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3D AERODYNAMIC ANALYSIS OF AWING WITH 2-WAY FLUID-STRUCTURE INTERACTION

Abstract: the aircraft wings facing different weather conditions start to deform and oscillate with an
unpredictable velocity and amplitude. Most of the previous studies were conducted assuming the wing as a rigid
body. However, the wing analysis with Fluid-Structure Interaction (FSI)has significant effectson the results. This
paper compares the strongly coupled 2-way FSI analysis of the flexible wing with a geometry of NACA 23012
and a rigid body 2D wing analysis. Both studies were carried out at a Mach number of 0.075 and Reynolds number
of 0.6x108for different angles of attack. Moreover, the analysis of the wing deformation at the start of the flight is
also presented. Finally, it was shown that FSI analysis gives closer results to the experimental measurements,
proving the worthiness of the extra efforts of the two-way FSI analysis.

Key words: NACA 23012 airfoil, Fluid-Structure Interaction, ANSYS, strongly coupling study, deformation
of the wing.

Introduction. Aircraft is one of the most useful and outstanding transport vehicles. The study of the aircraft
wings is very important for aerodynamic efficiency, safe and comfortable flight. The wing geometry plays an
important role in its aerodynamic efficiency by the reduction of parasite drag, induced drag and increase of lift.
The first studies about the wing topology were carried out by Hemke in 1928 [1] and Mangler in 1938 [2]. Every
wing depending on its design has its own maximum angles of attack beyond which might lead to sudden drop of
lift force, a condition is called stall [3]. Knowing the maximum angle of attack is very important, otherwise, it
might lead to catastrophic events. Recently, the wing investigations can be performed on computers. Several
studies were done without any deformations on the effects of geometries of wings [4, 5]. However, the deformation
of the wings has a significant effect on the results of the simulation. Deformations are highly dependent on the
aircraft speed and angles of attack [6]. According to [6], the difference in the lift-to-drag coefficient of a rigid body
and deformable shape is about 6%. This is the reason why recently researchers are focused on analysis in 3D FSI.

Materials. There are several computer software to conduct Fluid-Structure Interaction simulations [7-9]. The
computations could be performed on a combination of the TAU-Code and the FEM Carat++ solvers [10], or
ANSYS (CFX + Mechanical) [11], as well as OpenFOAM [12]. The CFD solver has to be coupled with CSD
solver, then to exchange data between them, either through loosely coupled one-way or strongly two-way FSI
simulations. Moreover, both solvers can be run in parallel for fast turnaround time. The aerodynamic forces deform
the wing in the CSD solver and the deformed geometry data are transferred to the CFD solver where the influence
on flow dynamics is evaluated through deformed boundaries and meshes [7].

ANSYS is one of the most popular software and there are several studies conducted using this package. Habib
[3] studied the wing with the design of Eppler 395 using FSI simulation with ANSYS. The authors studied how
the lift force varies as the wing shape changes, manufactured the aircraft with the design of Eppler 395 and tested
it successfully [3]. Another work performed on ANSYS workbench was the simulation of AGARD 445.6 wing
for the Mach number of 0.9. The paper showed geometry variation caused by air pressure, leading to the frequency
change [9]. In another study [3], the analysis of wing deformations was performed with strongly coupled fluid-
structure interaction simulation with ANSY'S for different Mach numbers to search the most appropriate velocity

75


mailto:aigerim.mashekova@nu.edu.kz

for the aircraft. The study concluded that for the given geometry Mach 0.85 is the most desirable velocity because
the wing generates the best aerodynamic performance with small deformations [8]. Significant decrease in lift and
negative effects on the efficiency, mean thrust and propulsion systems could be seen from the wing bending and
twisting [13] and wing camber deformations [14]. Thus, the FSI studies for flexible wings give much better results
than studies of rigid ones and those investigations could be conducted on ANSYS successfully.

This paper will conduct comprehensive study of two-way 3D FSI of NACA 23012 [15] (figure 1), as this type
is widely used for wing profile. Paper will demonstrate the effect of different angles of attack on the lift
coefficients, compare results of rigid body simulation and FSI analysis using two-way transient fluid structure
interaction by coupling the mechanical and flow systems. Moreover, shape deformation of the wing versus time
will be presented and discussed. In order to make a fair comparison, the results of the rigid wing study and flexible
one will be compared with the results of experiment, conducted by Pouryoussefi et. al. [16]. For this study,
researchers have used the Mach and Reynolds numbers of 0.075 and 0.6x10°, respectively. In addition, they have
measured lift and drag coefficients under different angles of attack (figure 2) and weather conditions. The
wingspan was 0.75 m and camber length was 0.354 m.

Figure 1 — Design of NACA 23012 Figure 2 — Lift coefficients versus different
angles of attack

1  Methodology of the study

Governing equations and numerical methods. For the study of turbulentaerodynamic flow, the Reynolds —
Averaged Navier-Stokes (RANS) equations, and turbulence model k—epsilon, k-omega and SST models were
used. The RANS continuity, momentum and energy equations are ((1) and (2)):

p 0, o, and op o b ) L (D)
ot +8xi ()= ?Jraxj (/’Uiuj)**gi+gj(fij +7 )+ S5 1=123
(+62)
d(per) + d(pesu;) _ Ox; _ 0(u;p) + a(ulrxx"'uzrxy"'usfxz) + a(ul'fyx"'uz‘fyy"'u31'yz) + 6(ul'fzx"‘uzsz"'us'fzz)
t X - Xi Xi X y z
_ _ _ _ )
For ideal gas case the relation between the density, pressure and temperature is:
_pand o Ry 3
p= R, T " Air _Molecular _Mass
The Reynolds number, lift and drag coefficients could be calculated by the following equations:
_ p_Ul __ 2XFy __ 2XFg
Re = u Cl T rxU2?xA d ™ rxu2xa (4)
The equation for the force distribution acting on the dynamic mesh is:
f(x) = L1 F(X)8n(x — X;)As (®)
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The velocity interpolation equation is:

(X)) = L U(x) 8y (x — Xy )h? (6)

The flow governing equations were solved numerically by the finite volume discretization method and PISO
scheme for unsteady flows based on asemi - implicit time integration scheme. Deformation of a three-dimensional
flexible solid wing structure is described by the dynamic structural equations of continuum mechanics, which are
solved by ANSYSM echanical LS-DYNA explicit structural dynamic finite element method (FEM).

Model setup. For the solid and fluid bodies meshes were created separately in Analysis Systems Coupling
Settings “Transient Structural” and “Fluid Flow (FLUENT)”, respectively. The “Transient Structural” received
the force data from the fluid body and “Fluid Flow (Fluent)” got the displacement data from the solid body. CFD
and CSD solvers were coupled by the dynamic mesh method with mesh smoothing, using “System Coupling”.
The connection between them is through “Setup” cells, which controls the solution data transfer process between
these systems. The aluminum wing was fixed at its root and the wing tipwas free to deform. The transient analysis
settings were calculated for 1 sec with 20 steps. From the validation of 2D flow simulation, the SST turbulence
model was explored. The NACA 23012 wing type was used with a chord length of 0.354 m. During the study
Reynolds number was 0.6x10°, the free stream velocity was 0.075 Mach, the air temperature was 20 °C and the
angles of attack ranged from -8° to 20°.

2 Results and discussion

Geometry. To create the geometry of the wing, points were created on the website airfoiltools.com and
imported to ANSYS. Then, the surface was createdby joining the points with smooth lines. To reduce
computational costs, it was decided toperform simulations with rigid wing in 2D, anddeformable wing in 3D. On
FSI simulation, as the wingdeformed in x, y and z directionsand would experience flap, edgewise and torsional
displacements, as its root was fixed while its tip was a free end.

Mesh verification study. Meshing is a very important part of the study. To get better results, optimal mesh
needs to be generated and verified so that the computational costs would not be too high while sufficient accuracy
was ensured. Mesh verification for 2D study was started from the meshes that had the 300 divisionson the wing
surface. Stall appeared at 14° with such a mesh, which is insufficient comparing with experimental results. As a
result, this mesh was not optimal and it had to be refined or changed. Figure 3 presents the refined meshes. Those
meshes include the inflation layers near the wing surfaces. Table 1 demonstrates the mesh verification results,
from which we can conclude that the relative error between meshes 3 and 4 is not significant and one of them
could be used as the optimal one. However, the absolute errors for all of the mesh types were inacceptable. The
reason for that was used turbulence model. Thus, the suitable turbulence model had to be chosen and the turbulence
models of k-epsilon, k-omega and k-omega SST were compared (figure 4).

AL

a) b)

Figure 3 — Mesh verification study: a) fine mesh in the second meshing with inflation; b) the third
mesh with inflation and finer meshing
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Table 1 — Mesh verification for the airfoil

Meshes Elements Lift coefficient Relative error (%)
Mesh 1 3542 1.16

Mesh 2 7864 0.89 23.42

Mesh 3 10564 1.03 15.56

Mesh 4 14624 1.12 9.07

Validation. The validation of the turbulence models was performed with three types of turbulence models used
for comparison (figure 4). The stall appears at 14° for k-epsilon and at 16° for k-omega, while the stall measured
by the experiment was at 18°. Finally, k-omega SST model is considered the most accurate model, especially when

there is flow separation during stall.

Geometry and mesh verification study for 3D wing. Figure 5 shows the geometry of the wing. All the
characteristics are the same with the 2D wing, the span equal to 0.75 m and there is no change in the chord length.
Mesh verification was conducted for zero degree of angle of attack, using the parametric study. Table 2 compares
the mesh type and contains the information about the element number, lift coefficient and relative error, which
shows the best choice for next studies. According to the mesh verification study, meshes 2, 3 and 4 could be
chosen, because the relative errors for them are less than 10%, which are acceptable. However, for the final results

the third mesh was used (figure 6).
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Table 2 — Mesh verification of 3D wing
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Figure 5 — lllustration of the 3D wing

Q400(m)

Meshes | Element numbers (Fluid) | Element number (Solid) | Lift coefficient | Relative error (%)
Mesh 1 426911 18197 0.1649

Mesh 2 487270 23764 0.1369 16

Mesh 3 584379 28465 0.1286 6

Mesh 4 598496 31546 0.1245 3

Figure 6 Illustration of mesh created for 3D model: a) wing b) air
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FSI calculation. With the aim of better visualization of the air behavior, streamlines and velocities of the air
flow are shown in figure 7. As it was said earlier the velocity of the air is higher above the upper surface comparing
with the lower side of the wing, and at the leading edge, the air velocity is close to zero as the stagnation point.
The wing experienced deformation that could affect the results and it was calculated using the dynamic mesh
coupling approach. Figure 8 demonstrates the free end of the wing initially started to oscillate in flap-wise
direction, and then it became stabilized with insignificant oscillations. For higher velocities and angles of attack,
the influence on the results might be more significant.

Finally, lift coefficient analysis was performed for different angles of attack. Comparing with the experimental
data, the results are much better than the rigid body simulations (figure 9). The 3D effect captured more accurately
can also help to improve the overall accuracy of the 3D simulation. But by comparing the results of the 3D
deformable wing with those of the mesh verification study using rigid wing also confirms that the FSI simulation
does generate better results. However, for higher angles of attack absolute error is increasing as it was with the
rigid body. Noteworthy is a stall, which appeared at 18°, as it was similar to the experimental value.

Airfoil tip deformation
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Figure 7 — lllustration of streamlines of the air Figure 8 — Deformation of the wing tip at zero angle
of attack

o N
o o 0

Deformation (pm)

[=I}

o 0z 04 0.6 08 1 12

1.5

=

2 o5}

-

Rt

(& ]

=

L]

o L

o 0
—p— Experiment
+2D

-0.5 —_—— D
——Fsi
-5 0 S 10 15 20

a (%)
Figure 9 — Results of 3D wing simulations on FSI analysis

This paper has compared the simulation studies of NACA 23012 wing under Reynolds number of 0.6 x 10°
assuming it as a rigid body (in 2D and in 3D) and 3D flexible wingwith 2-way fluid-structure interaction. All
studies were conducted successfully and for all of them stall appeared at the same angle of attack as in the
experiment. However, for the rigid body the absolute error in lift coefficient was higherthan the FSI analysis. Thus,
as other researchers mentioned earlier, on average, the difference in absolute error was 6%. For FSI analysis, the
absolute error slightly exceeded 10% only for four angles of attacks out of 14 studies and maximum lift coefficient
was at 16°. In addition, the behavior of the wing at the start of the flight has been demonstrated. Initially, the wing
deformed with higher amplitudes, and then it started to become stabilized and oscillated with lower amplitude.
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Conclusion. In conclusion, as the deformation of the wing is inevitable, the effect of the vibration and the shape
alteration on the wing behavior cannot be neglected. This paper presents an approach for the wing FSI study with
better results, which helps to predict the wing aerodynamic performance. As under even higher velocities the shape
alteration could have effects that are more significant which could be captured accurately by the proposed method.
This paper presents the first study of 3D aircraft wings with 2-way FSI analysis for the NACA 23012 wing.
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AHHOTamUSA: Op TYpJdl aya-paiibl JKarmaiiblHIa VIIAKTBIH KaHATTaphl JcQOopMalMsIaHbI, KYTICTeH
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neopManusChiH Tanaay ycbiHbUFaH. Horwkecinme FS| Tanmaybl SKCIEpUMEHTTIK eJIIeyjiepre >KakblH
HOTIDKETIEp IIBIFApPATHIHIBIFEl JONENISHAl, OChUIaimmma eki kakTel FS| Tammaymer xyprisymiH KYHIBUIBIFBI
JoIeAACH/].
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3D ADPOJJMHAMMYECKHIA AHAJIN3 KPBLIA C JBYCTOPOHHUM B3AUMOJENCTBUEM
)KUJIKOCTHU U KOHCTPYKLIUH

AHHOTAIUSA. KPBUIbS CaMoOJieTa IPU PAa3JIMUHBIX TMOTOAHBIX YCJIOBHSAX HAUYMHAIOT JedOpMHUPOBATHCA H
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PE3yNIbTaThl K 3KCIIEPUMEHTATIFHBIM U3MEPEHHUAM, TEM CaAMBIM JI0Ka3bIBas IIEHHOCTh MPOBEACHNUS ABYCTOPOHHETO
ananusa FSI.
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