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ABSTRACT
A numerical method to predict the aeroelastic response of an

aircraft to a gust is assessed. It is based on the use of CFD tech-
niques to compute accurately the aerodynamic fields. Gust mod-
els are then implemented as a field of grid deformation speed,
that depends on both space and time. The numerical method has
been first validated for a 2D Naca12 airfoil embedded in an in-
viscid flow and submitted to a sharp edged gust, by comparisons
with results presented by Zaide et al. It has afterwards been val-
idated in the case of a 3D wing submitted to a harmonic gust
in the subsonic domain by comparisons with computations using
the Doublet Lattice Method. After the validation step, the method
has been used first to investigate the influence of the aerodynamic
nonlinearities that occurs in the transonic domain, and at last to
compute the aeroelastic responses of wings to gust excitations.

NOMENCLATURE
X vector of nodes coordinates
Ω elementary volume
t time variables
W vector of fluid conservative variables
f, g, h vectors of aerodynamic fluxes
n normal vector which components arenx ny nz

T vector of fluid sources
s vector of the time derivative of the mesh deformation
VG vector of the gust velocity
uG direction vector of the gust velocity
λG gust wave length

u flight direction vector
U flight speed

INTRODUCTION
An aircraft design project has today to take into account

wind loads due to gusts or to the atmospheric turbulence, at least
for the certification of the aircraft (e.g. FAR/JAR 25 for commer-
cial aircrafts [1]). Therefore numerous analysis methods have
been developped in order to be able to predict gust effects earlier
in the project process. The first methods are able to compute the
responses to discrete gusts, and statistical treatments are then ap-
plied in a post processing step, to handle continuous gusts [2,3].
Such analyses are most often studied in the frequency domain us-
ing linear aerodynamics. In particular, the Double Lattice Meth-
ods ( [4]) or the Vortex Lattice Methods ( [5,6]) are used to com-
pute aerodynamic forces due to a harmonic gust at a specified
frequency. Time analysis can also be performed using the latter
methods by applying a Fourier transform to the known gust time-
law, by computing then the aerodynamics forces using the DLM,
and by applying at last an inverse Fourier transform to the aero-
dynamic forces to get their time evolution. Such analyses are
at least available in commercial softwares like NASTRAN [4].
Nevertheless, with increasing computing ressources, numerical
methods based on CFD have appeared quite recently. Such meth-
ods are thus able to handle with non linear aerodynamics [7, 8].
All these techniques to compute gust loads have also been used to
build aerodynamic or aeroelastic reduced order model for para-
metric studies [5,9].
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This paper is focused on the use of CFD techniques to com-
pute the aeroelastic gust response of an aircraft in the time do-
main. Gust models are then implemented into a multi purpose
CFD code with aeroelastic capabilities, according to the field ve-
locity approach developped by Sitaraman et al [10]. Discrete
gusts are thus modeled as a field of velocities depending on both
space and time, field that is implemented as a grid deformation
speed, whereas the Navier Stockes equations are solved using an
ALE formulation to take into account grid motions or deforma-
tions. Such a technique allows to check the geometric conser-
vation law, that is of most importance to get accurate solutions
as Sitaraman et al have shown [10]. The first part of the paper
gives a brief description of the gust models implemented in the
CFD code. The second part is focused on the validation of these
models by comparisons with DLM methods. And the last part is
dedicated to the aeroelastic responses to gusts.

GUST MODELS DESCRIPTION
ONERA has been developing, since 1997, a software plat-

form called elsA in order to be able to carry out all kind of
aerodynamic numerical simulations that can be of interest in
the aeronautic world (aircraft, turbomachinery, missile, space
launcher, helicopter). It gathers all the ONERA’s experience in
the development of high accuracy algorithms (steady/unsteady
RANS, DES, LES) for aerodynamic flow computations [11].
Aeroelasticity capabilities have also been implemented in order
to perform fluid-structure coupling simulations in the time do-
main [12–14]. The four additional operators needed by the cou-
pling process (i.e. the mesh deformation module, the structural
solver, and the module performing the transfers from fluid to
structure and from structure to fluid) have thus been developed
within elsA. Furthermore, to make the fluid domain ”follow” the
structure during the simulation, i.e., the fluid mesh update to
match the structure deformations or displacements, the Navier-
Stokes equations are solved using an Arbitrary Lagrangian Eule-
rian (ALE) formulation :

d
dt

∫

Ω(t)
WdΩ+

∫

∂Ω(t)

[

f(W)nx + g(W)ny + h(W)nz−Ws ·n
]

dσ

=

∫

∂Ω(t)
T(W,Ω,t)dΩ

(1)

with the Geometric Conservation Law (GCL) condition

d
dt

∫

Ω(t)
dΩ−

∫

∂Ω(t)
s ·ndσ = 0 (2)

wheres denotes the grid deformation speed. This formulation
leads naturally to introduce the gust velocityVG(X,t) depending

on both the spatial coordinates (X) and the time variable (t) as a
part of the grid deformation speed:

s = sGrid + VG (3)

wheresGrid denotes the velocity of the grid deformation due to
the structure or wall motion. This formulation allows to check
the GCL even taking into account the gust velocity.

Three models of discrete gust have been implemented into
the aeroelastic code: the first and simplest one is the ”sharp edged
gust” [2] (see figure 1). The second model called ”One Minus
Cosine” is often used for the certifications [1] (figure 2), and the
last model is a simple ”sine” one. The latter can be used to com-
pute the response to a harmonic gust.

U

xend

z

x

Vg

VG = VmaxuG

i f xend+Ut ≤ X ·u ≤Ut
= 0 else

FIGURE 1. SHARP EDGED GUST

xend
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2

[

1−cos
(

2π(X·u−Ut)
λG

)]

uG

i f xend+Ut ≤ X ·u ≤Ut
= 0 else

FIGURE 2. ONE MINUS COSINE GUST

AERODYNAMIC RESPONSES TO GUSTS
The first step consists of the validation of the numerical

method for the computation of the gust response. Since few ex-
periments are available, it has been decided to carry out compar-
isons with data provided by other authors or resulting from other
numerical methods.

Numerical simulations have been first performed with the
Naca12 airfoil submitted to a sharp edged vertical gust, which
is defined to get an angle of attack jump of 2◦, the fluid being
inviscid. It has then been checked that after a long simulated
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duration, the computed flowfield matches to the one providing
from a steady simulation with an angle of attack of 2◦. Further-
more, the transient aerodynamic behaviours, presented by Zaide
et al [9] at Mach 0.2 and 0.7, have been reproduced (see figure 3
for Mach = 0.11).
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FIGURE 3. NACA12 - MACH=0.11 - SHARP EDGED GUST

The second validation consists of the comparisons between
the CFD and the Doublet Lattice Method (DLM) for the aero-
dynamic response to a harmonic gust. They are performed with
a 3D clean wing configuration (called ”AMP wing”) to which is
applied a gust whose wavelength (λG) is 25 times the mean chord
and whose amplitude is 1/40th the flight speed (U/40, what is
equivalent to an angle of attack jump of 1.43◦). The gust fre-
quency is then derived from the flight speed (fG = U/λG). In
order to better compare with the DLM method and to determine
the effects due to the 3D geometry, two kind of meshes are built
for the use of CFD techniques: a first 3D mesh modelling the
wing with a flat plate that matches to the plan-form used with the
DLM code, and a second mesh respecting the 3D geometry of
the wing. Simulations are carried out for subsonic Mach num-
bers using the DLM and the Euler code with both meshes. A first
set of simulations are performed at Mach 0.4 for a gust frequency
of 19.83 Hz and an amplitude of 3.4 m/s. It can be noticed that
a very good agreement has been obtained between the DLM and
the CFD Euler with the plate mesh (see figure 4 that shows the
distribution of the upper-lower surfaces variation of the unsteady
Cp). Moreover taking into account the real 3D wing geometry
has a very small impact on the unsteady pressure. A second set
of simulations have been carried out at Mach 0.6 and for a gust
frequency of 29.19 Hz and an amplitude of 5 m/s. Again a good

agreement has been achieved between the three simulations (see
figure 5). Nevertheless, discrepencies between the∆Cp distribu-
tions computed taking into account the 3D geometry and com-
puted by the other simulations appear close to the wing root (top
of figure 6). They can be explained by the fact that unsteady
simulations are initialized with steady ones. The geometry of the
wing being not symmetric, the steady solution obtained with the
mesh matching to the 3D geometry of the wing is not symmet-
ric and a weak shock occurs close to the wing root on the upper
surface (figure 7), whereas the steady flow field computed with a
plate is symmetric without any shock. The unsteady pressure dis-
tribution is then slightly non symmetric as can been seen on the
unsteady pressure distributions along four slices on the bottom
of the figure 6.
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FIGURE 4. AMP WING - MACH=0.4 - UNSTEADY∆Cp DISTRI-
BUTION

Simulations have afterwards been performed in the transonic
domain (Mach 0.8) with a gust whose frequency and amplitude
are 37.94 Hz and 6.5 m/s, domain where the assumptions under-
lying the DLM formulation are a priori not valid anymore. As
expected, the structure of the unsteady flow fields computed us-
ing the DLM and the Euler solver are greatly different (figure 8).
A non linearity occurs at about 50% chord from the root quite
to the tip, non linearity that is not captured by the DLM nor the
Euler simulation with the plate geometry (see∆Cp distributions
on figure 9). This shows a strong impact of taking into account
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FIGURE 5. AMP WING - MACH=0.6 - UNSTEADY∆Cp DISTRI-
BUTION

the 3D geometry for such aerodynamic conditions. Indeed, the
initializing steady solution shows a strong shock on the upper
surface (figure 10), whereas the latter shock does not occur when
the wing is modeled as a plate. The application of a harmonic
gust induces a shock motion on the upper surface, producing then
the sharp gradients that can be seen in the∆Cp distributions. A
second point is that Figure 8 and 9 show∆Cp discrepencies be-
tween the DLM computation and the Euler simulation with the
plate representation of the wing. These discrepencies are larger
than the ones obtained at lower Mach numbers. That shows the
impact of the fluid equation formulation (Euler vs DLM) itself.

To investigate further the influence of the fluid modelling,
simulations have been equally performed taking into account the
fluid viscosity (URANS computation with the Spalart-Allmaras
turbulence model). As could be expected, the steady solution
shows a weaker and upstream shock on the upper surface. The
unsteady pressure distributions are also slightly different than the
ones gotten using an Euler solver, with less sharp gradients (fig-
ure 11). All these simulations show that for such transonic con-
ditions, the unsteady gust response is highly non linear with sig-
inificant effects of the fluid viscosity.

AEROELASTIC GUST RESPONSE
The numerical method based on CFD to compute gust re-

sponses is now assessed in the case of fluid-structure coupling in
the time domain.
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Response of a 2D airfoil
The first case is about the 2D NLR7301 airfoil for which a

wind tunnel model has been built to carry out LCO experiments
[15]. It has been widely used to evaluate numerical method aim-
ing at predicting LCOs [14]. A 2D numerical structural model
has then been designed to reproduce well the heave (32.88 Hz)
and pitch (43.27 Hz) modes, and an aerodynamic mesh has been
built (structured C-block of 385x97 nodes and 273 on the airfoil)
for Navier Stokes simulations with the Kok’sk−ω turbulence
model. Aeroelastic simulations are then performed at Mach 0.7
for a periodic ”one minus cosine” gust whose characteristics are:
amplitude equal to the flight speed over 20 (incidence jump of
2.86◦), and wavelength equal to 10 and 25 times the chord length
(gust frequency of respectively 78.55 Hz and 31.42 Hz). On fig-
ure 12 are drawn the time evolutions of the lift coefficient for
those two gust response simulations and also for an unsteady
simulation without any excitation to check the natural stability
of the airfoil for these aerodynamic conditions. In the case of
the highest gust frequency (i.e. the lowest wave length), the lat-
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FIGURE 10. AMP WING - MACH=0.8 - STEADY SOLUTION
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ter is higher and quite far from the structural eigen ones. The
Fourier transform of the aeroelastic response shows then 3 dis-
tinct peaks matching to the structural eigen frequencies and to
the gust one. In the case of the highest gust wavelength, the ex-
citation frequency is very close to the heave eigen one. The time
response is then periodic of a high amplitude with a long tran-
sient part. Furthermore, its Fourier Transform reveals 3 peaks,
with 2 very close matching to the gust and the heave frequencies.
The response of the second eigen mode (pitch mode) is then very
damped, and the third peak at a very low frequency (1.8 Hz, visi-
ble on figure 12) could be interpreted as a beat frequency between
the first mode and the excitation. Such behaviour can of course
not be simulated considering the wing rigid (in that case of a
pure aerodynamic response, only a periodic phenomenon with
only one fundamental frequency can be captured, as is illustrated
in figure 13).

A last set of two unsteady simulations with the NLR7301
airfoil have been performed: the structure is first submitted to a
one period ”one minus cosine” gust, period that matches again to
a frequency of 31.42 Hz. For the second simulation, the airfoil is
submitted only to initial velocities on both modes, velocities be-
ing equal to the maximal ones if a gust were applied. The result-
ing time evolutions of the heave generalized coordinate and the
gust profile are plotted in figure 14. The time evolutions of the
two generalized coordinates (heave and pitch) resulting from the
application of an initial velocity are periodic and weakly damped.
Their frequency analyses have indeed shown a first peak at 33.15
Hz close to the first eigen frequency with a small damping co-
efficient of 1.56× 10−4, and a second peak at 46.04 Hz close
to the second eigen mode with a higher damping coefficient of
4.23×10−2. On the other hand, the time evolutions of the gener-
alized coordinates resulting from the one period gust excitation
seems to present a LCO of higher amplitude. The Fourier anal-
yses of the signals have indeed shown a first frequency peak at
33.17 Hz with a negative damping coefficient of−9.44× 10−5

and a second peak of very small amplitude at 45.7 Hz with a
damping coefficient of 4.67×10−2. The difference of amplitude
between the two simulations can be explained by the fact that
more energy is brought to the system when the latter is excited
by a gust (energy is brought for a whole period). The second
point is that the simulated duration of the response to the one pe-
riod gust is too small to be able to compute accurately damping
coefficients and then to predict LCO. Nevertheless, the numeri-
cal method have shown its ability to predict a vibratory behaviour
of a structure submitted to different kind of gusts (one period or
periodic in time).

Response of a 3D clean wing conf guration
The numerical method to get aeroelastic gust responses is

now assessed in the 3D case of the AMP wing, for wich a wind
tunnel model had been designed for flutter experiments [16]. A

FIGURE 12. NLR7301 AIRFOIL - MACH=0.7 - TIME EVOLU-
TION OF THE LIFT COEFFICIENT

structural finite element model has been built to reproduce the
first two modes of the wind tunnel model (first bending mode
at 23.39 Hz and the first torsion mode at 31.85 Hz), modes that
are involved in flutter. An aerodynamic model has also been built
with a structured C-block of 305x61x69 nodes and 241x41 on the
wing in order to perform Navier Stokes computations with the
Spalart-Allmaras turbulence model. A static coupling simulation
is performed for a Mach number of 0.8 and taking into account
the fluid viscosity (figure 15). This simulation is used to initialize
the unsteady ones. The wing is then submitted to a harmonic gust
of frequency 37.94 Hz (matching to a wavelength of 25 times the
mean chord). A first unsteady simulation is carried out from the
statically deformed wing (”flight shape”) considering the wing
rigid (aerodynamic response). A second dynamic simulation is
performed taking into account the structure. Those simulations
are compared with the aerodynamic response computed from the
undeformed shape (”jig shape”) and presented in the previous
part. A first remark is about the influence of the static solution on
the aerodynamic unsteady response. The dynamic behaviours are
similar (figure 16), even if the mean values are different and if the
amplitude of the oscillations is slightly smaller when the static
wing deformations are taken into account. On the other hand,
the dynamic aeroelastic behaviour (taking into account the mass
and the stiffness of the wing) is different than the rigid wing ones.
The amplitude of the oscillations are similar, but the aeroelastic
response is periodic with several fundamental frequencies. A
Fourier transform of the signal has shown at least 3 frequencies
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FIGURE 13. NLR7301 AIRFOIL - MACH=0.7 - TIME EVOLU-
TION OF THE LIFT COEFFICIENT (FLEXIBLE VS RIGID WING)

matching to the ones of the two eigen modes and to the gust
frequency. But the simulated duration is too weak to postprocess
the signal with a good frequency definition.

CONCLUSIONS
A numerical simulation tool have been developed for years

at ONERA to compute the time aeroelastic response of an air-
craft (theelsAcode). It is based on the resolution of the cou-
pled fluid-structure equations, using non linear CFD techniques
to compute the aerodynamic forces, and coupling techniques that
are usually used for the aeroelasticity (mesh deformation, fluid-
structure and structure-fluid data transfer, linear structure solver,
coupling time driver). Three gust models have been implemented
into the latter code in order to compute aeroelastic responses to
gust excitations: a sharp edged gust, a ”one minus cosine” model,
and a simple ”sine” model to simulate harmonic gusts. These
gust models have been implemented as a velocity field depend-
ing on both space and time, added to the field of the grid defor-
mation speed, and being thus taken into account in the GCL (as
suggested by Sitaraman et al [10]). A first validation step has
consisted of the comparisons of the computed aerodynamic re-
sponses to gusts in the subsonic domain, with available data in
the litterature and with data resulting from computations using
the DLM. Such comparisons have been achieved for a inviscid
flow over the Naca12 airfoil, for which the results from Zaide et
al [9] have been well reproduced. They have also been in a sec-

FIGURE 14. NLR7301 AIRFOIL - MACH=0.7 - TIME EVOLU-
TION OF THE HEAVE GENERALIZED COORDINATE
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FIGURE 15. AMP WING - MACH=0.8 - STATIC COUPLING

ond step performed for 3D inviscid flows over a clean wing con-
figuration. For that case, very good agreements have been found
between data resulting from DLM and CFD computations. Sim-
ulations have also been carried out in the transonic domain where
aerodynamics is no more linear. Non linear gust responses have
thus been computed and have revealed a significant influence of
both the geometry and the fluid viscosity. The nonlinear numer-
ical method has afterwards been assessed for the computations
of the aeroelastic response to gusts. This has been achieved for
the 2D NLR7301 airfoil and a 3D clean wing, for which taking
into account the structure flexibility has also a significant impact
on the dynamic response to gusts. Furthermore the method has
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equally shown its ability to compute a vibratory behaviour (res-
onance and beat phenomena) of an airfoil excited by a periodic
gust or by a one period gust (induced LCO).

The numerical method to compute the response of an air-
craft to a gust has shown its capability to take into account aero-
dynamic non linearites, but it has still to be validated in the tran-
sonic domain with experiments. An other perspective is that this
method can be easily coupled with a simple flight mechanics 6
dof solver, what will make possible the computation of the sta-
bility of a free flexible aircraft submitted to a gust. Gust control
functions can also be implemented in order to simulate their ef-
fects taking into account the non linear behaviour of the coupled
fluid-structure system.
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