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Abstract: The inclusion of structural deformations into aerodynamic computations is manda-
tory for nowadays highly accurate computational fluids dynamics (CFD) solvers. These CFD-
CSM simulations are often performed with beam-stick structural models. This paper gives an
overview about the usage of CFD-CSM interaction with very detailed structural models in an
R+T context. Application examples are a detailed, but linear, AWIATOR test case FEM as
well as multibody and nonlinear structural models for large civil aircrafts. For this kind of ex-
amples, the coupling method of aerodynamic and structural model has increased requirements.
Additionally for complex aircraft configurations, the stability of CFD-CSM chains is reduced
through the possibility of negative cell occurrances in the CFD mesh after deformation. A
method using a finite-element method approach is introduced to repair these negative cells at
runtime.

1 INTRODUCTION

Computational Fluid Dynamics (CFD) is used in a wide area of different industrial applica-
tions in aircraft development. While the focus is still on rigid applications, more and more
interdisciplinary scenarios like static and dynamic fluid-structure interaction are on the rise.

The papers [1] and [2] give an impression about the accuracy which can be reached with high-
fidelity CFD-CSM interaction for static and dynamic cases for a wind-tunnel model. The doc-
uments show for the examined clean-wing case the importance of high-fidelity aerodynamic
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and structural modelling for transonic flow with shock-induced separation and cross-sectional
deformations of the wing structure.

In the industrial context the same challenges appear. Hence, Section 3 handles the usage of very
detailed structural models in static CFD-CSM computations.

In Section 2 the used methods and tools are briefly introduced.

2 METHODS AND TOOLS

2.1 CFD Solver:TAU

The DLR TAU-code is applied to solve the steady and the unsteady Reynolds Averaged Navier
Stokes (RANS) equations [3]. The solver is working with a cell-vertex-based finite volume
scheme on unstructured grids. In the following studies mainly the Spalart-Allmaras model [4]
is used.

2.2 CSM Solvers

The applications presented in this paper use different structural solvers. These commercial
solvers are:

• MSC-NASTRAN is the standard structural FEM solver in the context of aircraft aeroelas-
ticity. In the context of this document only the linear static solution sequence is applied.
• MSC-ADAMS is a multi-body solver, which allows to combine multiple structural com-

ponents from different regular structural models. The components itself are represented
in generalized, modal format and, therefore, of linear type. But the interaction between
the components due to body contacts and motion is handled nonlinearly. [5]
• DS-ABAQUS (DS=Dassault Systèmes) is used additionally due to its more powerful fea-

tures concerning nonlinear structures. The main target of the here presented study is the
handling of geometric nonlinearities. [6]

2.3 CFD-CSM Coupling

The coupling method for the aerodynamic and structural model uses a coupling matrix GCFD,FEM

which interpolates the structural displacements to the aerodynamic surface. The methodology
allows to combine different interpolation methods for different model components. The se-
lection of the interpolation method depends mainly on the available structural fidelity. The
different coupling domains are united with blending and relaxation functions to keep a smooth
and watertight CFD surface.

The general interpolation matrix GCFD,FEM can be written as a product of the relaxation and
blending matrices MRelax and MBlend, which regulate the combination of different spline do-
mains, and an interpolation method matrix MSplines:

GCFD,FEM = MRelax ·MBlend ·MSplines. (1)

The matrix MSplines contains the different interpolation method matrices:

MSplines =


MSpline 1

MSpline 2
. . .

MSpline nSplines

 . (2)
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Each interpolation matrix MSpline i may represent a different interpolation method.

The aerodynamic loads can be transferred to the structural surface using either the transposed
interpolation matrix or a nearest-neighbour mapping.

More details about the methods can be found in [7].

2.4 CFD Mesh Deformation

The CFD mesh deformation is performed in two steps. The first step introduced in Section 2.4.1
is the deformation of all volume nodes with Radial Basis Function (RBF) interpolation plus an
interpolation error correction method. The second step introduced in 2.4.2 is only triggered, if
the first step produces very ill-shaped cells. If the volumes of such cells become negative, the
mesh cannot be used by the CFD solver. In this case the mesh is fixed with a FEM approach
mesh deformation method.

2.4.1 RBF Interpolation Plus Nearest Neighbour Correction

The algorithm is based on a group-weighting and a deformation blending approach of results of
the Radial Basis Function (RBF) interpolation, see [8]. Afterwards, surface interpolation errors
are fixed with a nearest neighbour correction.

Here the radial basis function interpolation approach is expanded with a linear interpolation
polynomial p(x) = β0 + β1xx + β2xy + β3xz.

s (x) =
n∑
i=1

αiφ (‖x− xi‖) + p(x). (3)

This approach interpolates the scattered surface deformation input in points xi to the volume
mesh point x, no cell connectivity is taken into account.

The group-weighting approach is used to allow the independent movement of different model
parts/boundaries in the grid. Otherwise the deformations of different boundaries could influence
each other and unintentional surface deformation would be the result. Separating the interpola-
tion by each group protects the shape of the different bodies. Furthermore, since the number of
RBF interpolation base points per group has a very large influence on the computational costs,
this subdivision reduces the overall computational costs.

The deformation-blending approach supports the protection of boundary layer cells and the
usage of radial basis functions φ(‖x‖) with limits φ(‖x‖) → ∞ for ‖x‖ → ∞. These radial
basis functions, which function value increases with increasing distance to the base point of a
deforming body, need to be restricted further away from the surface of this body. Otherwise
local deformations would influence the whole mesh. Additionally, the added polynomial of the
interpolation approach (3) would deform the whole volume mesh as well. Consequently, the
implemented approach to recover linear deformations exactly, cannot be used without blending
of deformation values.

The computational costs are reduced through a strong reduction of the number of RBF interpo-
lation base points. This means that the complete surface deformation information is not used in
the RBF interpolation. Hence, the surface interpolation result is not accurate for points not used
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as input. To overcome this inaccuracy, the volume points in a very close vicinity of the surface
are corrected with the interpolation error of the closest surface point.

For more information on this mesh deformation method, it is referenced to [7] and [9].

2.4.2 Mesh Repair: FEM-based Mesh Deformation

As the mesh deformation described in the previous section is based on the set of nodes and does
not know any volume elements within the mesh, it is unable to guarantee any properties of the
volume elements of the deformed mesh. In fact there are some cases (see Section 3.2) which
result in meshes with elements of (formal) negative volume. Such meshes cannot be used as
a basis for finite-volume-based methods like the CFD-code TAU because they require proper
elements with positive volume. In order to provide a deformed mesh without cells of negative
volume, a more robust technique is applied to those parts of the mesh which need a repair.

The robust volume mesh deformation is implemented according to the elasticity analogy de-
scribed in [10]. The mesh is modeled as an elastic solid with Lamé parameters E and ν of a
virtual material. The Young’s modulus E is variable and depends on the volume of the element
e in the undeformed mesh:

E = vol(e)−χ,

where χ is a non-negative number controlling the intensity of stiffening smaller elements. With
χ = 0.0, the method reduces back to an elasticity model with constant material parameters.
With χ = 1.0, the method is identical to the proposal of [11]. In the general case of χ 6= 1.0,
the method allows different degrees of stiffening depending on the element size. The effect
of stiffening smaller elements is an important feature for deforming CFD meshes with very
anisotropic cells e.g. in the viscous boundary layer.

Instead of performing this deformation on the whole mesh, it is applied to the part of the mesh
that needs to be repaired. As the crushed cells need to expand, it is necessary to relax the
adjacent cells as well. However a too large area of repair makes the repair process unnecessary
expensive in terms of computational costs. A good compromise is achieved by utilizing the
following strategy proposed by [12]. After identifying the set of cells Cnegative with a negative
volume, all cells with at least one of the following properties are selected:

1. Cells within nrepair layers of cells surrounding those cells in Cnegative, or
2. Cells within an Euclidean distance (measured in the deformed mesh) of fewer than a given

positive distance drepair from one of the cells in Cnegative.

The union of the undeformed cells of these selections is used as the repair region Ωrepair. All
boundaries of Ωrepair are equipped with the Dirichlet boundary condition and given displacement
values provided by the RBF deformation method of the previous section. The partial differential
equation of linear elastic behaviour is discretized with a linear finite-element-method on Ωrepair.
The equation system is solved using the PETSc linear algebra routines [13].

The start parameters used are χ = 1.0, ν = 0.3, nrepair = 3, drepair = 0.0m. However, as
the selected repair region might be too small or the virtual material parameters might not fit
to the deformation task, some variations of these parameters are probed automatically until the
resulting mesh does no longer contain any cells with negative volume.
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Figure 1: CFD-CSM loop sketch

2.5 Static CFD-CSM Interaction

The presented application examples of static CFD-CSM interaction are simply performed by
iterating between the structural and the aerodynamic solver until convergence is reached.

An overview of the interaction chain can be seen in Figure 1. The simulation chain combines
the structural and aerodynamic solver by using the coupling method sketched in Section 2.3.
Since the coupling method involves only the model surfaces, the aerodynamic deflection must
be transferred into the volumetric CFD mesh by mesh deformation introduced in 2.4. Notice
here, that first the mesh deformation based on RBF interpolation is applied, and afterwards the
mesh repair method is started to fix negative cells.

Additionally the model parameters can be used for trimming. For this purpose an outer iteration
loop is implemented.

3 APPLICATION EXAMPLES

This section shows for several application examples the versatile field of static CFD-CSM inter-
action. The first two examples use AWIATOR flight test data. The data has already been used
by Keye ( [14]) for similar comparisons. These two examples use a classical linear structural
model. Afterwards in Sections 3.3.1 and 3.3.2 a high fidelity multi-body model and a nonlinear
wing-box FEM are used as structural model.
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Figure 2: AWIATOR high speed: FEM and CFD model

Figure 3: AWIATOR high speed: coupling setup

3.1 Linear Structure: AWIATOR High Speed

At first a high speed case at Mach = 0.82 and 41,000 feet altitude is presented. A longitudinal
trim is performed for this flight point by varying the angle of attack and the HTP trim angle
to match the lift Clift and the pitching moment Cmy = 0.0. As aerodynamic turbulence model
the Spalart-Allmaras model has been used. The CFD mesh is a clean mesh without gaps at the
control surfaces or similar features. The CFD model and the detailed FEM model including
control surfaces is presented in Figure 2.

The first step towards the simulation results is the generation of the CFD-CSM coupling. Figure
3 shows this coupling setup. The different coupling groups of the setup are: Wing, horizontal
tail plane (left and right), vertical tail plane (VTP), fuselage, inner and outer engine, inner and
outer pylon. In the left plot the relaxation areas between the different groups are marked. Over-
all the two plots show a high number of different domains, identified with different colours.
Most of the domains show a large number of scattered FEM nodes. For these domains RBF
interpolation is used as surface interpolation method. The VTP and fairings are coupled with
beam splines and the engines with rigid body splines. It can be observed that each control sur-
face has its own coupling domain to perform component based interpolation and load transfer.
An overlap of structural nodes shows a blending area between the interpolation domains.
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Figure 4: AWIATOR high speed: mesh deformation groups
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Figure 5: AWIATOR high speed: pressure comparison
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Figure 6: AWIATOR high speed: bend and twist comparison
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Figure 7: AWIATOR high lift case: coupling setup

The mesh deformation setup can be inspected in Figure 4. Each lifting surface and the fuselage
are in different deformation groups. Additionally a deformation group for the engine, pylons
and flap track fairings is used.

The comparison of pressures in Figure 5 and twist and bend in Figure 6 shows a good agree-
ment between simulation results and flight test data. Shock positions are met accurately. The
integrated local lift in the section at eta = 0.874 is slightly too high. The overprediction of the
local incidence angle at the tip is also visible in the local twist in flow direction ry, which shows
a larger nose-down effect in the flight test data close to the tip.

3.2 Linear Structure: AWIATOR High Lift

As second an AWIATOR test point at low speed is selected. The Mach-number is Mach =
0.204 at zero altitude. As for the previous case, a longitudinal trim is performed for the corre-
sponding lift.

The structural model is the same as in the previous section, only the positions of control surfaces
are changed. The CFD mesh is in this case different with respect to the previous section. It
does in this case include all the gaps for the flaps and slats. Therefore, this test case is the
best candidate to test the mesh repair feature presented in Section 2.4.2. The CFD mesh (half
aircraft) has approx. 26 million nodes.

The coupling setup is shown in Figure 7 and the groups for the CFD mesh deformation in Figure
8. Figure 8 shows the undeformed and finally resulting deformed surface of the wing as well.

The selected settings of the RBF volume mesh deformation plus nearest-neighbour correction
generate approx. 500 negative cells. The deformation state is very close to the final deformation
state. The locations of these cells can be observed in Figure 9. The plot shows that negative
cells are found on the complete wing, but mainly at the gap areas, e.g. at the gap between outer
aileron and wing tip or wing-box and flap track fairings. The mesh repair method needs only
three attempts to repair the mesh. Table 1 shows the evolution of settings and the number of
negative cells. For a view on a slat-pylon intersection point the submesh of the mesh repair
method is plotted in Figure 10 for each of the three attempts. It shows how the submesh Ωrepair

is growing due to the increasing number of neighbour cells nrepair. It should be mentioned,
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Figure 8: AWIATOR high lift case: left:rbf interpolation groups, right: undeformed (grey) and deformed (green)
surface

Figure 9: AWIATOR high lift case: locations of negative cells

that the computational costs of each try of the repair method have been smaller then the RBF
deformation method.

attempt χ ν nrepair drepair nNodes(Ωrepair)/103 nNegCells

1 1.0 3.0 3 0.0 108 5
2 1.0 3.0 5 0.0 179 10
3 1.0 3.0 10 0.0 410 0

Table 1: AWIATOR high lift case: Attempts to fix 500 negative cells

The resulting pressures can be compared to flight test in Figure 11. Again a good agreement can
be found, but it should be kept in mind, that for such subsonic settings, the structural deflections
do not have a very large influence on the pressure results.

Another case with the same simulation setup, but less adequate mesh deformation setting at the
intersection area, could not be fixed by the mesh repair method. For this case 3100 negative
cells have been produced by the mesh deformation method. The attempts with nNegCells > 200
show a relatively high solution residual. However, at intermediate steps the repair method came
quite close to fix the negative cells as shown in Table 2.
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(a) Attempt 1: nrepair=3 (b) Attempt 2: nrepair=5 (c) Attempt 3: nrepair=10

Figure 10: AWIATOR high lift case: submeshes of mesh repair method

Figure 11: AWIATOR high lift case: pressure comparison

attempt χ ν nrepair drepair nNodes(Ωrepair)/103 nNegCells

1 1.0 0.3 3 0.0 121 69
2 1.0 0.3 5 0.0 188 51
3 1.0 0.3 10 0.0 403 48
4 1.0 0.3 5 0.05 325 49
5 1.0 0.3 10 0.1 570 48
6 1.0 0.3 10 0.2 919 48
7 1.0 0.2 10 0.2 919 52
8 0.5 0.3 10 0.2 919 13
10 1.5 0.3 10 0.2 919 230
11 1.0 0.3 13 0.1 692 48
12 1.0 0.3 13 0.2 996 48
13 1.0 0.3 10 0.4 1882 48
14 1.0 0.3 15 0.2 1085 48
15 1.0 0.2 12 0.3 1375 52
16 0.5 0.3 12 0.3 1375 13
18 1.5 0.3 12 0.3 1375 234

Table 2: AWIATOR high lift case: Attempts to fix 3100 negative cells

3.3 Nonlinear Structural Models

This section contains two structural nonlinear examples. At first a multi-body simulation model
with linear FEM components, but nonlinear component interaction (body/component kinemat-
ics as well as joints/contact kinematics including friction, backlash etc.) is used for a CFD-CSM
application. Afterwards a nonlinear FEM taking into account geometric nonlinearities and dif-
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Figure 12: ADAMS wing MBS model

Figure 13: CFD-CSM coupling with MBS model

ferential stiffness is employed. Further results are going to be published in [15].

3.3.1 Structural Multi-Body Simulation Model

In this section a more complex structural model is used: a multi-body-simulation model con-
sisting of several detailed FEM components. The coupling of FEMs and multi-body simulation
is realized by the commertial software MSC ADAMS [5].

A top view of the model is visible in Figure 12. It shows all the approx. 20 components the
model is based on: wing-box, 2 ailerons, 2 flaps, 7 slats and 7 spoilers.

The coupling to a clean CFD mesh can be seen in Figure 13. Here all the different components
are visible, because the CFD and CSM part are bound together in many separated coupling
domains.

A comparison of bending and twist to a regular linear FEM is available in Figure 14. It should
be noted, that the clamping condition is not equal for both structural models. This might explain
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Figure 14: Bend-twist CFD-CSM result comparison of regular linear FEM and MBS model

Figure 15: Cambering at wing cut; Top: Structural deformation; Bottom: CFD surface deformation

the visible differences in twist. But the agreement in bend is quite good.

In Figure 15 the chord-wise deformation is presented as relative displacements in z-direction
(z), i.e. absolute bending and local angle of attack. It reflects the deformation of leading-
and trailing edge movables and the transition between the wing and movable surfaces in detail.
The largest deflections are observed at the trailing edge. This upward deflection of trailing edge
devices, essentially a de-cambering, is observed over the whole wing span. Another observation
is the occurrence of steps at the transition between fixed wing and movable surfaces. As can be
seen in the bottom part of Figure 15, the deformation is globally well transferred to the CFD
surface. The CFD model and the mesh deformation are, however, limiting the precise transfer of
sharp edges due to mesh quality constraints. Therefore, the blending introduced by the coupling
method leads to a smearing of steps.

Concerning the stability of such a simulation setup, it should be expected that so many compo-
nents, moving with respect to each other, further increase the problem of negative cells.

More information on the usage of this MBS model can be found in [16]. On specific CFD-CSM
simulations with this setup it is referred to [17].
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Figure 16: Nonlinear wing-box FEM and corresponding beam coupling to CFD model

Figure 17: Nonlinear CSM: Comparison of deformed CFD surface for linear (lin) and nonlinear (NL) FEM at
constant Clift = 0.85, additionally the JIG shape is plotted

3.3.2 Nonlinear Structure

As application example for nonlinear deformations a transport aircraft CFD model is coupled
with an ABAQUS structural model of a relatively flexible wing-box. The flow conditions are
subsonic at Mach = 0.5.

Here the results of 3 investigated Clift values are presented. To get an impression of the overall
deformation, the deformed CFD surface for the highest Clift is plotted in Figure 17. The large
amount of deformation is clearly visible.

ABAQUS allows to compute the model in linear and nonlinear sense. In Figure 18 the bend
and twist (local angle of attack) of linear and nonlinear FEM is compared at constant Clift. The
structural deflections at the tip are up to 16 percent of the span, which reflects again the flexi-
bility of the model. Furthermore it can be observed that the linear FEM exhibits a prolongation
of the wing compared to the nonlinear case.

Table 3 compares the relative wing prolongations ∆spanrel = (spanJIG − spanDefo) / spanJIG

and drag differences ∆Cdrag,rel = (Cdrag,NL − Cdrag,Lin) /Cdrag,Lin for the different Clift cases.
The linear FEM model span increases up to 1.6 percent for the highest CL in the deformed state
while the nonlinear FEM case shows negligible span increase. This difference is reflected in the
drag as well. The drag for the nonlinear computation decreases by up to 1 percent.

The results show that for a very flexible wing the selection of appropriate structural models is
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Figure 18: Nonlinear CSM: Comparison of bend and local angle of attack (rot-y) for linear (lin) and nonlinear
(NL) FEM at constant Clift

Clift ∆spanrel,lin [%] ∆spanrel,NL [%] ∆Cdrag,rel [%]

0.50 0.552 0.0058 -0.059
0.70 1.100 0.0077 -0.268
0.85 1.641 0.0081 -1.094

Table 3: Nonlinear CSM: Comparison of relative wing prolongation and relative drag-difference for linear (lin)
and nonlinear (NL) FEM at constant Clift

essential for accurate CFD-CSM results. And it should be underlined that for more relevant
transonic Mach-numbers the differences are very likely to be more significant.

4 CONCLUSION

The studies in this paper have shown the variety of applications for CFD-CSM interaction. Not
only linear structural models have been employed, but also multi-body simulation and nonlinear
structural models have been used for certain applications. The robustness of such simulations
is not only endangered by convergence issues of the involved disciplines aerodynamics and
structure (for nonlinear models). The main point of failure is the deformation of complex CFD
meshes. Here a method based on FEM based mesh deformation is used to repair negative cells
in the CFD mesh. The method of FEM-based mesh deformation turned out to be very powerful
to overcome this robustness issue. Since only first, but promising, mesh repair studies have
been shown, further experience must be collected with this new method in the future.
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