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Abstract. Aeroelasticity is the branch which comprises studies involving interactions between structural and aerodynamic
forces, mainly focusing on aerial vehicles. The fluid-structure interactions (FSI) solution can be achieved by coupling the
CFD and the Finite Element Method (FEM) for structural analysis. The present work comprises aeroelastic simulations
considering a two dimensional airfoil NACA 0012 with two degrees of freedom. Different subsonic flow conditions are
considered to investigate the airfoil with pitch and plunge motions, and to map the airfoil until achieving the unstable
motion. The structural mesh is developed by using the Finite Element Method through the software Nastran. The solution
uses the open-source software SU2 supported by the SU2 Foundation. Different aspects involving the obtained dynamics
are investigated, including the stagnation point over time, the lift force and the aerodynamic pitch moment. The magnitude
of the lift force is obtained by considering the mean pressure between two adjacent grid points and the distance between
them, the direction of the lift force vector is obtained considering the decomposition of the force normal to the airfoil
surface in the vertical direction. The pressure and velocity fields are also investigated. The results demonstrate that the
airfoil is stable until Mach 0.52, and that the used procedure is efficient to provide the solution of this type of FSI problem.
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1. INTRODUCTION

Aeroelasticity is a science focused on studying the mutual interaction between aerodynamic forces and elastic forces,
and the influence of their interaction on the airplane design. It is a topic on the field of FSI (Fluid Structure Interaction)
problems Modern airplane structures are very flexible, and this flexibility contributes to be verified various types of
aeroelastic problems (Bisplinghoff et al., 1996).

This interaction of a flexible structure with a flowing fluid in which it is immersed gives rise to a variety of physical
phenomena such as flutter, responses to buffeting loads, limit cycle oscillations, and others. These phenomena can be
investigated by using dynamic model for both structure and fluid (Dowell and Hall, 2001). Once it must be light, an
airplane deforms due to the load, these deformations change the distribution of the aerodynamic forces, which in turn
changes the deformations (Garrick and Reed, 1981).

Fluid structure interaction techniques have been widely used in many industrial problems for aerospace applications.
It is performed aeroelastic computations by means of a coupled approach with these techniques where the aerodynamic
forces are computed from the solution of the Navier-Stokes equations (Guerri et al., 2008). The solution of Navier-Stokes
equations is developed by Computational Fluid Dynamics (CFD), that is a branch of fluid mechanics that uses numerical
methods and computational algorithms to solve complex problems involving fluid flow (Dash, 2016). The use of CFD to
investigate the aerodynamic behavior of an airfoil is common in literature (Sahin and Acir, 2015; Gunel et al., 2016; Zaide
and Raveh, 2006), and it is also used in aeroelastic problems as a tool of flutter prediction (Li ef al., 2021). Moreover, the
structure dynamics of a FSI problem are commonly modeled by the Finite Element Method like in Koohi et al. (2014);
Teixeira and Awruch (2005); Nikbay et al. (2009); Grisval and Liauzun (1999); Das and Roy (2018); Peruru and Abbisetti
(2017), once in the analysis of complex structures, the Finite Element model can be reduced in size by first finding the
natural or eigenmodes of the structure and then recasting the finite element structural model in terms of these modes. This
reduces not only the size of the model but also the computational cost by orders of magnitude (Dowell and Hall, 2001).

In particular, solutions to FSI problems in aeronautics can be obtained using the free software SU2, created by the SU2
Foundation, and developed and maintained by Stanford University, USA (SU2 Foundation, 2022). The software has been
used to solve several problems, including in the transonic regime, as shown by Economon ef al. (2016) and Ryabinin and
Kuzmin (2020). The FSI coupling approach employed in SU2 is described by Sanchez et al. (2016). The authors evaluate
the software’s ability to perform aeroelastic analysis using computational tools, and also employing communication with
external computational code through a wrapper resource written in Python.
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Fonzi et al. (2021) developed an update of the Python—based fluid structure interaction framework of SU2 code and
extended it to allow efficient and fully open source simulations of aeroelastic phenomena. It was also introduced a native
code to solve the structural equations coming from a Nastran—like Finite Element Model. In this sense, the present work
comprises aeroelastic simulations applying the SU2 fluid structure interaction methodology.

The airfoil NACA 0012 with two degrees of freedom is considered. Different subsonic flow conditions are evaluated
to investigate the airfoil with pitch and plunge motions in the subsonic flow in both time and frequency domains. An
analysis of the aerodynamic forces is done for Mach numbers in stable and unstable conditions through a methodology
developed to obtain the aerodynamic loads from the pressure data. The results show the aerodynamic force distribution
on the airfoil surface, the lift force and the displacement of stagnation point over time.

2. METHODOLOGY

The aeroelastic system investigated in this article is the NACA 0012 airfoil with two degrees of freedom (DOF). They
correspond to the pitch angle («) and the plunge (h) DOFs, and the system is illustrated in Fig. 1. The numerical solution
is obtained by employing the open source software SU2, which is supported by the SU2 Foundation. It allows one to
couple the computational code developed to solve the fluid dynamics with an algorithm written in Python to solve the
structural dynamics.

The aerodynamic model is based on the Unsteady Reynolds Averaged Navier-Stokes (URANS) equations, with
Menter’s k-w Shear Stress Transport (SST) turbulence model (Menter, 1993, 1994). The fluid domain is discretized
with 133000 nodes, and refined close to the airfoil surface to represent the turbulent boundary layer. The employed mesh
was previously validated by Fonzi et al. (2021) for this type of analysis. The aerodynamic forces are obtained by the
CFD solution and it is interpolated from the fluid mesh to the structural mesh. The interpolation process is performed by
the RBF (Radial Basis Functions) method. The structural model is obtained by considering a single point placed at the
rotation axis (i.e., the elastic center). It is the master node, and the airfoil inertia and mass properties are both considered
concentrated at the center of mass of the profile. The Finite Element Method is employed to obtain the structural mesh,
and it is obtained from the software Nastran, that computes the system’s modes and frequencies. The time integration of
the structural equations of motion is done by the a-generalized method.

The aeroelastic equation of motion is given by M + Ku = F,, where M is the mass matrix, u is the displacement
vector, K is the stiffness matrix and F, is the vector of aerodynamic forces. This equation can be rewritten in the
generalized coordinate system by using the change of coordinate matrix given by the system modes, i.e, & = [®, Py,
where ®,, and ® are the undamped structural modes respectively related to plunge and pitch DOFs. So the displacements
vector is rewritten such that u = ®ug and the equation of motion becomes M ®Piigs+KPugs = F,, and pre-multiplying it
by ®7, it is obtained 8T MPiig + PTKPugy = ®TF,. Therefore, the equation of motion in the generalized coordinate
system is given by the following equation

Moy + Koue = Foo (D

h+

(a) Airfoil representative scheme (b) Fluid mesh

Figure 1. Airfoil with two degrees of freedom and fluid mesh.

The procedure to obtain the aerodynamic forces on the airfoil uses the aerodynamic pressure computed by SU2 and
the airfoil contour geometry. First, the distances between two adjacent grid points are obtained, on the airfoil surface,
such that

si =V (@1 — )% + (Yir1 — ¥i)? (2)

where s; is the distance between the points (z;,y;) and (x;41, y;11) that matches the length of the i-th panel on the airfoil
contour. The direction vector of the line formed by these two points is given by

si = {(xiv1 —25) Wir1 —wi)} 3
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Note that it is assumed that the airfoil surface discretization is appropriate such that the segment between the two points
is nearly a straight line. Then, the mean point of the panel is given by

pmed _ ((1311+1 +ai) (Y1 + y1)>
med

5 ; 5 “4)

It is possible to obtain the aerodynamic force, per span unit, by the product between the distance (s;) and the mean
aerodynamic pressure on the panel, in the mean point (P/"¢%), such that

_ p(l‘wyi) + p(11+17yi+1)
pi =
2
The direction of the acrodynamic force is normal to the panel, hence, it can be obtained by the vector product between
the direction vector s; and the unit vector k = {0 0 1}, considering that the points are listed anticlockwise, such that
n; =s; X k. Then, F,, = p;s;n, and, hence the magnitude of the aerodynamic force on the ¢-th panel is given by the
norm of the vector F,, = {F7, FY. }7, the lift force is the y compound of the aerodynamic force, such that the total lift
force is given by

N-—-1
L=S"Fr ©)
=1

&)

where N is the total number of points around the airfoil and F}Y. is the y compound of the aerodynamic force on the i-th
panel. The Figure 2 shows a schematic illustration for two arbitrary the points and the corresponding vectors arrangement.

(i1, Yit1)

Figure 2. Representative scheme of the vectors and point arrangement.

3. RESULTS AND DISCUSSION

The numerical simulations were developed considering a Reynolds number of 4 x 106, the fluid domain consists of a
circle with 100 chords of diameter that is discretized with 133000 nodes and refined close to the airfoil surface to represent
the boundary layer. The Mach number was varied to map the airfoil stability. The structural mesh has 123 nodes that are
connected to the master node by rigid bar elements, these elements do not include physical stiffness to the model, they just
attach the nodes displacement to the master node displacement. Two spring elements are connected to the master node to
represent the pitch and plunge stiffness. The physical and geometric parameters are shown in Tab. 1.

Table 1. Physical and geometric parameters of the structural model.

Parameter Value
Mass 81,35 kg
Inertia 3,81 kg.m?
Pitch stiffness 16711,17 N/m
Plunge stiffness 10295,99 N/m
Chord 1m
Pitch natural frequency 8,38 Hz
Plunge natural frequency 2,25 Hz

This section presents numerical results computed for different Mach numbers. The time histories for the pitch and
plunge motions are shown in Fig. 3. The Fourier transform was used to compute the responses in the time domain and
are shown in Fig. 4. The time histories show that the amplitudes rise over time for Mach 0.52, what does not happen for
the other two Machs analyzed. Figure 4 shows that for pitch motion there is a change in frequency from Mach 0.38 to
the others. The plunge motion frequencies remain about the same. Also, the amplitudes for Mach 0.52 are substantially
higher. Because of the change in the pitch frequency, both modes present similar frequencies, and then the system becomes
unstable, that is why the amplitudes rise with time for Mach number 0.52.



B. Carnielo, A. Pantaleédo e D. Bueno
Strategies to Evaluate the Results of a CFD-Based Solution to Investigate the Aeroelastic Dynamics of a Typical Section Airfoil

10 1 0271
— Ma = 0.38 — Ma = 0.38
—-~Ma = 0.50 —-~Ma = 0.50
Ma = 0.52 Ma = 0.52

S5 0.1

.‘ /

v

AP A A

Plunge [m]

'\

-5 f -0.1 ¢
-10 | | | | | , 0.2 | | | | | ,
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3
Time [s] Time [s]
(a) Pitch (b) Plunge

Figure 3. Pitch and plunge motions over time.
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Figure 4. Pitch and plunge frequencies.

The Mach numbers 0.38 (stable) and 0.52 (unstable) are analyzed in terms of aerodynamic forces by the methodology
presented in Sec.2. Figure 5 shows a comparison between the lift force and the plunge motion normalized by its respective
maximum value for both Mach numbers. Figure 6 shows the results for pitch motion and it shows that for both Mach
numbers the lift force has similarities with the pitch motion. That is expected once, for a symmetrical airfoil, only there is
lift force if there is an angle of attack (pitch motion). Note that the increasing amplitude over time indicates an aeroelastic
instability and further investigations can be done to verify the Mach number corresponding to the flutter phenomenon
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Figure 5. Lift force and plunge motion normalized by its respective maximum values.
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Figure 6. Lift force and pitch motion normalized by its respective maximum values.

The distribution of aerodynamic force on the airfoil surface allows one to determine the position of the stagnation
point. It is the point in which the flow velocity is equal to zero, and typically it is near the leading edge of the airfoil.
Figures 7 and 8 show the position of the stagnation point in  and y axis over time for Mach numbers 0.38 e 0.52,
respectively. The position of the stagnation point in y axis has a behavior similar to the plunge motion for both cases.
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Figure 7. Stagnation point position over time for Mach 0.38.
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Figure 8. Stagnation point position over time for Mach 0.42.

Figures 9 and 10 show the distribution of aerodynamic force on the airfoil surface at different instants of time for Mach
numbers 0.38 and 0.52, respectively. The figures show that the variation of force is minimal for Mach 0.38, and for Mach
0.52 there is a change in aerodynamic forces, position of the airfoil and position of stagnation point.
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Figure 9. Aerodynamic force (blue) on the airfoil surface (black) and stagnation point (red) for Mach 0.38.
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Figure 10. Aerodynamic force (blue) on the airfoil surface (black) and stagnation point (red) for Mach 0.52.
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Figures 11 e 12 show the variation of lift force over time for Mach number 0.38 and 0.52, respectively. For the first
one, note that the variation is small at the instants of time after 1s, that is why the distributions of force in Fig. 9 are
similar, this happens because the pitch displacements are about zero after 1s. The lift variation frequencies are equal to
6.94H z for Mach 0.38, and 3.22H z for Mach 0.52. The change in lift force depends on the frequencies of pitch motion,
that can be seen in Fig. 4, where the pitch frequency for Mach 0.38 is 6.92 H z and for Mach 0.52 is 3.33H z, very similar
with the frequencies of the lift variation. Also, there is a considerable variation near the instant of 3.55 seconds for Mach
0.52, this instant of time is better analyzed with Figure 13.
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Figure 11. Lift variation over time for Mach 0.38.
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Figure 12. Lift variation over time for Mach 0.52.

Figure 13 shows a comparison between the Mach number field obtained using Paraview and the aerodynamic force
distribution on the airfoil surface for Mach 0.52 at the instant of 3.55s. The variation shown by Fig. 12 at this instant
of time is due to an aerodynamic shock, that can be noted in Fig. 13(a). The red region presents a sudden change from
supersonic flow (Ma > 1.0) to subsonic flow (Ma < 1.0). Moreover, it can be seen that the methodology used to obtain
the aerodynamic force is efficient, once the stagnation point computed appears at about the same location. And the high
velocity region (low pressure) is well captured, once the aerodynamic forces in this location are low.
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Figure 13. Comparison between Mach number field and aerodynamic force distribution for Mach 0.52 at 3.55s.

4. CONCLUSIONS

The present article introduced a strategy to evaluate the results of CFD-based solution to obtain the distribution of
aerodynamic forces on an airfoil surface. The magnitude of the lift force is obtained by considering the mean pressure be-
tween two adjacent grid points and the distance between them, the direction of the lift force vector is obtained considering
the decomposition of the force normal to the airfoil surface in the vertical direction. The pressure values are computed
through the CFD software SU2. The airfoil pitch and plunge motion are presented in time and frequencies domains and
two flow conditions are analyzed (stable and unstable).

The results show that the lift force is closely related with the pitch motion, and the stagnation point position with the
plunge motion. Moreover, it can be seen that the variation of aerodynamic forces on the airfoil surface is minimal for
the Mach number 0.38, but it is important for Mach number 0.52, mainly because there is the influence of aerodynamic
shock. The methodology used to obtain the aerodynamic force is efficient, once the results obtained are similar with those
obtained by using the post-processing software Paraview. Further investigations can be carried out to characterize the
flutter phenomenon, and they may contribute to better evaluate the increasing amplitudes of motion. In this sense, an
output-only identification method is a good topic for complementary studies in this field.
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