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Summary

A method for fluid structure interaction numerical modelling is herein presented. The volume mesh used for
CFD calculations is parameterized according to FEM computed structural modal shapes thanks to a morpher.
Modal loads are directly integrated over the CFD mesh and allow to calculate actual values of modal
coordinates both for static and transient problems. Such parametric CFD model with modes embedded becomes
flexible, i.e. capable to deform its shape under structural loads without the need to further interact with structural
FEM model. Proposed method is demonstrated with an industrial application, the steady study of a flexible
Formula 1 front wing, using the following commercial software: NX Nastran and ANSYS Fluent” coupled
with the mesh morphing add-on RBF Morph™.
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Background

Fluid structure interaction phenomena introduce an high level of complexity in the analysis methods; however
there are applications that cannot be faced neglecting such interaction. The interaction can be the working
principle of the component itself (reed valves action, parachute canopy unfolding, movement of a sheet of paper
within a printing device, ...); can be due to the lightweight design of the structure (aircraft design); or can be
exploited to finely tune the design taking advantage of interaction (Formula 1 wings).

Our research group focus on FSI was driven in the past for the solution of an industrial problem: the reed valve
movement [1] used for metering a secondary air flow within the exhaust system of a two strokes engine [2]. A
custom FEM solver for planar beam (both FORTRAN and C implementations) has been developed and coupled
to the gasdynamic solver developed at the University of Perugia and to the commercial solver BOOST by AVL.
The approach has been extended integrating the same solver within Fluent (2D solutions) getting very
interesting results for reed valves internal flow simulation [3]. The approach has been further extended to
industrial applications: movement of a sheet of paper driven by jet flows within a printing device (2D and 3D
with explicit FEM) [4], Formula 1 front wing analysis [5] (in this case mass and stiffness matrixes were
precomputed using FEM solver Nastran), 3D analysis (see Figure 1) of a complete inlet system for two strokes
engines controlled by six petals [7]. The most important achievement for 3D were collected and published in
2008 [6].
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Figure 1:Coupled FSI analysis of a reed valve pack for two strokes engines [7]. Each petal
movement is resolved tank to a custom structural dynamic solver embedded within Fluent
using UDF.

All aforementioned examples have been faced using FSI weak coupling. All bottlenecks related to data
exchanging were avoided thanks to the embedding of structural dynamic solver directly within the CFD solver
Fluent, it’s important to notice that usually the computational load required by the structural part is about 1-2%
of the total. The weakness of such approach are: the implementation is quite complex and solver dependent,
conformal meshes are used at the interface and the tuning of moving mesh algorithms used by Fluent. The
smoothing of the volume mesh is one of the most important issue for FSI: a very good morpher is required to
properly accommodate the structural deflections of the structure in the volume mesh; Fluent comes with a
spring model for smoothing that is very fast but can easily produce reversed cells, results can be improved if the
CFD mesh is deformed using an elastic solution [8]; the quality is good but the method is mesh dependent and
difficult to extend to generic elements and parallel calculation. A better approach is given by the Radial Basis
Functions (RBF) that combines the precision of mesh methods with the advantages of a meshless approach
(parallelism, managing of generic elements). An interesting example about insect flight simulation using
OpenFOAM and RBF for moving mesh is given in [9], in reference [10] the high quality of RBF is
demonstrated showing that it can be very useful not only for FSI but for shape parameterization as well [11].
However quoted studies are limited to small academic application using approach that are not still mature for the
industrial size of current CFD models.

The first industrial implementation of RBF for mesh morphing of large CFD models is RBF Morph [12],
developed first as an on-demand module for a Formula 1 top team and then placed on the market as an add-on
for the CFD solver ANSYS Fluent [13, 14]. A comprehensive description of the theory of the tools and its
applications is given in [15].
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Figure 2: Aeroelastic analysis of an aircraft [16].FEM displacement field under flight loads is
used to update the CFD mesh until convergence.




EnginSoft International Conference 2011 20-21 Oct. 2011

RBF Morph has proven to be effective also for FSI industrial problems; the first example has been conducted
during a partnership with Piaggio Aero [16] with the aim to account for elastic deformation during a CFD
steady analysis; a poor agreement between experiments and simulation was observed because of the large
deflection of the wing (CFD simulation using the commercial solver CFD++ using about 14 millions of
hexahedra, see Figure 2), especially at wing tip. Using [17] as a reference the simulation workflow has been
enhanced using mesh morphing (Fluent and RBF Morph for mesh updating, Nastran for the evaluation of
deformed shape and Patran to map CFD loads on the structure) improving substantially the correlation between
simulations and experiments.

The same approach has been successfully used for Formula 1 wings. Although effective, the chain is quite
complex because each FSI iteration requires data exchanging. A new method, based on modal theory, has been
defined to reduce the quantity of information exchanged between CFD and FEM solvers and is herein presented.

Proposed Approach

A modal basis of the structure is first extracted using a generic FEM solver (NX Nastran in this example), using
mass normalization so that only modal frequencies need to be exchanged. Modal shapes of wing and pylons are
then exported as a points cloud with known displacements (each FEM node is exported as an RBF point) and
used as input data for the mesh morphing tool RBF Morph.

The generic point format used in RBF Morph can be used to import modes coming from a generic FEM solver;
a specific implementation for Nastran output format is available as well. The output is extracted from the
ASCII file “*.pch” generated using the standard option PUNCH of Nastran; mesh is directly imported from the
standard “*.bdf” file parsing the relevant input CARDS (Nastran Data Deck). As explained in the first section,
RBF Morph is an add-on module for the CFD solver ANSYS Fluent, and allows to enhance it providing to the
user new functions for advanced mesh movement.

The set-up of RBF Morph is straightforward and typically consists of a set of surfaces controlled by the FEM
extracted points (no matter if meshes are not conformal even if the FEM one is coarser, the high quality of RBF
interpolation gently interpolate the elastic field everywhere on the CFD surface), a second set of surfaces that
have to be preserved in the original position and a box to limit the morpher action only in the volume affected
by structural deformation.

The procedure is then automatically extended to all the modes; so they will be available as standard RBF
Morph shapes and can be superimposed using the multi parameter feature of the morpher (i.e. the user can
assign a set of modal coordinates and update the complete mesh accordingly). To activate the advanced FSI
functions the (rbf-fmorph) module has to be initialized, this operation will store in memory all the info required
to update the shape of the volume mesh during the calculation (steady or transient). The module allows to
calculate the modal surface integral directly within the CFD mesh; for the steady case the modal coordinates are
calculated simply dividing the modal force by the squared circular frequency (i.e. the modal stiffness). The
transient case (not considered in this paper) can be managed as well integrating the time history of modal
coordinates.

A reference solution obtained by a complete two ways FSI approach is generated to evaluate modal approach
convergence. The FSI mapping module of Fluent is used in this case to export pressure data to the FEM model,
the mesh updating is similar to the one already described for modes, but in this case the static solution is used to
update the CFD model shape.

It is worthwhile to notice that structural modes embedding method allows to perform FSI simulation without the
need of exchanging information between FEM and CFD. Once the modes are transferred the CFD model
becomes elastic, i.e. capable to update its shape under actual loads, even if boundary conditions are changed.

Test Case Description

The front end of a Formula 1 car is investigated. The geometry is represented in Figure 3; it includes the body,
the front wheel, the pylon and the front wing composed by Main and Flap connected to the end plate, a fence
limits the transversal flow.
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Figure 3: Geometry of the Formula 1 Front End.

The main is connected to the body by the pylons, the flap is connected to the main at the end plate making the
assembly quite flexible so that important deformations are expected. The geometric model is property of
ANSYS Inc.; a CAD model and several Fluent meshes (tetrahedral, hexcore, polyhedral) are available. For this
FSI study the tetrahedral mesh has been considered. It is composed by about 3 millions of cells, the boundary
layer is resolved thanks to 3 layers of prisms at the walls. The FEM mesh is the same surface mesh of the CFD
model built with shell elements; an equivalent material thickness has been tuned to have a maximum
displacement of 7 mm at 126 km/h.

Solution Workflow

Mode embedding is conducted using TUI and GUI commands of RBF Morph. The FEM field is prescribed to a
first surface set that includes the deformable parts (the wing and the pylon), a second surface set is used to
constrain the wheel, the body and the ground. The morpher action is limited using a box using a point
distribution fine enough to guarantee a zero field at box boundary. Set-up is summarized in figure 4; surface
points are highlighted on the left (green for points controlled using FEM solution, red for points constrained); all
the RBF points are represented on the right. This manual set-up is conducted only for the first mode and refined
until a good results is reached using the preview tools available both for surface and for volume mesh. The same
set-up is then automatically replicated for all the modes using a simple script.

Thread Points May 31,2011 || Source Points May 31, 2011
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Figure 4: Set-up of RBF Morph.

The set-up is then completed using the (rbf-fmorph-init) that allows to load all the solution (modes) in the
memory so that each subsequent mesh deformation for a given set of modall coordinates will be very fast,
furthermore the initialization enables the surface integral command (rbf-fmorph-forces). The FSI module is
terminated using the (rbf-fmorph-end) command.

Mesh update is automated by a standard calculation activity of Fluent that calls the scheme command (modal-
q-update-static) each 25 iterations. The command syntax is:
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(define (modal-g-update-static)

;; calculate modal forces

(set! modal-forces (rbf-fmorph-forces '("front wing flap" ... "fin")))
;; update g = F / k

(set! modal-g (map / modal-forces modal-k))

;7 update mesh

(rbf-fmorph (list (list "model-new" (list-ref modal-g 0)) ...)))

)

The (modal-forces) function retrieves a list of modal forces (a scalar for each mode) on the surface list used as
argument. The (modal-q) variables are computed dividing the modal forces by the modal stiffness (i.e. the
squared circular frequency). The mesh is then updated using the current values of modal coordinates with the
(rbf-fmorph) command.

Results

Embedded modes are first verified using the preview tool that allows to show the effect of a generic shape
modifier (or a superposition of several ones) on a portion of the CFD model; a combination of the first four
modes is represented in figure 5 where the effect of each mode is highlighted using an amplification equal to
0.02; actual values depends of course on the surface loads.
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Figure 5: First 4 modes as embedded in the CFD model, highlighted using the preview tool.
The first one is global of the whole wing (vertical displacement and rotation), the second is a
local deflection of the fence, the third is a movement of the flap, the fourth is a global
movement of the overall wing (with nodal lines at pylons and maximum displacement at the
end plates).

Full coupled solution is a good reference for the evaluation of the convergence of modal method with respect to
mode introduced; the preview tool is not only limited to a graphical representation, maximum displacement and
surface mesh skewness are reported as well. Six solution are used in this case, the first five modes and the full
coupled solution so that the modal solution and the full solution can be easily combined.
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Mode Max d Max err Max err
[mm] [mm] [Yo]

1 5,58 1,61 22,39

2 6,33 0,86 12,00

3 6,34 0,85 12,15

4 6,53 0,66 9,50

5 7,00 0,19 2,76

2 Ways FSI 7,19 0,00 0,00

Table 1:Maximum displacement at 126 km/hr, comparison between full coupled method and
modal method increasing the number of included modes.

If the modes are amplified using modal coordinates values at convergence and the full solution is subtracted
applying a -1 amplification the error field is directly obtained as the deformation of the mesh; the contribution of
high order modes can be deleted making zero their weight. The results are summarized in table 1; the higher
error is predicted using only the first mode (22.4%) the error becomes lower than 3% (2.76%) if five modes are
introduced. This is a known property of the modal base and it is interesting to notice that the error shape using i
modes has typically the shape of the i + 1 mode.

In order to understand the role of compliance at the reference speed a comparison between forces calculated on
the rigid model and the forces evaluated on the flexible one has been conducted. Results are summarized in table
2 where the loads obtained using the flexible model and the difference with respect to the rigid case are
reported. The effect on drag is very high (about 10 %) and the downforce is affected as well (1.5%).

Part Fx Fy Fz dFx dFy dFz
[N] [N] [N] [Yo] [Yo] [%o]
Fin 1,00 1,21 0,07 -0,52 2,93 1,21
Flap 30,56 -0,38 -67,30 3,84 -23,15 0,35
Main 12,61 6,48 -319,94 30,60 -2,22 1,73
Plate 545 11,48 -19,37 5,12 -1,18 1,07
Vane 4,95 19,23 -0,71 3,41 1,70 -1,50
Total 54,57 38,02 -407,25 10,04 0,45 1,46

Table 2: Aerodynamic forces (Fx is the drag, Fz is the lift, Fy is the transversal load acting on
the half model) calculated using the deformable model, the difference (dFx, dFy, dFz) are with
respect to the rigid model.

The example has been completed investigating the effect of speed on drag and downforce in the range 54 km/hr
— 162 km/hr; it is important to notice that enabling the mesh updating each 25 iteration the convergence is
achieved in about 250 iterations, at the same cost of a standard simulation with rigid walls; furthermore the
complete parametric analysis has been conducted during the same Fluent session without the need to reload
modes (an hybrid initialization of the flow is used each time that the speed is updated). Obtained results are used
to generate pressure maps and pathlines represented in figures 6 and 7.

The performance of proposed approach are summarized in table 3: the CPU time required for mesh updating is
very low if compared with the cost of a single CFD iteration; so even a a transient analysis can be faced with a
computational cost similar to the rigid case avoiding the high computational load required for data exchanging
at each time step required for a full coupled two ways transient analysis.

Task Time Time
[s] [days]

CPU Time to fit each mode (120.000 RBF points) 190 -

CPU Time to init 5 modes 117 -

CPU Time for each mesh update using 5 modes 3 -

CPU Time for a CFD iteration 15 -

User Time to set-up modes - 0,5
User Time to set-up CFD + modal simulation - 0,5

Table 3: Performances of proposed approach using a laptop Linux 64 bit, Intel® Centrino?2
dual-core processor, 2.26GHz 8GB, RBF Morph 1.3 e Fluent 13.
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Figure 6: Pressure map for different values of car speed.
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Figure 7: Pathlines for different values of car speed.
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