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A procedure coupling RANS computation and FEM analysis based on the mesh
morphing software RBF Morph has been setup and validated against experimental data. A
fluid-structure simulation on a complete aircraft configuration has been performed coupling
high fidelity fluid dynamic and finite element methods. The analysis was performed on high
speed configuration using the commercial CFD++ Navier-Stokes code and the NASTRAN
structural analysis code. Mesh morphing tool RBF Morph, based on Radial Basis Function
methods, and load interpolation procedures were applied to couple the two solutions. The
results of the analysis were validated against Piaggio property high speed experimental data,
obtained during a test campaign performed in the Onera S2MA transonic wind tunnel. The
work presented in this report is the result of a co-operation activity between Piaggio Aero
Industries and the University of “Tor Vergata” in Rome.

1 Introduction

T

he interest in develop multidisciplinary approach using high fidelity numerical analysis methods is today
strongly rising in the aeronautical field. The capability to couple accurate methods able to model the physics of

the several aspects of the design and their interaction is increasing the accuracy of the numerical analysis, improving
as consequence the designer capability to produce higher performances products. This is particularly true with the
vision of modern design methods which is today strongly oriented on numerical optimization procedures.
In aerodynamics, the fluid-structure interaction is, in most of the cases, a mechanism that cannot be neglected. For
this reason big efforts have been addressed in this topic during the last decade [2].
This report describe a CFD (Computational Fluid Dynamic) - CSM (Computational Structural Mechanics)
procedure that has been setup with the aim to perform aero-elastic analysis. The commercial CFD++ Navier-Stokes
code has been coupled with the NASTRAN Finite Element Method (FEM) analysis code. The codes solutions has
been linked applying the mesh morphing tool RBF Morph [3] based on Radial Basis Functions [4]. The
aerodynamic wing load has been applied to the non conformal structural mesh by a PATRAN interpolating
procedure. The FEM grid point displacement solution has then been used to morph the grid and to prosecute with a
new aerodynamic analysis on the deformed geometry.
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2 Test case description
The developed procedure has been applied to the static aero-elastic analysis of the wind tunnel model of a
business class aircraft in complete configuration (wing, fuselage, engine nacelle, vertical and horizontal tail). The
geometry refers to a wind tunnel test campaign performed by Piaggio in the ONERA S2MA transonic facility. The
model is steel made and it is mounted on a 6-component balance (Figure 1). It is equipped with 8 external and 4
cavity static pressures taps. The flow-through nacelles have been dimensioned in order to keep the real engine mass
flow rate in cruise. The pressure distribution on the surface has been measured using Pressure Sensitive Paint (PSP)
[1]. The ONERA PSP technology is based on the response of a two-components photo-luminescent paint excited
with UV light. One of the two components of the paint is emitting a blue light whereas the other one is emitting a
red light. The response of the “blue component” depends on the local oxygen concentration in the air (i.e. the local
static pressure) and on the intensity of the UV light excitation. The response of the “red component” only depends
on the intensity of the excitation. A camera takes two consecutive pictures of the painted surface: the first one
through a blue filter and the second one through a red filter. The ratio of these two pictures, referenced by the same
ratio obtained wind-off, is the image of the static pressure field.

Figure 1: Wind tunnel model installation
Mach number, angle of attack and drag measurement were systematically corrected for upwash, wind tunnel
calibration, walls, sting line and fuselage cavity pressure in order to obtain the aircraft data in free flight condition.
The transition was tripped applying carborundum grains at 5% of the local chord, on both sides of the wings, tail,
pylons and nose. The transition was verified with acenaphtene visualizations.

3 Aerodynamic analysis
The free flight condition has been numerically analyzed. The computational domain has been generated using
ICEM/CFD. It is a multiblock structured hexahedral grid with farfield at around 30 MAC (Mean Aerodynamic
Chord) from the model. All the surfaces are viscous and the boundary layer is solved up to the wall. The cells are
clustered in order to keep a Y+ between 0.5 and 1 and with a wall normal growth rate lower than 1.3 with 220 cells
around the airfoil and 110 spanwise. The total grid dimension is 14 millions of volume elements.

Figure 2: CFD computational grid detail
The computations have been performed using the commercial CFD++ Navier-Stokes code. The wind tunnel static
pressure, temperature and velocity have been imposed at farfield. Back pressure was imposed at domain outlet and
adiabatic viscous wall boundary condition on the model surfaces. An implicit RANS steady fully turbulent
calculation has been performed at Mach 0.8, Reynolds 4·106 at constant incidence of 1.4°. Two turbulence models
have been tested: the two equation realizable k-ε and the Menter k-ω Shear Stress Transport model. The first solves
two additional transport equations for the turbulent kinetic energy k and the turbulent dissipation rate ε while the
second solves one equation for k and one for the specific dissipation rate ω. Figure 3 reports the typical convergence
history.
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Figure 3: CFD convergence history

4 FEM analysis
The model deformation is assumed to be limited to the wing. The deformation of the other components (fuselage,
nacelles, pylon and tail) is neglected. The structural model is then limited to the wing assuming it is constrained at
the wing/fuselage junction. The mesh is made by solid elements and all the wing volume is filled with hexa cells.

Figure 4: Wing FEM model
The wing is full steel made and the total FEM model dimension is 28000 hexa. The load is applied on the model
using a PATRAN interpolating module starting from the input pressure distribution obtained by CFD calculation.

5 Mesh morphing method
The updating of CFD mesh can be easily performed using RBF mesh morphing. The RBF Morph software has been
used. Considering that currently the tool is available as an add-on for Fluent the present test has been completed
with the aid of Fluent interface. Nevertheless a stand alone library is already available and could be used in future
applications to fully automate the method without the need of Fluent software installed.
RBF Morph allows to define an arbitrary number of source points in the space. A displacement field that exactly
interpolates the value prescribed at each source points is calculated during the fit stage and is available during node
updating operation (smoothing) as a closed form solution. This means that the method is meshless and can be used
in parallel and with every kind of mesh element. The most critical point is that the fit is very expensive, especially
for large problems where several source points are included in the calculation.
The wing movement can be imposed using a box to limit the action of the morpher (and so the complexity of the
test) or using all the points on the surfaces, morphing all the volume mesh.
Both methods are explored in order to cope with the most resources demanding approach (that for this particular
application is well beyond the morphing need but is comparable with the method presented in reference [2]) and
with an optimal approach that thanks to the domain functionality of RBF Morph allows to operate on small part of
the mesh without the need of a clipping of original data, but working directly on the full model. In both cases a two
step approach has been considered. During the first step FEM node positions and resulting displacements are used to
generate a small RBF problem thanks to an automatic tool that allows to extract information from .BDF and .PCH
file (the .BDF file is the standard input file for the Nastran solver, the .PCH is a standard output of the Nastran
solver that contains FEM problem solution). Obtained solution can be used in the second step (the smoothing one)
where the FEM solution is prescribed to all CFD nodes on the wing and a zero movement is prescribed to the
remaining nodes on the boundary.
Considering that the setup of the global approach is straightforward because all nodes on the surfaces are prescribed
as source points, only the box approach is described in detail. The box is defined using the GUI of RBF Morph by
means of the autosetup function that allows to wrap a set of surfaces (the wing in this case) with a box. The
dimension of such box are then symmetrically adjusted in the plane XZ of airfoil profile and then in the Z direction
(in this case box dimension is increased only in the direction of wing tip). A point spacing needs to be defined to

have enough zero points on the box boundary that is used as the limit of the morphing action the box and generated
RBF points are represented in the following figure:

Figure 5: A domain encap (box) is used to define a set of RBF points that prescribe a zero solution and limit
the action of the smoother.
Al the surfaces of the aircraft and the symmetry plane are then selected using two set. The first set contains the
nodes on the wing the second one the nodes on the other surfaces. For the node on the wing the RBF solution
obtained using FEM solution is prescribed, for the other one a zero movement is prescribed. The preview of point
movements on surfaces is represented in the following figure:

Figure 6: Preview of surfs points. Two set of surfaces are used: te first to prescribe the FEM solution
(interpolated with a previously fitted RBF solution) to all the nodes that belongs to the wing; the second to
constrain all the nodes on the aircraft included in the box domain.
The complete set of source points used for the calculation is represented in the following figure:

Figure 7: The complete RBF problem used for the fitting stage.
Using the complete boundary (i.e. all the aircraft and the far field) a huge RBF problem composed by 427944 RBF
points needs to be fitted. Such fitting operation requires 1337s running on a quadcore Intel i5 2.67 Ghz with 8Gb.
The smoothing stage in this case is very expensive (5445s) because each CFD node is smoothed using a very large
RBF source points dataset; usually this stage is performed in parallel and scales proportionally with the number of
processors.
Using the box a smaller RBF problem needs to be fitted (59729 points) that takes 53s; the smoothing of the
complete CFD mesh takes in this case 209s.
A preview of morphing action on the wing and on a cutting plane is represented in the following figures:

Figure 8: Preview of wing model deformation.

Figure 9: Preview of wing model deformation on a cutting plane.

6 Results
The model span is 0.6 m. The wing tip of the model, deformed under aerodynamic loads moves 0.5 mm from the
undeformed geometry. The aerodynamic effect due to the positive sweep angle is a pitching twist increment in the
order of half degree.

Figure 10: Wing model deformation
Figure 11 and Figure 12 report the measured and computed pressure distribution on the wing surface for the two
tested k-ε and SST turbulence models obtained on the undeformed and the deformed geometry. As expected the
deformation is aerodynamically significant only in the outer region where the pressure distribution computed on the
deformed wing better match the experimental values, particularly in term of shock strengths and position. From
Figure 13 to Figure 16 the pressure distribution comparison is detailed at four wing sections. The two turbulence
models gave a very similar pressure distribution. Small differences appear in the recompression regions where the
realizable k-ε model seams to predict slightly stronger shocks located more aft than the k-ω SST model.
Very good agreement is obtained in all sections in most part of the flexible wing upper surface with some higher
differences in the waviness evidenced at the last outer section. A disagreement is evaluated in the pressure recovery
value at the wing trailing edge.
The pressures do not exactly match in the lower surfaces. In the pressure decreasing region, the values are slightly
uniformly overestimated. This might be due to the wall blockage and to the wind tunnel incidence correction method
which estimate a slightly higher incidence than how it is in free air. This difference is however negligible at section
2 (Figure 14). The differences become stronger in the recovery region where a significantly higher load is
computed. The direct consequence of this disagreement is an overestimation of the lift coefficient as clear evidenced
comparing the experimental lift polar with the numerical solutions (Figure 17). The reason of this different is not
clear and further investigations are required.
In Figure 17 the integral values of coefficients is reported and compared to the experimental polars. The solid lines
start from the values obtained on the undeformed geometry and finish with a marker at the value obtained on the
flexible wing. Both turbulence model overestimate the lift and underpredict the drag. As mentioned, the lift
disagreement in effected by the uncertainness on the effective incidence and the overload estimation on the rear
lower region of the wing. The drag is better estimated by the k-ε turbulence model. Its underestimation is around 8
drag counts while the k-ω model underestimation is 19 dc.

7 Conclusion
An aeroelastic CFD-CSM coupled procedure using high fidelity methods has been setup and validated. The method
is based on the coupling of the aerodynamic and structural analysis through a mesh morphing deformation tool
based on Radial Basis Functions. The procedure has been successfully applied to the analysis of a full aircraft in

high speed configuration. The pressure distribution and the integral coefficients have been compared to Piaggio
proprietary experimental measurement performed in the ONERA S2MA transonic wind tunnel. The solutions
obtained on the flexible wing showed good agreement with the experimental pressure values in most of the wing
surface. Some unclear discrepancies have been evaluated in the pressure recovery region of the lower wing surface
which leaded to a total lift overestimation. The performance of the realizable k-ε and the k-ω SST turbulence model
have been compared. The first underestimate the drag by 8 drag counts while the latter overestimation is around 19
dc. The procedure showed to be effective and is suitable to be automated for the inclusion in a numerical
optimization procedure of a flexible object. Further activity is however required in order to speed-up the
communication process between the several codes and to release the mesh morphing method dependency from the
software to be used.

Appendix

Figure 11: Comparison between experimental and CFD pressure distribution using k-ε turbulence model.

Figure 12: Comparison between experimental and CFD pressure distribution using k-ω turbulence model.

Figure 13: Detail of pressure solutions at section 1.

Figure 14: Detail of pressure solutions at section 2.

Figure 15: Detail of pressure solutions at section 3.

Figure 16: Detail of pressure solutions at section 4.
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Figure 17: Comparison between experimental and CFD integral values (marker at deformed wing solution).
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