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The aeroelastic phenomenon plays a critical role in the aerodynamic performance and 
stability of fixed wing aircrafts. Aeroelastic phenomena may cause flow separation and large 
deformations of the wing, and implicitly high stresses into the structure. The computational 
study of aeroelasticity, in high-speed fixed wing, requires fully-coupled aeroelastic 
algorithms. Therefore, in the present research we propose a CFD based approach using the 
large-eddy simulation approach along with a finite-element method for the computations of 
the structural deformations. The analysis is performed for subsonic and transonic flows with 
Mach number 3.01.0 M . The analysis reveals that the elastic deformations of the wing 
and stresses in the wing increase with the Mach number.  

  

I. Introduction 
 

 
Aeroelasticity has become an important phenomena in modern rotary/fixed wing flying vehicle. The importance of 
the aeroeleasticity steams from the performance and stability of aircraft. It is acknowledged that aeroelastic effects 
in either rotary or fixed wing aircrafts may pose significant challenges and in case of resonance it may lead to 
destructive consequences. The aeroleasticity has been studied both, experimentally and computationally. However, 
there are significant challenges left which require further understanding. One of these changes is associated with the 
supersonic/hypersonic flights. Experimental studies of aeroelastic phenomena in supersonic/hypersonic flights pose 
significant challenges due the costly equipment and data accuracy. Therefore, experimental studies of aerolasticity 
in these kind of flights are cumbersome. The latest developments in the computing power have made the 
computational studies of aerolastic phenomena more feasible. The aeroelasticity represents basically the interaction 
between two different media, namely structure and fluid flow. Nowadays, aeroelastic studies are carried out by 
coupling two different solvers, one for fluid flow and the other one for the structure. Usually the fluid flow is 
computed using the computational fluid dynamics (CFD), employing either finite-difference of fine-volume 
approaches. The structure is usually computed using finite element methods. The coupling between the two solvers 
ensure the full-coupling of the fluid and structure.  A data-passing service couples these systems together by sending 
surface forces from the CFD solver to the FEA solver and returning incremental displacements from the FEA solver 
to the CFD solver. In order to obtain a robust solution while using a transient simulation approach, a staggered 
iterative loop may be used. For strongly coupled fluid-structural interaction problems, it is common for the viscous 
flow regime to be resolved using unsteady Reynolds-average Navier-Stokes (URANS) equations rather than the 
large eddy simulation (LES), scale adaptive simulation (SAS), and detached eddy simulation (DES) approaches due 
the high CPU time costs that are incurred when they are paired with a staggered, time-marching approach. 
The purpose of this work is to investigate the aeroelastic response of an aircraft wing for varied angles of attack and 
flow velocities. By observing the induced oscillating stresses and displacements in the structural domain over 
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several angles of attack for various freestream flow velocities, a relationship between the freestream Mach number 
and the induced aeroelasticity may be characterized. This work also serves reinforce the continually growing body 
of literature which makes use of commercial CFD and FEA codes for modeling complex, unsteady aeroelastic 
phenomena.  
The main goal of this research is to study the aeroelastic effect on the aerodynamic performance of high-speed fixed 
wing aircraft. The focus on aerodynamic performance and efficiency of planes and spacecraft have been at the 
forefront of the aerospace industry since the beginning of its existence. The lift and drag of airfoils have been 
extensively studied to determine the optimum shape and angle of attack (AoA) to generate sufficient lift. As an 
airfoil reaches its critical AoA, where lift is maximized, a pressure gradient causes the flow to detach from the 
surface. The phenomenon known as flow separation occurs causing a decrease in lift and an increase in drag. If the 
reduction in lift is significant enough, the flow separation may lead to stalling. Occasionally, flow may reattach to 
the surface and form “short bubbles”, however slight variations in orientation or velocity may cause the bubble to 
contract resulting in complete flow separation. The present studies concerns the effect of the aeroelastic on the flow 
separation and aerodynamic performance.  
                
 
 
 

II. Computational method and models  
 

The present study used a NACA 0012 airfoil with a chord length of 1 meter and a span of 0.5 meters. The 
configuration of the airfoil and the domain is shown in Figure 1.  
   

 
Figure 1. Computational domain 

 
 
 
In the present work, a large eddy simulation (LES) approach is used for the computation of the flow field. The 3-D 
simulations are perfoemd for a wide range of Mach numbers 2.11.0 M . The computational domain consists 
of 4.6 millions grid points, with a cluster of grid points around the airfoil and a grid expansion factor of 0.1. For all 
the computations in the present analysis, a dimensionless time step ctUt / = 1x10-6 is chosen, where U is 
the free- stream velocity.  The time-step is determined with respect to the explicit time-marching scheme (fourth 
order Runge-Kutta) and temporal resolution requirement of LES (CFL   1).  The flow field is solved using the 
filtered Navier-Stokes equations along with a standard subgrid scale (SGS) model and van Driest wall damping.  
The boundary conditions were assigned as follows. No slip boundary conditions are used at the blades walls. Free 
slip boundary conditions are used at the top and bottom walls with opening at the end of the computational domain. 
Periodic boundary conditions are assigned for the lateral surfaces.  



 

 
American Institute of Aeronautics and Astronautics 

 

3 

The main idea of LES is to separate the flow variable in two components, namely the mean )(xf or large scales 

and fluctuating component  xf '  or small scales. In LES, the large scales of the flow are completely resolved while 
the small scales are completely modeled using a sub-grid scale model. The governing equations of LES are the so-
called filtered Navier-Stokes equations, which are a result of spatial averaging. The filtered Navier-Stokes equations 
are: 
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(2) 

where t is the time, p is the pressure,  the density,  kinematic viscosity, iS a source term and ij  the subgrid 
scale (SGS) tensor expressed as: 

                                                              jijiij uuuu                                                                            

 

(3) 
An eddy viscosity model is used to model the SGS tensor which is then expressed as: 

                                                           ijijkkij S 2
3
1
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(4) 

where ijS is the strain rate based on the filtered velocity iu  and   the eddy viscosity. 
In the present work we employ the dynamic Smagorinsky sub-grid scale (SGS) model. The model is presented 
briefly in the following. In LES, the SGS model represents the effect of small scale (smaller than the grid size  ) 
flow structures on the large ones (which are resolved). The large scale flow structures are obtained through a 
filtering process of the velocity and scalar fields at the grid scale such that 

                                                   ''' )()()(~ dxxxFxuxu                                                               

 

(5) 

where u~ is the filtered velocity and F is the filter function at scale  . 
In 1991 Germano et al., [9], proposed the so-called dynamic Smagorinsky model. In this model the selected features 
of the resolved scales of the flow field are dynamically analyzed during the simulation, to determine the unknown 
model coefficient instead of using some predefined values. One fundamental characteristic of the dynamic 
Smagorinsky SGS model is that the resolved scales can represent much better the flow dynamics phenomena such as 
stratification, coherent structures and complex flow interactions compared with other turbulence models. The 
dynamic Smagorinsky SGS model is based on the Germano identity given by: 

                                                     ijijjijiij TuuuuL  ~~~~                                                                     (6) 

where ijL is the resolved stress tensor and ijT is the subgrid stress tensor, at the test filter scale. For more details in 
the dynamic Smagorinsky SGS the reader is referred to Germano et. al [9]. The structural computations are carried 
out using the finite-element method. 
 
 
 

III. Results and Discussion 
 
Figure 2 shows the pressure field for three different angle of attach and two different Mach numbers. The 

analysis of the pressure field reveals that the stagnation point is located below the leading-edge, on the lower surface 
of the wing. The increase of the Mach number causes an increase of the pressure on the lower surface, pressure side. 
Pressure waves radiating from the lower surface of the wing are observed as well. The magnitude of the pressure 
waves increase also increase with the Mach number. The time-dependent pressure fluctuations, at the surface of the 
wing, causes a time-dependent lift coefficient, as shown in Figure 3. 
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Figure 2. Pressure field  
 
 
Figure 3 shows the time-dependent lift coefficient. The analysis of the lift coefficient reveals large fluctuations. It is 
expected that the fluctuations of the time-dependent lift coefficient are reflected onto the structural stresses.  
 

 
Figure 3. Time-dependent lift coefficient; M=0.3 

 
 
 
Figure 4 presents the time-dependent drag coefficient. The analysis of the time-dependent drag coefficient reveals 
the presence of large fluctuations, as in the case of lift coefficient.  
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Figure 4. Time-dependent drag coefficient; M=0.3 

 
 
 

 
Figure 5. Time-dependent skin-friction coefficient; M=0.3 

 
 
Figure 5 presents the time-dependent skin-friction coefficient. The analysis reveals that in spite of the fluctuations of 
the skin-friction the flow remains attached. Figure 6 presents the time-dependent elastic deformation, for M=0.3. 
The analysis reveals the presence of relatively large deformations, which attenuates in time.  
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Figure 6. Time-dependent elastic deformation of the fixed wing; M=0.3 

 
 
 

 
Figure 7. Time-dependent equivalent stress of the fixed wing; M=0.3 

 
 
 
Figure 7 presents the time-dependent equivalent stress, for M=0.3. The time-dependent equivalent stress follows a 
similar trend with the elastic deformation. The present research reveals that the wing’s deformation increases with 
the increase of the Mach number. Therefore, Figure 8 shows the comparison of the time-dependent elastic 
deformation for three different Mach numbers. Overall, the magnitude of the elastic deformations increase with the 
Mach number.  
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Figure 8. Time-dependent elastic deformation of the wing 

 
 
 

 
Figure 9. Time-dependent equivalent stresses 

 
 
Figure 9 presents the comparison of the time-dependent equivalent stress for three different Mach numbers. Similar 
to the elastic deformations, the equivalent stresses increase with the Mach number.   
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Figure 10. Equivalent stresses of the fixed wing at M=0.3 

 
Figure 10 presents the equivalent stresses for the upper and lower surfaces, for M=0.3. The analysis shows that the 
upper surface experiences higher stresses in the hub region while the lower surface exhibits higher stresses at the tip 
of the wing.  
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IV. Conclusions 
Mach number effect on the aeroelasticity phenomena, of fixed wings, is computationally studied using a fully-

coupled aeroelastic approach. The flow field is computed using the CFD approach using finite-differences, while the 
structural analysis is performed using the finite-element method. The study shows that the pressure on the lower 
surface of the wing increases with the Mach number. The elastic deformation and stresses, on the wing, increase 
with the Mach number. The analysis shows that the upper and lower surfaces of the wing experience alternatively, 
tensions and compressions. 
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