computations made, the aver-
ages remain close when the crosswind speed varies
but the minimal pressure increases with the cross-
wind speed. This di�erence between experimental
results and computed results is not explained yet.

Fig. 13 IDC as a function of the crosswind speed.

Figure 14 indicates the amplitudes of the ten first
harmonics of the total pressure map corresponding
to a 45 kt crosswind speed. The fundamental, and
the second and third harmonics have high amp-
litudes. Therefore, this pressure map can excite
the 1F2N mode and the 2F3N mode could be also
excited.

Figure 15 represents the IDC areas for the har-
monics number 2 and 3 for di�erent crosswind
speeds. The IDC area is the integral of the function
which represents the IDCr for an harmonic as a
function of the radius: it is the integral of the func-
tion along the whole radius which is represented
in Figure 12 for an harmonic. The IDC area A is
defined as

A =
⁄ R

0
IDCr,i(r) dr (3)

where R is the radius of the pressure map, IDCr,i

is the i

th harmonic of the IDCr and r is the local
radius of the map. This value quantifies the im-
portance of an harmonic in a pressure map. Figure
15 indicates that the second harmonic importance
increases with the crosswind speed, therefore it is ex-
pected that the mode 1F2N should be more excited
when the wind speed increases so the displacement
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Fig. 14 Amplitudes (nondimensionalized) of the ten

first harmonics of the total pressure map corres-

ponding to a 45 kt crosswind speed computed

at the radius where the IDC is maximum.

of the fan blade should be larger too. Moreover, one
can see that the third harmonic is less important
than the second one so the 1F2N mode should be
more excited than the 2F3N.

Fig. 15 IDC areas (nondimensionalized) for the second

and third harmonics for di�erent crosswind

speeds.

Results
CFD calculations
A CFD calculation converges after about 25 full
rotations of the fan. A time average of the flow field
at the upstream boundary condition shows that the
pressure map is correctly imposed.

Figure 16 shows axial cross sections of the flow
field showing the total pressure for a 45 kt crosswind
speed. It is a chorochronic reconstruction which
gives the total pressure field at a given moment

when computations have converged. L is the dis-
tance between the upstream boundary condition
and the second third of the fan length in the axial
direction as can be seen in Figure 7. Those cross
sections indicate how the total pressure field evolves
along the engine axis in the flow direction. One
can see that the separation pocket propagates when
it flows in the engine. The pressure field A shows
that the fan acts upstream of its location, its blades
change the pressure distribution upstream. B is
located just before the fan, the total pressure in-
creases significantly and the separation pocket has
still an important impact. Pressure fields C and
D are given with a di�erent scale, the minimum of
their scale is the maximum of the scale for A and B.
C is the pressure field just after the fan, the pres-
sure increases sharply since the fan is a compressor.
D is located where the core and bypass flows split.
The separation pocket is still present, the distortion
propagates even after the fan.

Fig. 16 Axial cross sections of the flow field showing

the total pressure for a 45 kt crosswind speed

coming from the right-hand side, it is a choro-

chronic reconstruction. A) Cross section at

x = ≠2/3 L. B) Cross section at x = ≠1/2 L,

just before the fan, with the same scale than A.

C) Cross section at x = +1/4 L, just after the

fan, the minimum of its scale is the maximum

of the scale for A and B. D) Cross section at

x = +2/3 L, with the same scale than C.
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Harmonic pressures
When computations are converged, the pressure
field is computed on the blade and decomposed in
Fourier series. The excitation vector is computed
inputting harmonic pressures.

Figure 17 shows the average static pressure com-
puted on the blade for a 45 kt crosswind speed.
Pressures are given on a 2D mesh with the cur-
vilinear abscissa and radius as coordinates. The
curvilinear abscissa is calculated from the X- and
Y-coordinates illustrated in Figure 6. The radius
corresponds to the Z-coordinate. The abscissa axis
corresponds to the curvilinear abscissa, the blade
leading edge is on the left-hand side, the trailing
edge on the right-hand side. The ordinate axis cor-
responds to the radius, the bottom is the blade root,
the top is the blade tip. The average pressure is as
expected low on the suction side and high on the
pressure side.

Fig. 17 Average static pressure computed on the blade

for a 45 kt crosswind speed.

The coincidence studied is the 1F2N which is
mainly excited by the second harmonic of the pres-
sure. Figure 18 shows the second harmonic of the
static pressure computed on the blade for a 30 kt

crosswind speed (left) and a 45 kt crosswind speed
(right). Axis are the same than in Figure 17, only
the colorbar di�ers. For 30 kt, the suction side has
an important excitation which will excite the 1F2N
coincidence at the leading edge whereas the pressure
side has no excitation. For 45 kt, the suction side
has also an important excitation at the leading edge
and the pressure side has no excitation. The extent
and amplitude of the excitation at the blade tip for
the 45 kt crosswind speed is more important than
for 30 kt and the overall excitation for the second
harmonic as well. Thus, for the 45 kt crosswind
speed, the blade is more excited than for the 30 kt

crosswind speed.

Fig. 18 Second harmonic of the static pressure com-

puted on the blade for a 30 kt crosswind speed

(left) and a 45 kt crosswind speed (right). Axis

are the same than in Figure 17, only the col-

orbar di�ers.

Forced response
For the forced response analysis, the damping has
been estimated using engine tests. Figure 19 shows
the estimated modal damping (nondimensionalized)
for three di�erent crosswind speeds. Error bars
in red indicate confidence intervals. The damping
increases sharply with the crosswind speed: it is
more than two times larger for 45 kt than 30 kt.
Therefore, even if the excitation is larger for 45 kt,
the damping could yield to a smaller displacement.
Moreover, one can see that the determination of the
damping is not really accurate so the final displace-
ment will not be accurate neither.

Figure 20 indicates the computed and engine test
results for the nondimensionalized peak-to-peak dis-
placement for the 30 kt, 35 kt and 45 kt crosswind
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Fig. 19 Estimated modal damping (nondimensional-

ized) for di�erent crosswind speeds. Error bars

are indicated in red.

speeds. Error bars are indicated for computed dis-
placements to show the error made through the
damping.

Computed displacements are lower than test res-
ults. Several explanations can be given. It could
be due to the simplification of the computational
configuration which does not take all excitation
sources into account but only the main one due to
the crosswind. Di�erent examples can be cited:

• the OGV is not considered whereas it is an ex-
citation source because it creates a downstream
distortion. Downstream distortion is actually
created by all structures in the bypass duct,
pylons for instance [10] ;

• the inlet geometry is not considered neither ;

• the configuration during engine tests also add
other sources with mechanical vibrations for
instance.

The accuracy of the estimation for the damping
should also be improved because this input in the
forced response analysis has an important impact
on the final result.

One can also notice that the distortion created by
the crosswind is only imposed by the total pressure
at the inlet, but other parameters like the velocity
distortion could also be important for the forced
response. With the current method, the velocity
direction is supposed to be parallel to the duct at
the inlet boundary condition whereas the crosswind
changes this direction. Parameters which have an
influence on the forced response need to be studied.
It could be implemented since the Navier-Stokes

computations can give, among other parameters,
the velocity but first tests with another parameter
than just the total pressure did not converge with
the current methodology.

When pressure maps obtained with engine tests
are compared to the ones computed, they do not
really match each other. The way pressure maps
are computed should be improved.

And a last explanation is that distortion is a new
functionality of the CFD software used so it needs
to be improved to make these calculations correctly.

For computed results, the blade displacement
increases with the crosswind speed between 30 kt

and 35 kt but then decreases for 45 kt. Figure
15 showed that the evolution between 30 kt and
35 kt was expected. Between 35 kt and 45 kt, the
IDC area was higher but with a relatively small
di�erence compared to 30 kt and 35 kt. Then, since
the damping increases sharply with the crosswind
speed, the final displacement is lower for 45 kt, a
result which does not appear with engine tests and
does not seem reliable. The damping for 45 kt is
probably overestimated, another way to estimate
the damping or a better method to fit the test curve
is necessary.

Finally, a methodology which provides results
for the forced response analysis has been found
but improvements should be done to have a more
reliable methodology.

Fig. 20 Peak-to-peak displacements (nondimensional-

ized) for di�erent crosswind speeds. Blue bars

with error bars are computed results, red bars

are results obtained experimentally.
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Conclusion

This study aimed at develop a method which from a
given crosswind speed predicts the displacement of
a fan blade to characterize the fan forced response
under crosswind. It is important to study the engine
response to crosswind to design it in order to pre-
vent stability problems and to help the certification
process.

After a description of the problem and a present-
ation of the methodology, the case studied in this
work has been presented. Pressure maps used for
the inlet boundary condition have been described
and several parameters to characterize them and
predict qualitative results indicated. Finally, results
have been exposed: CFD computations converge,
the upstream boundary condition is correctly im-
posed at the inlet and the separation pocket propag-
ates in the engine. However, the forced response
analysis provides computed displacements of the
blade which are about two times lower than the ones
obtained with engine tests. This di�erence could
be explained by several reasons which add up to
each other: excitation sources which are not taken
into account during computations, the accuracy for
the estimation of the damping, that only the total
pressure is imposed at the upstream boundary con-
dition, the way pressure maps are computed and the
distortion functionality of the CFD software which
needs to be improved. Moreover, the 45 kt cross-
wind speed gives a lower response than the 30 kt

and 35 kt crosswind speeds for computations, a res-
ult which does not seem reliable and which could
be due to the method to calculate the damping.

A methodology which provides the displacement
of a fan blade under crosswind has been found but
results are not reliable so the methodology and its
accuracy should be improved.
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