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Abstract

This project presents the work performed within the
aerodynamics department of Airbus Operation SAS in
Toulouse through a five months master thesis. This de-
partment works with the industrialization and the use of
tools developed by laboratories to perform CFD aerody-
namic simulations. The primary purpose of the present
work was to support the development of gust analysis
methods based on CFD. A new gust model has been de-
veloped and integrated to the aerodynamic solver elsA.
This solver has been used in order to compute the un-
steady aerodynamic simulations for both gust loads and
forced motions with CFD. The results were then com-
pared with those from a Doublet Lattice Method com-
putation for validation. Once the validation phase was
ended with good agreement between the two methods, a
Chimera simulation has been carried out.

Nomenclature

α = angle of attack (◦)
D = drag (N)
L = lift (N)
M = pitch moment (N)
CD = drag coefficient
CL = lift coefficient
Cm = pitch angle coefficient
W = weight (N)
V = velocity (m.s−1)
M = Mach number (N)
m = mass of the aircraft (m)
g = Standard gravity (m.s−2)
q = dynamic pressure (Pa)
M = Mach number
Sref = reference area (m2)
b = span (m)
c = reference chord (m)
kh = spring stiffness in plunge (N.m−1)
kα = spring stiffness in pitch (N)
J = mass moment of inertia (kg.m2)
wg = gust velocity (m.s−1)
Lg = gust length (m)

Introduction

Aircraft design has to ensure sufficient strength in the
structure to survive atmospheric turbulences. Thus, the
gust response is of uttermost importance for the dimen-
sioning of the aircraft. Mathematical specifications of tur-
bulences have been developed and are used in the design
process. The successful researches in numerical simula-
tions made during the last years for the unsteady aero-
dynamic prediction offer now the opportunity to simulate
the gust response on an aircraft with complex CFD. Ba-
sic gust models are used here on diverse configurations in
order to perform simulations with elsA software and to
validate the implemented gust code. The work on post
processing is also presented with the different tools used
after computation. DLM is the actual industrial method
used in Airbus for gust response and load calculations.
The results of this method are important for compari-
son with URANS simulations and validation of the CFD
model. Chimera simulations, on the HiReTT configura-
tion with aileron, are also computed for application of the
method on an industrial configuration.

1 Theory

1.1 Used software and tools

A CFD solver, named elsA and developed in collaboration
by the ONERA and the CERFACS, is used in order to
perform the simulations and computations. This software
is a structured multiblock solver. It solves the compress-
ible, three-dimensional Reynolds Average Navier-Stokes
(RANS) equations in a cell centered finite volume formu-
lation from low subsonic to high supersonic regimes. A
large variety of turbulent models are available and several
matching techniques are developed for multi-block struc-
tured meshes in order to perform calculations on complex
configurations.

Calculation process

Two types of simulations are performed through the val-
idation process: steady and unsteady simulations.
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In order to run a computation through elsA, the user
has to provide some geometrical data (mesh coordinates),
topological data (connectivity between blocks), physi-
cal data, and boundary conditions. Here, a DAMAS
database (*.sda), defining the geometry and the mesh of
the problem, and a calculation file (*.don), defining the
elsA parameters for the calculation (numerical param-
eters, boundary and initial conditions, the machine in
which calculations will be run, the number of processors
used, etc.) are used as input. ElsA can run calculations in
parallel. Each processor, used during the computation, is
responsible for the computation of some blocks only. For
each run, elsA generates an information file with warn-
ings and errors if any. More details about elsA and its
implementation are available in a tutorial on the Onera
website [1].

A steady simulation is performed before any compu-
tations in unsteady conditions. ENS++, an Airbus pro-
gram, is then used for the post-processing in Euler and
Navier-Stokes computations. Local quantities (Mach,
pressure, etc.) can be extracted or global quantities (lift,
drag, mass flow, residuals, etc.) calculated. The interface
xmrg is used to show the computed variables in a plot
and to compare the results. For the unsteady simulations
process, the results from the steady case are used and
represent the initial state. The damas database is mod-
ified and the model deformation is included. The model
defines each node displacement in the mesh calculated by
the mesh deformation method developed in reference [2]
based on a combination of the analytic method and the
Trans-Finite Interpolation (TFI).

1.2 Basic gust studies

The nature of the gust field is reduced to a one dimen-
sional discrete gust with some specific shape definition.
The second approach is to look for the harmonic response
by introducing a sinusoidal function. For both methods,
a set of gust velocities for specific flight conditions have
been defined.

Gust models are defined as velocity fields with spe-
cific form and amplitude, initial position, direction, wave-
length, velocity and direction of propagation. When the
gust arrives on the profile, there is a modification of the
angle of attack and thus a perturbation of the flow over
the profile. Two main gust models are used: the model
”1-cos” and the model ”sharp edged”, and both shapes
are shown in figure 1. For comparison with the actual in-
dustrial method for gust simulations, harmonic gusts are
preferred. The simplest model is the sharp edged gust
model compare to the cosine gust which is more elabo-
rated. Both of these are deterministic. The sharp edged
gust model represents a wind gust that results in an in-
stantaneous change in direction of the flow and is defined
by equation 1. Although this case leads generally to over-
estimate the gust loads, it is used to validate the gust
model. This deterministic analysis is also used in various
cases in aircraft design for sudden changes in the relative
flow circulating over the aircraft’s lifting surfaces in order
to get some useful insight about the trajectory deviation
and the elastic deformations. The one minus cosine gust

model can be generated by a mountainous terrain for ex-
ample and is defined by equation 2.

wg(x) =

{
0 , x < 0 and x > Lg

wg0 , x ∈ [0, Lg]
(1)

wg(x) = wg0(1− cos2πx

Lg
), 0 ≤ x ≤ Lg (2)

where x is the position of the aircraft, wg the temporal
variation of the gust velocity, wg0 the maximal value of
the gust velocity, and Lg the gust length.

Figure 1: Gust’s models, from [3]

An important assumption is that the shape of the gust
is not affected by the presence of the body.

1.3 Flight conditions and structural
models

Simulations are performed in subsonic and transonic
flows. The unsteady CFD simulations are performed on
an airfoil profile and then on a three-dimensional air-
craft model. The airfoil is represented by a symmetric
NACA 64A10 profile. The three-dimensional case is rep-
resented by a mesh built from previous efforts in the
HiReTT project which is a structured multiblock mesh
with 19 blocks, more than 3.6 millions nodes and around
110 surfaces. It represents a fuselage of 70.4 meter long
and a half-wingspan of 39.5 meters. Figures 2 and 3
are showing the meshed surfaces of the NACA 64A101

and the HiReTT models. Usual flight conditions are con-
sidered and parameters are shown in table 1. The up-
stream boundary is situated at 140.8m from the nose of
the HiReTT configuration. These values are set by the
aerodynamics department.

Figure 2: NACA 64A10 model

1two dimensional profile, two blocks, 81092 nodes
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Figure 3: HiReTT model

Aerodynamic parameters
NACA 64A10 HiReTT

Mach 0.796 0.85
Angle of attack α -0.21◦ 1◦

Sideslipe angle β – 0◦

Reynolds number 13.0e6 1.825e6
Turbulence rate 1% 1%

Table 1: Aerodynamic parameters for computation

Adjustment of simulations parameters

As explained previously, a steady computation is used to
initialize the unsteady computation. The steady compu-
tation has been performed with a multigrid scheme in
order to get a quick convergence. The unsteady simu-
lation is then performed with the propagation of a gust
model. The evolution of the different parameters along
the time is recorded by elsA and then plotted. Some of
these results are shown in the following sections.

After computations and using the flight conditions de-
fined previously in table 1, the elsA software gives a
steady solution of the Navier-Stokes equations after 500
multigrid cycles. In steady simulation, the lift coefficient
is CL = −4.45 ∗ 10−2 with the same conditions.

Dual time stepping convergence

The dual time stepping is used to ensure a second order
time accuracy when the steady sub-iterations converge. A
maximum number of iteration Nmax and a convergence
criterion have been fixed in order to get an accurate solu-
tion with the lowest amount of CPU time possible. From
previous computations and analysis done in the depart-
ment, a dual time step of fifty gives a completely con-
verged solution.

The value of ten for the dual time step has been chosen
after computations and analysis for the NACA64A10 test
case. More information are presented in section 2. The
maximal error with a value of 10 is, for the drag coeffi-
cient point of view, less than 0.13% and this accuracy is
sufficient in order to perform the different validations in
this project. This does not give error for the moment and

lift coefficients. Concerning the HiReTT simulations, the
chosen time step is 25.

Harmonic signal characteristics

For a harmonic signal, the relation between the number of
stepsNstep,0 in one period, the frequency of the oscillation
f and the time step ∆t is defined in equation 3.

Nstep,0 =
1

∆t ∗ f
(3)

From the propagation gust velocity vprop and the gust
wavelength λ, the frequency of the signal is computed

f =
vprop
λ

(4)

1.4 Test of the gust response simulations

The aircraft generates aerodynamic forces by means to its
velocity relatively to the surrounding air. Thus, a sudden
change in the velocity of the surrounding air, caused for
example by the presence of a wind gust, or in wind direc-
tion, introduces a change in these aerodynamic forces.

1.4.1 Rigid and static models

Solutions are obtained with undeflected rigid profiles.
The rigid wing has a greatest lift than its aeroelastic
model and highest lift-to-drag ratio. Nevertheless, the
main purpose of this paper is to validate a gust model
and thus, if only rigid models are used for computation
and theory, this difference is not important. The mod-
els are considered to be static. Only the surrounded flow
is moving over the profile in the same manner as done
during a wind tunnel analysis.

1.4.2 Dynamic models

An aircraft, or a wing, is a dynamic structure which is
allowed to move. This section presents the computations
performed on dynamic models. A simple two dimensional
dynamic model of the NACA64A10 airfoil section is con-
sidered. The airfoil section geometry is shown in figure
4 and the data are defined in section 2.2. The length of
reference for the NACA64A10 airfoil profile is 1m and for
the HiReTT configuration is 11.507m.

Figure 4: Geometry for typical two-Degree-of-Freedom
(2-DOFs) airfoil profile model (from [4])

Alexis RIGALDO 3 July 2011



Aerodynamics gust response prediction Master’s Thesis

The structure consists of a rigid airfoil section of which
the motion is restrained by two linear springs. The sec-
tion has thus two degrees of freedom that define its mo-
tion: a vertical translation h(t) (plunging) and a rotation
α(t) (pitching) around its elastic axis. Springs’ stiffness
kh and kα give a horizontal equilibrium at h = α = 0.
The section has a mass m and a mass moment of inertia
about the centre of mass J . The considered model under-
goes forced oscillations due to the gust excitation. The
differential equation system describing the motion of the
structure is written in equation 5 with Sα, Iα, respec-
tively the static and the inertia momentum around the
elastic axis. {

mḧ+ Sαα̈+ khh = −L
Sαḧ+ Iαα̈+ kαα = −M

(5)

Small amplitude motions of the structure around the
steady state equilibrium are considered. Under these as-
sumptions, the use of linear structural dynamics simpli-
fies the aeroelastic analysis and leads to a fairly good
estimate of the structure behaviour. Thus, introducing
a structural stiffness matrix K, relating the incremental
structural deformation to the incremental elastic restor-
ing forces, and a constant mass matrix M, relating the
structural acceleration to inertial forces, the linear time
domain equations of motion may be written:

Mq̈ + Kq = Faero(t,q, q̈, ...) (6)

where the right and the left hand sides represent re-
spectively the internal and the external forces, q(t) =
[h(t) α(t)]T is the displacement vector. The mass and
structural stiffness matrices are defined by equation 7.

M =

[
m −ms
−ms J

]
and K =

[
kh 0
0 kα

]
(7)

The global equation of motion without aerodynamic
forces is now considered in order to set the airfoil struc-
tural properties. For simplicity, the case when s=0 is con-
sidered, giving two decoupled linear systems with eigen-
frequencies:

ω1 =
√
kh/m and ω2 =

√
kα/J (8)

From the rigid simulations, and the desired maximum
displacement δh and δα, the springs’ stiffness kh and kα
are calculated with the following formula:

kh = Li/δh and kα = Mi/δα (9)

Li and Mi are two chosen values of lift force and pitch-
ing moment around the rotational axis. With a fixed time
step ∆t, a period of oscillation Ti = 2π/ωi, and the choice
of a number of thirty points per period to build the gust
response ( T∆t ≥ 30), the mass and mass moment of inertia
are defined using the following equations:

m ≥
(

30∆t
2π

)2
kh and J ≥

(
30∆t
2π

)2
kα (10)

In the same way, a dynamic model of the HiReTT con-
figuration is build in order to simulate the response of the
structure.

1.5 Comparison with DLM method and
validation of the gust response

Most of the Airbus department, performing aerodynamic
gust responses, use a planar Doublet-Lattice Method
(DLM) to compute oscillatory aerodynamic analysis and
the gust responses. This method is based on a three
dimensional unsteady linearized potential flow. Lifting
surfaces are approximated to flat and thin plates. The
method allows the computation of the lift distribution on
oscillating surfaces in subsonic flows. It is derived from
the linearized formulation of the oscillatory subsonic lift-
ing surface theory which is described in reference [2]. The
DLM methods are used today for their cheapness but they
cannot be used for transonic flow.

The three dimensional shape of the wing is restricted
to a set of panels. Each cell of the mesh contains an ap-
proximation of the pressure differences between the upper
and the lower surface of the wing. The aerodynamic ef-
fects due to the wing thickness are not taken into account.
Navier Stokes Unsteady simulations with elsA have been
shown to be efficient enough to get a correct prediction of
the unsteady aerodynamic loads in reference [2]: bound-
ary layers and non linearities are simulated. Nevertheless
these methods are very expensive.

Comparisons between DLM methods and CFD compu-
tations have been performed. Two types of simulations
are compared here. The first one is with gust propagation
and the second one is with forced motion. In both cases
the motion will be harmonic, at least after a transition
period between a steady state and a permanent oscilla-
tory motion.

Aerodynamics problems are, in general non-linear, and
the responses to a harmonic signal at a precise excita-
tion frequency are not necessarily at the same frequency.
However, the unsteady simulations are limited to small
forced mesh displacement and thus a linear approach can
be justified. In such a physical system, the response to a
harmonic excitation is a harmonic signal at the same fre-
quency and with a certain gain in amplitude and a phase
shift. After a short transient period, the flow response be-
comes periodic in time. The post-processing consists in
analysing this periodic response. The different physical
values can be decomposed in Fourier series and particu-
larly the pressure coefficient Cp is given by equation 11.
Only the more important harmonic for the response val-
idation appears in this equation. It is the first harmonic.

Cp = Cp +A[Re(Cp) cos(ωt) + Im(Cp) sin(ωt)] (11)

where Cp, Re(Cp) and Im(Cp) are respectively the
pressure coefficient mean term, the real and the imag-
inary terms; A is the mode amplitude of the unsteady
simulation. The reduced frequency of the excitation is
defined by the following equation 12 where c is the chord,
ω the pulsation and V the velocity.

k =
c.ω

V
(12)

The Cp distribution is considered for all the physical
time step computed. For the validation of the unsteady

Alexis RIGALDO 4 July 2011



Aerodynamics gust response prediction Master’s Thesis

simulations performed with elsA, the comparison of the
Cp average value and its first harmonic is done with DLM
data. With a post-processing on a single period, the value
of the first harmonic is calculated. This first harmonic is
a complex value and comparisons have to be done on both
real and imaginary parts.

ENS++ is then used for the post-processing in Navier-
Stokes computations to extract the calculated values. A
MATLAB code has been developed in order to perform
a comparison between the different methods. An extrap-
olation from the FFT outputs: Re(Cp) and Im(Cp), on
the upper and lower surface is used in order to get the
values ∆Re(Cp) and ∆Im(Cp).

1.6 Application: Chimera technique sim-
ulation

Unsteady CFD Chimera simulations are performed on
the HiReTT configuration. The configuration used in the
previous sections is implemented with a movable aileron.
This configuration is equivalent to an Airbus A380. The
single flight condition used is this one set for the HiReTT
configuration in table 6 in section 2.3.2. Firstly a steady
simulation is performed for two configurations: one with
a zero degree aileron deflection and one for a five degrees
deflection. The mesh is shown is figure 5.

The mesh is constituted by 251 blocks, 14273723 nodes
and 2476290 cells. The aileron is situated at 73% of the
half wing span from the middle of the fuselage and is 9.038
meters long. The lateral distance between the movable
aileron and the fixed wing is quite small: 75mm for an
80m wingspan aircraft, as figure 6 shows. In these holes,
the mesh is refined in order to simulate the particular
phenomena that could occur for the airflow in this region.
When the aileron displacement is imposed, the mesh is
deformed in order to adapt the different elements to the
new configuration. Figure 6 shows the aileron and its
deflection.

Figure 5: Surface mesh of the configuration

Figure 6: Movable aileron with hole and details at the
wing tip

2 Results

One feature of the gust response of an aircraft, or of a
lifting surface, that can be studied is the variation in the
response as the gust shape and length are altered. DLM
are used today for gust response studies in Airbus. Re-
sults from the comparison between CFD and DLM are
presented here. In the last subsection, Chimera simula-
tions results are shown for an application to an industrial
configuration.

2.1 Rigid and static models

2.1.1 Rigid motion of an airfoil section

Results are presented here for a gust turbulence felt by
the NACA 64A10 airfoil. In this configuration, the steady
computation has been performed without highlighting
any problem. The initial angle of attack is negative and
thus the lift coefficient is non zero in steady flow.

Physical time step influence

The unsteady simulation has been simulated with 10, 20,
30 and 50 time steps per cycle. The value of 10, for the
dual time stepping, is enough to get converged in lift.
Nevertheless when the drag coefficient is studied, a time
step of 10 gives some differences with the 50 time steps’
results. The maximal error with a value of 10 is, for the
drag coefficient point of view, less than 0.13% and this
accuracy is sufficient for these simulations. This value
gives also a lower computational time. The study on the
time step has been performed with the parameters defined
in table 1.

Discrete gust response

At first, a discrete ”1-cos” gust response is studied. In
this section you may find figures showing the evolution of
the lift and pitch moment coefficients with time. The ab-
scissa represents a number of steps and has to be modified
in order to get the real time evolution. A modification in
gust amplitude is performed. Figure 18 shows that the
amplitude of the response is increasing in the same way
than the amplitude of the gust. When the gust arrives,
the angle of attack is modified and thus the lift increases.
For higher gust amplitudes, the modification in the lo-
cal angle of attack is greater and thus the maximum lift
coefficient endured by the wing grows.
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Then, a discrete ”sharp edged” gust profile is chosen.
An increase in gust’s amplitude introduces an increase of
the lift coefficient as it is shown in figure 19. The pressure
is growing and the displacement amplified.

Harmonic gust response

Before looking at the influence of the different gust pa-
rameters on the response, the permanent state is studied
in the case of a harmonic gust response. After 1500 it-
erations in unsteady simulation (so without taking into
account the 500 iterations in steady simulation), the sys-
tem has converged towards a permanent oscillatory state,
in the case of α = −0.21◦.

Figure 20 shows that when the amplitude of the gust
increases, the harmonic responses have the same type of
pattern. After a transient period, the lift coefficient of
the airfoil tends to a permanent oscillatory state and os-
cillates around a higher lift coefficient value when the
amplitude of the gust is increased. For very high gust
wavelength, the response wioll come back to the initial
value before increasing again at each period. The oscil-
lation does not occur around a zero lift value and this is
due to a non zero angle of attack, and a too short gust
wavelength.

2.1.2 Rigid motion of the HiReTT configuration

The first step is to perform a steady simulation and then
to begin the unsteady simulations from this steady case in
the same way as already performed for the NACA 64A10
profile.

For the steady computation, two test cases are per-
formed: one with attached flow (angle of attack α = 1◦)
and one for separated flow (angle of attack α = 3◦). The
convergence of these steady computations is an indicator
for the prediction of Dual Time Step inner loop conver-
gence. A poor convergence may highlight some problems
in the mesh or in the numerical methods. The elsA soft-
ware get a steady solution of the Navier-Stokes equations
in 400 multigrid cycles for the case with attached flow
and α = 1◦, and in 900 multigrid cycles with separated
flow and α = 3◦.

The unsteady simulation has been simulated with 10,
15, 20 and 50 dual time steps per cycle. The value of 10,
for the dual time stepping, is enough to get a convergence
in lift. Nevertheless when the drag coefficient is studied,
a time step of 10 gives some differences in the convergence
with a maximum error of 1.29% compare to the results
with a fifty dual time steps. A time step of 20 gives less
than 1% percent error and is used here.

Discrete gust response

For the discrete response, the computations have been
performed with a variation in gust amplitude. After 500
steady iterations, the unsteady simulation starts. When
the gust encounters the nose of the aircraft the lift in-
creases. Then, when the gust arrives on the wing, the
increase is faster and the generated a higher lift than the
body one since the wing is designed to generate lift with

a large wetted area. Once the wing is not anymore un-
der the influence of the discrete gust, the lift coefficient
decrease and come back to its initial value as it is seen in
figure 21.

Lift coefficient variation with αgust

The linearity of gust response with the excitation is one
the first things to look at before validation. The linearity
allows extrapolation of values when performing gust sim-
ulations. After some unsteady computations, it has been
shown that the lift coefficient undergone by the HiReTT
configuration (∆CL = CL,final−CL,inital) varies linearly
with the gust excitation ∆αgust. This pattern is shown
in figure 7. Equation 13 gives the definition of αgust.

tan(αgust) =
gust velocity

propagation velocity
(13)

Figure 7: Lift coefficient variation with αgust

Harmonic gust response

For the harmonic response, the computation has been
performed with the help of gust amplitude variation. Fig-
ure 22 shows an increase in lift coefficient as well as in
roll and pitch moment, in absolute value, when the angle
αgust is increasing (higher gust velocity).

2.2 Dynamic models

Dynamic simulations are launched essentially in order to
see if the gust model is running with dynamic motion.
The load factor is computed and compared to the theo-
retical values from the EGL (Aerodynamic loads) depart-
ment.

2.2.1 Dynamic simulations’ parameters

The tables 2 and 3 give the structural parameters for
the dynamic simulations. For each models, a mass, a
mass moment of inertia and springs’ stiffness are defined.
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Movies can be created with models’ snapshots from quick-
view software. They show the evolution of the pressure
on the skin of the model.

Translation mass m stiffness kh
h 1 ∗ 10−4 3

Rotation inertia Iα stiffness kα
α 1 ∗ 10−3 20

Translation vector (0,0,0.01)

Rotation point (0.248,-0.5,0)
vector (0,1,0)
angle 1.01

Table 2: Structural data for the NACA airfoil

Translation mass m stiffness kh
h 5.20 ∗ 101 2.302

Rotation inertia Iα stiffness kα
α 8.81944 ∗ 102 3.913 ∗ 101

Translation vector (0,0,0.01)

Rotation point (27000,0,0)
vector (0,1,0)
angle 1.01

Table 3: Structural data for the HiReTT configuration

2.2.2 Load factor

The theoretical load factor ∆nse for a sharp-edged gust
profile is given by equation 14 (from [5]). The experi-
mental load factor is calculated with equation 15 from
the acceleration in plunge given in output after compu-
tations.

∆nse =
ρU0V CLα

2W/S
(14)

∆n =
ḧ

g
(15)

These equations are used in order to estimate the gust
loads in a first approximation. Usually, the value is over-
estimated with the theoretical formula and needs to be
confronted to other estimated values from some differ-
ent computational methods. The loads undergone by the
wing profile for different gust amplitude have been stud-
ied and compared to the theoretical results. Results are
presented in the table 4. The error is around 13.5% for
each value.

Gust angle αg Theory (∗105) Experiment(∗105)

0.5 1.754 1.517
1 3.509 3.010

1.5 5.264 4.552
2 7.019 6.063

Table 4: Loads on NACA64A10 for gust simulation

2.3 Validation with DLM

2.3.1 NACA64A10 wing profile

Gust response

The comparison between DLM and CFD computations
is performed with different gust wavelengths Lg,i: 71.97,
35.90, 18.00 and 7.17. The DLM gives the pressure dif-
ference across the surface. The simulations are run with
a small gust velocity in order to stay in the linear region
found previously in section 2.1.1: αg ∈ [0◦, 3◦] in this pa-
per. The results plotted are always adimensionalized by
the gust velocity and thus can be compared between us.
The gust propagates at a Mach number of Ma∞ = 0.5.
The temperature is 273K and the altitude is 2330m which
gives a Reynolds number of Re = 9.708 ∗ 106. The initial
angle of attack α is 0◦ for these simulations.

Figure 8: Comparison between CFD and DLM data for
Ma = 0.5 (gust response)

The numerical results were thus obtained for various
values of reduced frequencies ki: 0.0873, 0.175, 0.349,
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and 0.873, calculated with equation 12. The results are
presented in figure 8 for the real and imaginary parts of
the oscillatory pressure coefficient difference (first har-
monic). For a transonic simulation, the DLM cannot be
used anymore. A CFD simulation has been performed at
Mach 0.8 for comparison with the simulations in subsonic
flow (Mach 0.5 here). Results are shown in figure 9.

Figure 9: Comparison between two different mach num-
bers for CFD computations

Forced motion

For the unsteady simulations, a forced motion in trans-
lation is imposed on the skin of the airfoil profile. The
vertical translation amplitude is set to h = 0.1m and the
same reduced frequencies as the gust simulations are used:
k ∈ [0.0873; 0.175; 0.349; 0.873]. The vertical oscillatory
translation h(t) is expressed as:

h(t) = h exp(iωt) (16)

Where ω and t are respectively the frequency and

the time. The same flight conditions are used than for
the gust response. The Reynolds number per meter is
9707577m−1.

Mach CL Altitude (m) α (◦) T(K)
0.5 0.3 2330 0 273

Table 5: Initial conditions

Figure 10: Comparison between CFD and DLM in forced
motion (Ma = 0.5)

2.3.2 HiReTT configuration

In the case of the HiReTT configuration, a comparison
between the two methods (DLM and CFD) has been also
done. Two reduced frequencies ki are chosen: 0.01 and
0.1 which correspond respectively to the wavelengths Lg,i:
628.32 and 62.832 and to the frequencies fi: 1.130 ∗ 10−3

Hz and 1.130 ∗ 10−2 Hz . The initial conditions are set
in the following tables 6 and 7. The Reynolds number
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per meter is 11649093m−1 and the dynamic pressure q is
19.232kPa.

Mach CL Altitude (m) α (◦) T(K)
0.6 0.3 2330 0.593 273

Table 6: Initial conditions

Gust type Propagation Velocity αg
cosine 0.6 +1◦

Table 7: Gust characteristics

a-) Real part of the pressure coefficient

b-) Imaginary part of the pressure coefficient

Figure 11: Comparison between CFD and DLM data for
a reduced frequency k = 0.010

In figure 11, the chosen reduced frequency is k = 0.010.
The corresponding gust wavelength is Lg,i = 628.32
which corresponds to 54.6 times the characteristic length
of the wing Lref = 11.507. The value bn is the half wing
span, y is the position of the cut from the middle of the
fuselage, and the Cp distributions on the cross sections
are plotted in the following figures. Six cross sections

are studied here and are respectively located at 47.1%,
52.2%, 57.3%, 61.8%, 65.9% and 69.9% of the wing half
span. In order to have an accurate comparison between
the DLM and the CFD, the cross sectional area have to
be not to close to the fuselage or to the wing tip where
some characteristical phenomena, as vortices, may influ-
ence the airflow and thus the Cp.

a-) Real part of the pressure coefficient

b-) Imaginary part of the pressure coefficient

Figure 12: Comparison between CFD and DLM data for
a reduced frequency k = 0.10

In figure 12, the chosen reduced frequency is k = 0.10.
The frequency is higher which gives a smaller gust wave-
length Lg,i = 62.832 which is only 5.5 times the character-
istic wavelength. Usually the design department uses gust
simulations with a wavelength of 12.5 times the chord in
order to perform validations. Thus, the wavelength is
here less than half this value and infinitesimal differences
may be seen between CFD and DLM. Nevertheless the
results are closed and the margins are acceptable and are
in the standard margin required for validation.
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2.4 Chimera Simulations

The results from the steady computation are shown in
terms of pressure coefficient distribution in the following
figure 13 for two aileron configurations.

a-) Cp distribution on the HiReTT configuration with
aileron [0◦ deflection]

b-) Cp distribution on the HiReTT configuration with
aileron [+5◦ deflection]

Figure 13: Pressure distribution for Chimera simulations
in steady flow with two aileron configurations

Figure 14: Real and Imaginary part of the pressure co-
efficient at different location for k = 0.01 (delta value
between the upper and the lower wing)

For subsonic computations, the values in ∆Re(Cp) and
∆Im(Cp) are compared. The aerodynamic flow is stud-
ied around a clean configuration (without aileron), and
chimera simulations are performed with +0◦ and +5◦

aileron positions. Figure 14 shows the evolution of the
real and imaginary parts of the pressure coefficient Cp.
These unsteady simulations are performed in subsonic
flows and no differences between the curves are high-
lighted for a position on the wing before the aileron
(y/bn = 65.87%) or on the aileron (y/bn = 85.82%).
The differences highlighted for a position after the aileron
(y/bn = 96.58%) is due to wing tip effects. In this sec-
tion, the wing tip is curved and some complex aerody-
namic phenomenon appears. For this reason of similar-
ities, the differences between the results from the con-
figuration with aileron and the clean configurations are
plotted at two locations in figures 15 and 16.

Results for k=0.01

Figure 15: Differences between HiReTT configuration
with aileron and clean one in term of ∆Re(Cp) and
∆Im(Cp)
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Results for k=0.01

Figure 16: Differences between HiReTT configuration
with aileron and clean one in term of ∆Re(Cp) and
∆Im(Cp)

3 Discussion

3.1 A linear gust response for small gust
velocities

Aerodynamics gust response problem may be non-linear.
The unsteady simulations performed on the NACA64A10
airfoil profile and on the HiReTT configuration have
shown that the response is linear with the gust velocity
when αg stays in the interval [0◦, 3◦]. This linear relation
allows the extrapolation of the different simulations and
ensure the gust validation from non linear effects to to
the gust amplitude. Today, there is a need to perform
calculations also for higher angles. It will be very useful
to perform research on the gust response outside these
boundaries in order to have more possibilities in the load
simulations.

3.2 A dynamic response to compute
loads

The dynamic response of the different configurations have
been studied and films have been created to look at the
displacement. The results were in agreement with the
harmonic excitation. The dynamic response is fundamen-
tal when the aeroelastic design is performed. The loads
drive the aeroaelatic phenomena and have to be com-
puted all along the development of the aircraft. With
these simulations, it has been shown that static and dy-

namic motions are assessable for gust response in URANS
simulations.

3.3 A validated gust model

The CFD results are in agreement with the DLM results
given by the aeroelasticity department. As the figure 8
shows, the red crosses match pretty well with the green
curves. Some differences come from the approximations
done when DLM are used.

In transonic region, some parts of the airflow over the
wing become supersonic. For simulations at Mach 0.8, an
abrupt change in pressure distribution appears, it is due
to the formation of a shock wave. Two shocks appear,
one on each parts of the wing as figure 17 shows.

Figure 17: Shock waves in transonic regime (from [6])

Figure 9 shows the apparition of shock waves on the
wing surface around the mid-chord since the blue curve
features a peak value. Here a delta is shown and for
some frequencies, shock waves may appear at the same
location on the lower and upper wing which gives small
values in ∆Re(Cp) and ∆Im(Cp). Concerning forced mo-
tion, some non linear phenomena appear at high reduced
frequencies. The DLM cannot simulate these flow pat-
terns accurately and differences in the comparison are
highlighted in figure 10.

To conclude, both for the NACA64A10 wing profile
and for the HiReTT configuration, the comparison be-
tween CFD and DLM gives acceptable results and allows
the gust model validation for these types of configuration.
These two models are validated and thus the method can
be applied for more complex configurations as an indus-
trial aircraft.

3.4 An application of the gust response:
Chimera simulations

Figure 14 highlights only negligible differences. This is
a normal pattern for this type of simulations in subsonic
flow. Nevertheless, for computations in transonic flow,
differences will appear due to shocks waves, buffet, etc.
The same types of results are obtained for a higher re-
duced frequency (k=0.1 for example).

These Chimera simulations have been computed essen-
tially to see if the simulation is possible for this type of
industrial configuration. The results show that this is the
case. Thus, gust simulation can be performed.

3.5 A post-processing to improve

Post-processing takes a long time today for these sim-
ulations. No tool exists for automatic post processing.
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In this paper, all the results presented come from a post
processing with MATLAB, ens++, quickview or small
fortran scripts. For the future, work on post-processing
is essential in order to use this model in industrial appli-
cations.

Conclusion

The main objective of this work was to get a new
tool for gust response simulation in Computational
Fluid Dynamics (CFD). The classical used methods are
efficient only for subsonic flows and do not take into
account turbulent flows or body thickness effects due to
the assumptions done with the Doublet Lattice Methods
(DLM).

U-RANS simulations have been performed on several
meshes in order to determine the compatibility of the gust
model with unsteady simulations in elsA.

In a first time, tests have been performed on a wing
profile airfoil: the NACA64A10, in order to look for the
response of the structure to a gust perturbation in a sim-
ple case. Nondimensionalization, gust wavelength, gust
velocity and other parameters have been tested as input
to see their influence on the results and to know how
they could be used in order to perform gust simulations
in CFD. In the same way, the gust response of the rigid
HiReTT configuration (A380 wing/body configuration)
has been tested in static. Then, dynamic motion has
been performed and it has been shown that gust simula-
tions are working for dynamic coupling methods (direct
simulations of the fluid/structure interactions).

In a second time, a harmonic gust excitation has been
used in order to perform gust simulations on 2D and 3D
configurations and to compare the results to the DLM
used in most of the departments for gust loads calcu-
lations. The first harmonic of Navier Stokes unsteady
simulations has been compared with the DLM one. The
performed simulations have shown that the gust model
used in CFD gives the same results than the DLM for
different frequencies and wavelengths. The results are
coherent for the tested range of velocities, for subsonic
flows, with the actual industrial methods used in Airbus.
The possibility to simulate even at low or high frequencies
has been shown as well as for transonic flows.

Finally, Chimera simulations have been done in
order to look for the applicability of the method on
industrial configurations. This industrial application is a
wing/aileron/body configuration. The work has proven
that gust response for unsteady simulations can be
performed on complex configurations and gives coherent
results.

All these results present several interesting perspectives
for the development of the gust response simulation in
CFD and the loads calculation. The future studies on
these simulations should focus on possible post-processing
ways. In particular, needed output data should be de-
fined by the different departments. In this report, all
the post processing has been done with ens++, quick-

view and MATLAB. This task takes a long time in the
gust response studies and should be automated before the
use of these methods in the Airbus industrial framework.
The fluid structure interaction simulations for higher gust
amplitudes should be also investigated.
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Appendix

A Results for rigid simulations

A.1 NACA64A10 airfoil profile

Figure 18: Lift and moment coefficients, ”1− cos” discrete gust response (impact of wavelength)

Figure 19: Lift and moment coefficients, ”sharp− edged” gust response (impact of wavelength)
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Figure 20: Lift and moment coefficients, harmonic gust response (impact of wavelength)

A.2 HiReTT configuration

Figure 21: Lift and moment coefficients, ”1− cos” discrete gust response (impact of wavelength)
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Figure 22: Lift and moment coefficients, harmonic gust response (impact of wavelength)

a - Sharp Edged gust response b - Change in angle of attack

Figure 23: Lift and moment coefficients. Comparison.
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B Comparison between DLM and CFD

B.1 NACA64A10 airfoil profile

Figure 24: Comparison between CFD and DLM data for Ma = 0.5 (gust response)
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Figure 25: Comparison between two different mach numbers for CFD computations
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Figure 26: Comparison between CFD and DLM in forced motion (Ma = 0.5)
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B.2 HiReTT configuration

a-) Real part of the pressure coefficient

b-) Imaginary part of the pressure coefficient

Figure 27: Comparison between CFD and DLM data for a reduced frequency k = 0.010
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a-) Real part of the pressure coefficient

b-) Imaginary part of the pressure coefficient

Figure 28: Comparison between CFD and DLM data for a reduced frequency k = 0.10
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