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Coupled CSD/CFD non-linear aeroelastic trim
of HiReNASD wing in transonic regime
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Abstract

The present work is aimed at assessing the credibility of a multi-fidelity aeroservoelas-
tic analysis toolbox by tackling a set of static aeroservoelastic problems and comparing
the results with reference experimental and numerical data available in literature. The
availability of such an integrated environment is almost mandatory from the very be-
ginning of the design process. More in particular we investigate the sensitivity to
different modelling options for representing the aerodynamic sub-system. In such a
way it is easier to strike the best balance between accuracy of the results and compu-
tational efficiency, choosing within the hierarchy of tools available the lowest-fidelity
Doublet Lattice Method (DLM) or the Non-Linear Full Potential (NLFP) equations or
the Euler equations or the highest-fidelity Reynolds Averaged Navier-Stokes (RANS)
equations.

More in particular the static aeroelastic benchmark test problem of computing
the reference equilibrium or “trim” configuration of the HiReNASD wing is presented.
Such an example is of particular interest because it was selected as a benchmark test
problem for the ATAA Aeroelastic Prediction Workshop series with the objective of
providing an impartial forum for assessing state-of-the-art Computational Aeroelastic-
ity (CA) methods as practical tools for the prediction of static and dynamic aeroser-
voelastic phenomena within the transonic regime. More precisely, after providing an
overview of the structural and aerodynamic models, we compute the static aeroelastic
response of the wing in attached axes by means of the iterative method and compare
the results with reference experimental data. Such a procedure is repeated for differ-
ent angles of attack aw € (—1.5°, 4.5°) in order to highlight the non-linear phenomena
associated with the transonic regime.

1. Introduction

The aeroservoelastic interaction between aerodynamic, elastic and control forces
tends to dominate the behavior of modern, highly flexible, aeronautical struc-
tures, as a consequence of the weight savings and efficiency improvements re-
sulting from e.g. multidisciplinary optimization procedures, extensive use of
composite materials. Therefore the availability of an integrated environment
for aeroservoelastic analysis is almost mandatory from the very beginning of
the design process. [11]

The coupling of dedicated state-of-the-art fluid and structure solvers for
aeroelastic analysisis a well established research topic. Together with the avail-
ability of more and more powerful computing resources, current trends pur-
sue the adoption of high fidelity mathematical models and numerical methods,
e.g. Computational Structural Dynamics (CSD) or Multibody System Dynam-
ics (MSD) for the structural sub-system and Computational Fluid Dynamics
(CFD) for the aerodynamic sub-system. [4, 3] This choice is somehow obliged
when dealing with non-linear aeroelastic phenomena, such as in the transonic
regime (typical cruise condition of modern aircraft) where sub/supersonic re-
gions are simultaneously present within the flow-field and we observe a complex
interaction e.g. between the shock waves and the structural displacements. [15]
A better understanding of these phenomena is important to design more efficient
and safer aircraft. In fact the accuracy of the classical, computationally efficient,
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Figure 1: Architecture
of proposed high-fidelity
aeroservoelastic analysis
toolbox.
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linearized numerical methods for aeroelastic analysis is significantly reduced as
the Mach number increases. Therefore the present trend in the aerospace in-
dustry, even in preliminar design, is that of replacing or better placing side by
side such low-fidelity methods with high-fidelity more expensive ones. [(]

The objective of the present work is to illustrate the numerical results of
a in-house implemented toolbox for solving intrinsically multidisciplinary non-
linear Fluid-Structure Interaction (FSI) problems with a partitioned approach,
that is coupling high-fidelity CSD and CFD tools by means of a robust, flexible
aeroelastic interface scheme. With reference to Figure 1, the architecture of
the toolbox can be summarized as follows: the aeroelastic interface provides
all the functionalities to link the key Finite Element (FE) structural solver
Nastran with the Finite Volume (FV) aerodynamic solver AeroFoam. Moreover
for dealing with moving boundary problems in Arbitrary Lagrangian Eulerian
(ALE) formulation a dedicated mesh deformation tool is available. [7]

As benchmark test case we tackle the problem of computing the reference
equilibrium or “trim” configuration of the HIReNASD wing. Such an example
is of particular interest because it was selected as a benchmark test problem
for the ATAA Aeroelastic Prediction Workshop series. More in particular we
investigate the sensitivity to different modelling options for representing the
aerodynamic sub-system, such as Non-Linear Full Potential, Euler and Reynolds
Averaged Navier Stokes (RANS) equations (respectively within a density-based
and pressure-based framework).

2. HiReNASD wing

Currently, a benchmarking standard for use in validating the accuracy of CA
codes does not exist. Many aeroelastic data sets have been obtained in wind-
tunnel and flight testing. However none have been globally recognized as an
ideal data set. There are numerous reasons for this. One is that often such
aeroelastic data sets focus on the aeroelastic phenomena alone (flutter, for ex-
ample) and do not contain associated information, such as unsteady pressures
or structural deflections. Other available data sets focus solely on the unsteady
pressures. Other deficiencies include omission of relevant data, such as flutter
frequency or the acquisition of qualitative deflection data. In addition to these
content deficiencies, all of the available data sets present both experimental and
computational technical challenges.
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Experimental issues include facility influences, non-linearities beyond those
being modelled, and data post-processing. From a computational perspective,
technical challenges include modelling geometric complexities, coupling between
the flow and the structure, turbulence modelling, grid issues, and boundary con-
ditions. Moreover the availability of suitable computational resources in order to
yield feasible turn-around times for CA simulations should also be considered as
a potential bottleneck. An Aeroelasticity Benchmark Assessment task was initi-
ated at NASA in 2009 with the objectives of a) examining the existing potential
experimental data sets and selecting the one(s) viewed as the most suitable for
computational benchmarking and b) performing an initial computational evalu-
ation of these configurations using the NASA in-house computational aeroelastic
software as part of the code validation process.

A successful effort results in the identification of a focus problem for gov-
ernment, industry, and academia to use in demonstrating and comparing codes,
methodologies, and experimental data to advance the state-of-the-art. Ideally
such a focus problem would be the first of many put forth for this purpose, with
a future goal being the design, fabrication, and testing of an aeroelastic model
recognized by the community as a benchmark test case. Excellent examples of
such a progression and escalation of code validation in the international com-
munity are the series of ATAA Drag Prediction and High Lift Prediction work-
shops. These workshops have three main objectives: a) to assess the ease and
practicality of using state-of-the-art computational methods for aerodynamic
load prediction, b) to impartially evaluate the effectiveness of the high-fidelity
solvers and c) to identify areas for improvement. The structure of such initia-
tives provides a template for other computational communities seeking similar
improvements in accuracy within their own fields. The examination and selec-
tion of aeroelastic data sets within the Aeroelasticity Benchmark Assessment
task together with the computational evaluation of these configurations led to
initiation of an ATAA Aeroelastic Prediction Workshop series.

The High Reynolds Number Aero-Structural Dynamics (HiReNASD) project
was led by Aachen University with funding from the German Research Founda-
tion (DFG). It was initiated in 2004 to produce a high-quality transonic aeroe-
lastic data set at realistic flight Reynolds numbers for a large transport-type
wing/body configuration and tested in the European Transonic Windtunnel
(ETW) in 2006. This experiment was selected among the benchmark test prob-
lems for the ATAA Aeroelastic Prediction Workshop series kick-off. [5]

The HiReNASD experimental set-up shown in Figure 2 is a ceiling-mounted,
semi-span, clean-wing configuration with a leading-edge sweep angle App =
34°, a span b = 1.2857 m and a mean aerodynamic chord ¢ = 0.3445 m. It
consists of three sections. The two outboard sections use an 11-percent thick
BAC3-11/RES/30/21 supercritical airfoil. The inboard section uses the same
airfoil thickened linearly from 11-percent at its outer edge to 15-percent at
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Figure 2: Experimental
set-up for the HiIReNASD

wing.
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the root. To minimize boundary layer interference during testing, a generic
fuselage was included, mechanically isolated from the wing by a labyrinth seal.
Extensive measurements were acquired during testing of the HIReNASD model.
Instrumentation included a six-component balance, Surface Pattern Tracking
(SPT) optical markers for surface deformation measurements on the pressure
side of the wing, 11 accelerometers, 28 strain-gages, and 259 unsteady pressure
transducers. The pressure transducers were distributed along the upper and
lower surfaces at 7 span sections.

The HiReNASD test matrix consisted of both static and dynamic measure-
ments at different low conditions, with Reynolds number Re varying from 7-10°
up to 73 - 10° and dynamic pressures up to g, = 130 - 10 Pa at the follow-
ing transonic Mach numbers M, € (0.70, 0.75, 0.80, 0.83, 0.85, 0.88). The test
medium was nitrogen. For static testing, pressure distribution and lift and
drag coefficients were acquired at different angles of attack. Dynamic testing
involved forced vibrations of the wing at the natural frequencies of the first
bending, second bending, and first torsion modes and was performed over the
range of Reynolds numbers at different angles of attack.

The objective of the present work is that of comparing (in terms of aerody-
namic loads and structural displacements) the numerical results of the multi-
fidelity toolbox for aeroservoelastic analysis AeroFoam with the experimental
data of run No. 132 of the HiReNASD project, corresponding to the static
aeroelastic response of the wing/body at Reynolds number Re = 7 - 10°, Mach
number M, = 0.8 and dynamic pressure g,, = 40055 Pa and choosing the
following angles of attack o € (—1.5°, 0.0°, 1.5°, 3.0°, 4.5°).

3. Structural model

In literature the choice of the appropriate structural model is quite controver-
sial. In fact two different Finite Element (FE) are available from the HiRe-
NASD project website. Both are based on a very detailed discretization of
the wing/body structure in uniform solid elements, tetrahedral or hexahedral
respectively, for more than 200000 grid points. The two models yield slightly
different modal frequencies with differences below 5% and the first 8 dynamically
relevant modal shapes are almost identical.

However the current trend within the framework of ATAA Aeroelastic Pre-
diction Workshop series is that of choosing a Finite Element (FE) stick beam
structural model with limited d.o.f. and successively tuning e.g. the material
properties in order to match as closely as possible the natural frequencies and
modal shapes measured experimentally by means of Ground Vibration Test
(GVT). With reference to Table 1 and Figure 1 we choose a FE stick beam
structural model with only 62 nodes, each connected with 4 additional nodes (at
leading edge, trailing edge, maximum and minimum thickness locations within
each © — z section of the wing/body) by means of rigid elements for a total
of Ny = 310 grid points. The addition of such extra nodes is beneficial for
assembling the aeroelastic interface operator as it makes possible to use only
translation d.o.f. but at the same time accurately reconstruct rotations.

Table 1: Modal bases Mode Frequency f [Hz] Description
used for the non-linear 1 25.95 15 bending
aeroelastic trim analysis 92 892.49 ond bending
of HiReNASD wing. 3 117.58 1% in-plane bending
4 168.42 15t bending-torsion
5 258.38 3'4 bending
6 273.20 4" bending
7 275.29 274 in-plane bending
8 275.29 27 hending-torsion
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It is worthwhile to remark that both the wing and the fuselage are modelled as
deformable structures: such a choice is beneficial in terms of robustness of the
mesh deformation algorithm. [5]
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4. Aerodynamic model

To tackle the aerodynamic problem a wide hierarchy of mathematical models
and numerical methods of increasing fidelity but also computational cost is
available. Since the very large number of simulations to be accounted for to
complete even a simple aeroelastic assessment, a classical choice is to pick the
computationally efficient, linearized numerical methods to evaluate the unsteady
aerodynamic loads due to the structural displacements. However when dealing
with non-linear transonic aerodynamics it is advisable to resort to the more
sophisticated tools offered by CFD.

More in particular the objective is that of performing a comparison between
the numerical results of Non-Linear Full Potential (NLFP), Euler and Reynolds
Averaged Navier Stokes (RANS) simulations. To this end we resort to the
following analysis tools:

- A two-field, node-centered, coupled solver for the NLFP equations, featur-
ing linear /quadratic shape functions for space discretization operators and
first /second order accurate time integration schemes. Unsteady entropy
correction and embedded wake generation are also available. Moreover
it implements a strategy for handling wake conditions without creating a
dedicated boundary patch. For more details refer to [10].
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Figure 3: Stick beam
FE structural model of
the HiReNASD wing
deformed accordingly to
first and second attached
modal shapes.
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- A density-based, conservative-variables, cell-centered, coupled solver for
the Euler/RANS equations, featuring second order accurate Approximate
Riemann Solver (ARS) by Roe for inviscid fluxes space discretization and
fully implicit first/second order accurate time integration schemes. For
steady-state simulations Full-Multi-Grid (FMG) and Residual Smoothing

(RS) convergence acceleration techniques are implemented. For more de-
tails refer to [14, 13, 12].

- A pressure-based, primitive variables, cell-centered, segregated solver for
the RANS equations, implementing a pressure correction approach and the
so-called SIMPLE-C strategy for pressure-velocity coupling, suitable for
calculating steady-state flows at all speeds. High resolution is implemented

by means of a deferred approach for improved numerical stability. For
more details refer to [1, 8].

To quantify the computational effort, for all inviscid (NLFP and Euler)
runs we use an aerodynamic mesh with N, = 136130 boundary faces and
Ny, » = 963719 tetrahedral cells while for all viscous (RANS) runs we use an
aerodynamic mesh with N, , = 176474 boundary faces and N, , = 1909304
hybrid tetrahedral and hexahedral (within the boundary layer and wake regions)
cells as shown in Figure 4. We adopt the Spalart-Allmaras turbulence model
popular within the aeronautical industry with the density-based RANS solver.

Decomposing the problem on 16 Intel Xeon X5650 processors, a non-linear
aeroelastic trim simulation converges with residuals below € < 1073 in 2 and 8
hours for Euler and RANS simulations respectively.

5. Mesh deformation

Once the structural displacements and velocities are suitably interpolated by
means of the aeroelastic interface operator as illustrated in [12], it is necessary
to tackle the problem of adjusting the internal aerodynamic mesh to the newly
computed boundary nodes in such a way that grid quality is not degraded sig-
nificantly, e.g. with non-negative cell volumes, moderate levels of stretching
and non-orthogonality. This task of moving what can amount up to millions of
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nodes is to be performed thousand of times during an aeroservoelastic computa-
tion. Therefore the availability of efficient, massively parallel and robust mesh
deformation tools and topology modifiers is crucial. [9, 4, 2, 17]

In order to achieve the best compromise between the opposing require-
ments of accuracy, robustness and (parallel) efficiency we propose a hierarchical
mesh deformation strategy, based on a modified version of the Inverse Distance
Weighting (IDW) multivariate interpolation kernel

Rather than using algorithms that require solving a system of equations
(expensive in terms of computational cost and memory occupation for realistic
simulations), we choose an explicit mesh deformation technique based on the
Inverse Distance Weighting (IDW) multivariate interpolation scheme. For each
k-th internal d.o.f. the displacement Az relative to the reference undeformed
configuration xjy can be evaluated by performing the following matrix-array
multiplication:

Na, v
- |DW(k i
Az =) ———"Ps, YV k=1, Ny, (1)
j:ZO |IDW(k:,)| !
with the interpolation kernel IDW; ;) = [l — 2;||7P. The parameter p can

be used as a knob to adjust the size of the computational stencil and therefore
the smoothness of the results. As it is, this strategy can be either time-efficient
or memory-efficient, depending on whether matrix IDW is computed only once
in the pre-processing stage and then stored with a large memory overhead. In
order to achieve the best trade-off we propose a simple and effective modification
to the original interpolation algorithm called Sparse Inverse Distance Weighting
(SIDW) in which matrix IDW is stored in Compressed Sparse Column (CSC)

format as follows:
) IDW,
SlDW(kJ) = IDW(kJ) if W > (2)
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Figure 5: Aileron and
slat rotation with 6 = 20°
applied to the structured
hexahedral anisotropic
mesh of a multi-element
airfoil (left). The cell-
wise normalized Jacobian
mesh quality measure
shows only a moderate
deterioration (right).



Figure 6: Relative
changes in  cell-wise
non-orthogonality  (top)
and skewness (bottom)
mesh quality measures
as a function of slat/flap
rotation angle with p = 2

and tuning knob &.
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where £ is a threshold parameter to be set by the user. This is somehow sim-
ilar to modified Sheperd’s method but it is simpler to implement since it does
not require any fast spatial search structure. [16] The computational cost and
memory requirements can be estimated as O(c Ny, ,), where ¢ < N, is the
average number of active columns. This method is very powerful also because
it dos not require any knowledge of the connectivity of the mesh and it is suited
for a straightforward parallelization as it is not susceptible to implementation
issues such as in the case of shared nodes among many processors.

The two-dimensional benchmark test problem shown in Figure 5-6 is con-
cerned with the deformation of a structured hexahedral anisotropic mesh of a
multi-element airfoil subject to a rigid rotation of both slat and flap control
surfaces up to § > 30°. Such an example is of particular interest because for
meshes with very high levels of stretching classical mesh deformation algorithms,
e.g. laplacian smoothing, suffer a sudden and significant drop in quality and
robustness. This drawback is only albeit mitigated by choosing ad hoc diffu-
sivity functions, e.g. quadratic. On the contrary the proposed algorithm is not
affected by such issues. With reference to Figure 5 it is possible to appreciate
the small changes in the contours of the cell-wise normalized Jacobian mesh
quality measure, especially near-by the slat and flap control surfaces and with
peak value at the slat leading edge.
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6. Trim analysis

Two types of static aeroelastic simulation can be carried out, i.e. restrained and
free-flying. For the case of a wind tunnel model attached to the wind tunnel
wall, the case is called a restrained case. The attachment provides the balancing
forces and moments according to the aerodynamic and inertial loads working
on the model. The modelling of such a problem in static aeroelastic simulations
is straightforward.

At each k-th outer iteration the Generalized Aerodynamic Forces (GAF)
are computed and the classical iterative method is solved for the corresponding
generalized displacements. These steps are repeated until convergence to the
non-linear trim of an elastic aircraft.
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Figure 7: Convergence
history of the general-
ized displacements (left)
and the generalized aero-
dynamic forces (right) for
NLFP for oo = 1.5°.

Figure 8: Convergence
history of the general-
ized displacements (left)
and the generalized aero-
dynamic forces (right) for
Euler for o = 1.5°.

Figure 9: Convergence
history of the general-
ized displacements (left)
and the generalized aero-
dynamic forces (right) for
RANS for a = 1.5°.
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Figure 10: Pressure co-
efficient Cp contours for
a = 1.5° on the deformed
configuration (5x magni-
fied) predicted by NLFP
model.

Figure 11: Pressure co-
efficient C, contours for
«a = 1.5° on the deformed
configuration (5x magni-
fied) predicted by Euler
model.

Figure 12: Pressure co-
efficient C, contours for
a = 1.5° on the deformed
configuration (5Xx magni-
fied) predicted by RANS
model.
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Figure 13: Structural
displacements |s| contours
for a = 1.5° on the de-
formed configuration (5x
magnified) predicted by
NLFP model.

Figure 14: Structural
displacements |s| contours
for a = 1.5° on the de-
formed configuration (5x
magnified) predicted by
Euler model.

Figure 15: Structural
displacements |s| contours
for « = 1.5° on the de-
formed configuration (5x
magnified) predicted by
RANS model.
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In Figures 7-9 the convergence history of the elastic d.o.f. and of the gener-
alized aerodynamic forces is shown for NLFP, Euler and RANS simulations for
a = 1.5°. After a first block of 200 inner iterations to start-up the non-linear
aeroelastic trim procedure the elastic d.o.f are updated with a relaxation factor
w = 0.5 until convergence within a suitable tolerance ¢ = 10~ in less than 3000
inner iterations. It is interesting to remark that the Euler simulation converges
monotonically to larger generalized displacements than the RANS simulation.
In this latter case it is also necessary to increase the number of inner iterations
to drive the residuals below the same threshold.

In Figures 10-15 the contours of the pressure coefficient C), and the structural
displacements |s| are shown onto the final configuration of the wing/body with
elastic deformations suitably magnified for a = 1.5°. It is possible to qualita-
tively appreciate the stronger expansion of the flow on the upper surface of the
wing and the corresponding sharper shock wave for the Euler simulation with
respect to RANS, e.g. because of the absence of diffusive phenomena. Viceversa
the numerical results of NLFP simulation are affected by a significantly higher
level of numerical dissipation, thus leading to a more smeared shock wave and
lower wing loading.
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As a result the aerodynamic loads and therefore the structural displacements
are larger for the Euler simulation with respect to RANS. More quantitative
results can be found in Figure 16-19 with a comparison of the distribution of
the pressure coeflicient C), along reference wing sections between NLFP, Euler
and RANS simulations and experimental data for a = 1.5°. It is interesting
to remark that the numerical results of RANS simulation fairly agree with the
reference experimental and numerical data. Viceversa the numerical results
of Euler simulation show a 5% shift downstream of the shock wave position
and therefore a significant increment of the aerodynamic loads. The numerical
results of NLFP should converge to those of Euler simulation. However they
fall quite close to the experimental data because of the numerical dissipation of
the NLFP solver here selected. [10] Finally in Figure ?? the maximum wing tip
displacements are plotted as a function of the angle of attack a together with
the relative errors with respect to the experimental data. It is worthwhile to
remark that the relative errors associated with RANS is significantly lower than
those associated with NLFP or Euler for o« < 3.0°. Viceversa for o = 4.5° the
accuracy of NLFP, Euler and RANS predictions are comparable.
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Figure 18: Comparison
of the distribution of the
pressure coefficient C}, be-
tween experimental data
and NLFP, Euler and
RANS on Section 5.

Figure 19: Comparison
of the distribution of the
pressure coefficient C, be-
tween experimental data
and NLFP, Euler and
RANS on Section 7.



Figure 20: Maximum
wing tip displacement as
a function of angle of at-
tack a or NLFP, Euler
and RANS simulations.

Figure 21: Relative
error with respect to
experiments (right) for

NLFP, Euler and RANS

simulations.
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7. Conclusions

In the present work we assessed the credibility of a multi-fidelity aeroservoelastic
analysis toolbox, built coupling high-fidelity CSD and CFD tools, by tackling
the static aeroelastic benchmark test problem of computing the reference equi-
librium or trimmed configuration of the HiIReNASD wing and comparing the
results with reference experimental and numerical data available in literature.
Such an example is of particular interest because it was selected as a benchmark
test problem for the ATAA Aeroelastic Prediction Workshop.

More in particular we investigated the sensitivity to different modeling op-
tions for representing the aerodynamic sub-system. In such a way it is easier
to strike the best balance between accuracy of the results and computational
efficiency, choosing within the hierarchy of tools available the Non-Linear Full
Potential (NLFP) equations or the Euler equations or the Reynolds Averaged
Navier-Stokes (RANS) equations. In general there is a good agreement with ref-
erence experimental data, especially at lower angle of attacks, while at higher
angles of attack RANS simulations tend to predict a non-linear behavior.
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