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A B S T R A C T  

In this study, flow field analysis was performed to determine the aerodynamic coefficients 

for the SC36210 and NACA0018 airfoil profiles in supersonic compressible flow at 2 Mach. 

During this analysis, ANSYS Fluent, and geometric modeling was used. Numerical 

simulation of flow was made by K-ω Transition turbulence model. Change in the attack angle 

versus the divergence angle of airfoil surface profile was examined for elastic flexible SC 

series. According to the results, as the Mach number of the free flow increases, the 

aerodynamic coefficient values decrease. In addition, Elastic flexible airfoil profiles for use 

in supersonic wings have higher performance advantages compared to SC36210 and 

NACA0018 series airfoils.
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1. Introduction 

Fluid Structure Interaction (FSI) problems can be simulated 

thanks to the advancements in the computer technology and 

development of numerical methods. While computational 

fluid dynamics (CFD) code is required to solve FSI 

problems, computational structural dynamics (CSD) code is 

used to solve aerodynamic forces and determine the 

deformations in solid models. The force created by the fluid 

motion on the structure will affect the deformation that will 

occur on the structure and this process will continue in a 

cyclic manner. Each computational solver codes are 

developed with different numerical methods. While the CFD 

is based on the Finite Volume method (FVM), the CSD 

method is based on the Finite element method (FEM). 

Improving the aerodynamics of flying objects in different 

flight conditions is one of the most important issues in the 

aviation industry and is being studied by many researchers 

today. Airfoils are designed to provide the highest efficiency 

and optimum performance to flight conditions [1]. Smart 

deformation in the airfoil configuration improves the 

aerodynamic performance of the aircraft, in other words, the 

deformable airfoils adapts to the variable flight conditions 

and produces a specific configuration for each flight 

condition. Variable flight conditions suggest that a single 

configuration that can improve aerodynamic efficiency and 

maneuverability is not possible [2, 3]. Elastic airfoil profile, 

will significantly improve the performance of future aircraft. 
A fundamental issue here is that the structure (airfoil) is 

strong enough not to deform under aerodynamic forces, 

while it has the flexibility to deform elastically [4]. 

Smart deformability can be actively controlled, that is, no 

unpredictable deformation occurs in the airfoil body. This 

will allow the aircraft to change the configuration of its 

airfoils smartly according to specific flight conditions. An 

airfoil that can be deformed under flight conditions can 

increase the lift-drag ratio by 10 to 20 percent [5]. 

Historically, problems in various aspects such as cost, 

complexity, and weight, were experienced with deformable 

airfoils, as a result of which no significant progress could be 

recorded in these airfoils to date. Recent advances in smart 

materials have overcome many of these problems [6, 7]. 

For the verification of the FSI problem, the AGARD 445.6 

airfoil model, which has experimental and computational 

data available in the literature, was implemented. Yates Jr. 

[8] examined and reported the fluttering phenomenon for the 

AGARD 445.6 model with experimental results. In addition, 

various articles have been published after detailed studies on 

this topic [9–15]. Furthermore, the FSI problem for the 

airfoil, which was mentioned in the article published by 

Goud et al. in 2014, was simulated at 0.9 Mach number, and 

the pressure and turbulent kinetic energy values on the airfoil 

were obtained [16]. 

The use of smart materials, which is the basic mechanism of 

deformable airfoils, has made many advances in this area 

today [17]. Many studies have been carried out in this area 

because of the advantages of elastic airfoils. Tai and Lim 

[18] numerically investigated the effect of active elasticity in 

beam direction on buoyancy and thrust in three different 

airfoil types. The results showed that the efficiency increased 

by up to 76% by choosing the escape edge as the center of 

curvature. Hariri [19] investigated the effect of two 

dimensional unstable viscous flow around elastic objects by 

numerically examining the effect of beam direction elasticity 

on upper and lower airfoils. The results showed that both 

input power and output power increased in the elastic state, 

but the ratio of output power to input was higher. 

The main purpose of this study is to better understand the 

aeorelasticity theory, to analyze airfoil aeroelasticity, to 

determine the flapping speed for the selected airfoil profile 

by using aeroelastic methods with computational fluid 

dynamics methods. For this purpose, further information was 

obtained about the advanced use of FLUENT program, the 

structure-fluid interaction solver was examined and the 

sample solver was created. The concept of flapping, which is 

defined as the dynamic instability problem occurring in the 

aircraft during flight, has been tried to be interpreted and the 

methods existing in the literature have been investigated for 

solving thereof. The results obtained were compared with the 

studies in the literature and verified. In terms of engineering, 

the purpose of the study is to calculate the critical flapping 

speed with easy yet precise methods and accordingly to 

determine the design requirements in order to prevent 

flapping, which is extremely dangerous for aerospace 

vehicles. 

2. Material and method 

Fluid-structure interaction is a type of interconnected 

problem that examines the interdependence of fluid and 

mechanical structures. The behavior of the flow depends on 

the shape and movement of the structure, and the 

deformation of the structure depends on the forces applied 

by the fluid on the structure. The fluid and structure 

interaction occurs in a variety of fields including 

engineering, medicine, and even in daily life. This 

interaction will be even more important when the 

interdependence of action and reaction is severe. The 

pumping of blood to the ventricles by the human heart with 

the opening and closing of the heart valves is a clear example 

of fluid-structure interaction.  

Fluid-structure interaction plays an important role in 

engineering applications and is very influential in design 

decisions. Due to its non-linear nature and interaction of fluid 

and structure being time-dependent, the use of analytical 

methods to solve such problems is very difficult and 

sometimes impossible. Analytical solution is possible only 

in a few cases where simple and acceptable solutions of 

partial equations can be reached by simple assumptions. 

Before getting into the simulation of these problems, it is a 

must to recognize the fundamental equations for such 

problems.  

These equations describe the physics under study and often 

appear in the form of partial equations. On the one hand, the 

famous Navier-Stokes equations, which are the main 

equations of the fluid mechanics, and the governing 

equations of the structure derived from the general theory of 

elasticity need to be solved on the other. In most cases, these 

equations are simplified by using models (e.g. turbulence 

models, wall functions, linear elastic materials, etc.) or the 

complexity of the equations are reduced by using 

hypotheses/assumptions, such as incompressible fluid, 

inviscid fluid, small strain, etc. [20]. 
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2.1. Fluid equations 

Navier-Stokes compressible fluid equations are the main 

equations of fluid mechanics. First, these equations are 

written in the usual way, then the same equations are written 

in the form of a traditional O’Leary algebra to generalize the 

equations to the fluid-structural interaction problem. 

To solve the governing equations in the fluid part, the 

Spalart-Allmaras turbulent model was used. This turbulent 

model is a single equation model that solves a modeled 

transition equation for turbulent dynamic viscosity (νt) fluid 

flow. The boundary is subject to reverse pressure gradients. 

The final transfer equation of the Spalart-Allmaras model is 

as follows: 

𝐷�̃�

𝐷𝑡
= 𝑐𝑏1�̃�𝜈 +

1

𝜎
[∇. ((𝜈 + 𝜈)∇𝜈) + 𝑐𝑏2(∇𝜈)2] −

𝑐𝑤𝑓𝑤 [
�̃�

𝑑
]

2

 (1) 

Steady-state and compressible Navier-Stokes equations are 

as follows. Due to the transient sound regime of the flow 

regime and the perceptibility of heat transfer, the energy 

equation is considered together with the continuity and 

momentum equations, which are given below separately. 

Continuity equation: 

𝜕𝜌

𝜕𝑡
+ ∇. (𝜌𝑉) = 0 (2) 

Momentum Equation: 

𝜕(𝜌𝑉)

𝜕𝑡
+ ∇. (𝜌𝑉𝑉) = −∇𝑃 + ∇. [𝜇(∇𝑉 + ∇𝑉′)] + 𝐹 (3) 

Energy conservation equation: 

𝜕(𝜌𝐸)

𝜕𝑡
+ ∇. [𝑉(𝜌𝐸 + 𝑃)] = ∇. (𝑘 ∇𝑇) + 𝛷 (4) 

𝛷 = [𝜇 (
𝜕𝜈𝑖

𝜕𝑥𝑗
+

𝜕𝜈𝑗

𝜕𝑥𝑖
) + 𝛿𝑖𝑗 + 𝜆∇𝑉]

𝜕𝜈𝑖

𝜕𝑥𝑗
 (5) 

2.2. Traditional Lagrange-Euler method for fluid-

structure interaction problems 

When simulating FSI problems, it is an important point to 

consider choosing the type of kinematic description of the 

flow field so that the boundaries can move and deform. 

The Arbitrary Lagrangian–Eulerian (ALE) method is 

suitable for solving such problems. ALE is intended to make 

use of powerful sides of both Lagrangian and Eulerian 

descriptions of motion, while minimizing the drawbacks of 

the two. As a combination of both, ALE provides high 

accuracy in defining moving boundaries and helps solve the 

problem of large distortion in the presence of moving 

boundaries.  

Figure 1 should be given a randomly determined motion in 

order to achieve a continuous zoning capability. Because of 

this effect of freedom, offered by the ALE definition, in 

moving the computational mesh, the larger distortions of the 

continuum can be resolved with greater resolution than the 

purely Euler approximation can provide, which is more than 

Lagrange method would allow. The simple example in 

Figure 2 illustrates the ability of the ALE description to 

accommodate significant deviations of the computational 

mesh while maintaining the clear definition of interfaces that 

are entirely unique to the Lagrange approach.  

 
Figure 1 One-dimensional example of Lagrangian, Eulerian and ALE 

descriptions for mesh and particle motion [21] 

 

Figure 2 Lagrangian and ALE descriptions: (a) initial FEmesh ; (b) ALE 
mesh at t = 1 ms ; (c) Lagrangian mesh at t = 1 ms ; (d) Interface details in 

the Lagrangian description [21]. 

When mesh configurations obtained with ALE description 

(with automatic continuous zoning) and Lagrangian 

description were compared, the Lagrangian approach can be 

seen to be a disruption of the computational mesh, in contrast 

to the ability of the ALE approach maintain a highly ordered 

mesh configuration. 

2.3. Boundary conditions 

2.3.1. Flow boundary conditions 
Figure 3 shows the boundary conditions applied. Since the 

deformation in the airfoil profile did not cause any bending 

along the length, all simulations were carried out in 3 

dimensions to be more realistic. According to Figure 3, the 

left area shows the input current, the right area shows the 

output current and the change in the airfoil profile. Other 

assumptions are given in Table 1. 
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Figure 3 Geometry to be analyzed and boundary conditions applied 

Table 1 Physical properties of the model 

Property Value 

Airfoil profile chord length (mm) 100 

Air Specific heat capacity (j / kg.K ) 287 

Ratio of Specific heats (γ) 1.5 

Mach number 2 

Air speed (m/s) 686.4 

Air temperature (K) 283.15 

2.3.2. Elastic boundary conditions on the fin 
As shown in Figure 3, the elastic deformation at the attack 

and escape edge occur as the air flow passes, and by the 

forces applied to the attack and escape edge, a large and 

parabolic external load which is applied to predetermined 

elastic parts with uniform changes. 

𝑇. 𝐸. 𝐿𝑜𝑎𝑑 = −𝐹𝑏𝑎𝑐𝑘 (
𝑥

𝑙
)

2

𝑙𝑜𝑎𝑑 (
𝑡

𝑑𝑡
) (6) 

In this equation, l is ferroelastic lengthts edge. Wherein Fback 

is the maximum intensity of load at the attach and escape 

edge, which decreases as getting closer to the rigid part in the 

middle of the airfoil profile. Due to the increase in 

aerodynamic forces on the escape edge, the force applied in 

this part is higher than the attack edge. If the elastic forces 

fall below certain values, the aerodynamic forces will prevail 

the elastic forces, making the simulation difficult, and as a 

result, unstable deformation will occur. Therefore, it is 

necessary to choose the amount of elastic force that is to be 

applied to produce the desired deformation. 

𝑠𝑖𝑛𝛼𝑡 =
𝛿𝑇𝐸

𝑐
 (7) 

𝑚 =
𝛿𝑇𝐸

2∗𝑐
 (8) 

In these equation, c is the airfoil profile beam, m is the airfoil 

profile camber with respect to the beam, the angle of 

deviation or displacement of the escape and attack edge, and 

αt is the angle of the radius. By combining Equations (7) and 

(8), the displacement of the escape edge and the attack edge 

can be obtained as follows: 

𝛿  
𝑇𝐸 = 𝑐 (𝑚 +

𝛼𝑡

2
) (9) 

3. Numerical analysis 

3.1. Finite Element Method 

The finite element method is an excellent and powerful 

method for solving engineering problems. As known, there 

are different methods to solve an engineering problem, such 

as testing, analytical solution, etc. However, analytical 

solutions are sometimes not possible for complex 

engineering problems and also tests are very expensive yet 

cannot be carried out for every problem. However, when the 

finite element method is mastered and used correctly, many 

problems can be investigated using it. In fact, this method 

does not have any limitations and even if a commercial 

software cannot solve a particular problem, it is still possible 

to code and advance in solving the problem. Therefore, this 

method is a very good and powerful method that all 

researchers in the field have to learn. This method solves 

problems easily and provides good and acceptable results 

with high accuracy. Of course, this software requires not 

only operational knowledge, but also engineering 

knowledge. Boundary conditions and loads on the element 

must be specified correctly. It is clear that an incorrect output 

will be obtained if wrong input is given to finite element 

software. 

3.2. Steps to perform finite element analysis 

Finite element method, all the engineering model is broken 

down into smaller parts called finite elements, and the 

solution is achieved by solving the problem for these finite 

elements. Each element itself consists of nodes to which 

input and output values are assigned. Each element is 

represented by a linear (first order) or nonlinear (which can 

be second order or higher) shape function. When analyzing 

a finite element model, the number of equations is so large 

that some models reach more than 20,000 equations. 

All these equations must be solved together in order to reach 

the solution. The number of these equations directly depends 

on the number of nodes and elements placed in the model. 

The user must have an insight about the description of the 

problem in order to build the model and mesh according to 

the type of problem, degrees of freedom of the model, 

boundary conditions, initial conditions, etc. The steps for 

performing an analysis with finite element software are as 

follows: 

 Defining the problem, choosing the element type, 

choosing the system of units and determining the 

properties of the materials. 
 Creating a geometric model, determining the grid 

size and meshing the model. 
 Application of geometric, static, thermal and load 

constraints. 
 Solving the problem and viewing the results. 

3.3. Coupled-field analysis 

Coupled-field analysis is used in problems where two or 

more domains have interference phenomena (coupled). 

Examples of such analysis are: thermal stress analysis, 

thermoelectric analysis and fluid-structure analysis. Two 

methods can be used to perform this analysis: 

3.3.1. Indirect (sequential) method 

This method, includes two or more sequential analyses, uses 

a separate area for each analysis. For example, in the heat 

stress analysis, the results of the heat distribution on the 

model are first calculated in the first analysis. Then, in the 

second analysis, which is a structural analysis, the results of 

the heat distribution in the form of volumetric loading 

(temperature) are applied to the model and the problem is 
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solved under this loading. This method is used in problems 

where coupling fields does not involve high-order nonlinear 

interventions. In this case, two (or more) analyses can be 

performed separately. For example, in the same example, the 

thermal stress can be first performed in a tentative thermal 

analysis and then the temperature of each node can be loaded 

at any time in any loading step, or in the second analysis 

conducted on the same node, and the results of the thermal 

stress can be obtained.  

3.3.2. Direct method 

This method usually involves an analysis where the problem 

of coupling the interference of different fields is addressed 

and the elements used in this method have all the degrees of 

freedom required for the analysis known as fasteners. This 

method is used in problems where the interference of 

problem fields has a high degree of linearity. 

Computational fluid dynamics (CFD) is used to solve 

problems which are difficult to solve with the basic equations 

of fluid mechanics theory, by using numerical methods and 

algorithms. Open source codes and software packages are 

available for CFD. CFD creates a mesh structure that 

consists of small and simple elements and nodes that 

simulate the differential equations of the flow, and reaches 

the solution step by step through these small elements by 

iterations. This process, which is performed in computer 

environment, gives very realistic results when correct 

analysis inputs are given. 

CFD is a suitable solution method for complex flow 

problems, however in order for the creation of numerical 

meshing, and for defining and interpreting boundary layer 

and realistic conditions, it requires literature knowledge, and 

experimental data as well as experience. Due to the 

complexity of aeroelastic problems, the computer 

environment is an important tool for simulating the problem. 

For aeroelasticity, fluid mechanics codes alone are 

insufficient. Since the structural deformation is very 

important, the solution is preferred to be reached by solving 

the fluid and structure codes in combination, which can be 

called Computational Aeroelasticity. 

3.4. FSI Method 

While different methods have advantages over one another, 

the two-way coupling solution is generally more accurate 

particularly for larger deflections where the fluid field is 

strongly influenced by structural deformation. With one-way 

coupling simulation, one can enjoy significantly lower 

computational time due to that the deformation of the fluid 

mesh does not need to be calculated as it provides a constant 

quality mesh, but only a strong two-way coupling, which can 

be of second-order time accuracy and are more stable, can 

guarantee energy conservation at the interface [22]. 

4. Results and discussion 

A numerical solution to a problem requires a proper mesh. 

An unorganized triangular mesh was used in this study. 

Since we are dealing with a FSI problem, it is clear that the 

mesh created will change during the solution of the problem. 

Therefore, by choosing an unorganized mesh, there will be 

more flexibility in the computational mesh and the 

convergence of the problem will not be a big issue. For a 

better comparison of the results obtained, the number of 

components used in all simulations (rigid and elastic state) 

was set as 6,254,000. Figure 4 and Figure 5 show quality and 

validation of mesh. Owing to the use of Lagrangian-Eulerian 

method in the solution of the problem, the distortion in the 

mesh after the deformation of the airfoil profile was very 

little. Figure 4 shows the mesh around the airfoil profile 

before deformation. To investigate computational mesh 

independence, the diagram was examined in different mesh 

numbers and the results showed that the computational mesh 

was independent (Figure 5). 

 

Figure 4 Mesh construction 

 

Figure 5 Mesh independence analysis scheme for different mesh numbers 

In this study, a comparison was made between the flow 

separation in elastic airfoil profiles. To do so, the shear stress 

values of the walls above and below the airfoil profile were 

calculated using the following equation. 

𝜏𝑤 = 𝜇 (
𝜕𝑢

𝜕𝑦
+

𝜕𝑣

𝜕𝑥
) /2 = 𝜇𝜖 (10) 

where 𝜖 is the strain tensor. 

Starting point of the separation on the elastic airfoil profile 

is shifted backwards with Malim deformation. There is a 

significant time delay in flow separation. For example, at a 

5-degree attack angle, the stagnation point appears at 0.25 

beam, while this point for airfoil profiles is at 0.1 beam. For 

smaller angles of attack, this significant difference is 

gradually eliminated and hence airfoil elasticity will have 

little effect on the separation area. 

According to Figure 6, Figure 7 and Figure 8, when only the 

zero-degree angle considered, in rigid state, it can be seen 

that the flow behaviors in the top and bottom of SC36210 
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and NASA0018 airfoil profiles were similar due to the 

symmetry of the profile, and that no compression difference 

was created. The gradual deformation of the profile 

eliminates the symmetry creating a pressure difference on 

the upper and lower sides of the airfoil due to the asymmetry. 

As the angle of divergence or the intensity of the deformation 

increases, the pressure differential of the force increases, 

thus the upper side pressure decreases and the lower side 

pressure increases. As the upper side pressure decreases, the 

velocity of the flow in this area increases and ultimately 

causes a shockwave intensity of which increases with 

increasing angle of divergence at the upper surface. This 

shockwave is the same as the sudden pulse in pressure 

coefficient diagrams. With slight deformations, the 

shockwave intensity is very small and it is not possible to set 

a specific limit for changes in flow characteristics such as 

temperature, density or velocity, but as deformation becomes 

more significant, its intensity also increases. In addition, as 

the intensity of the deformation of the shockwave generated 

backwards increases, the "escape edge" is swept and the 

pressure coefficient plots show very little of it, so that at 

slight deformation the shockwave is in 0.4 chord whereas at 

detectable deformation, it is driven to 0.5 chord. 

 
(a) 

 
(b) 

Figure 6 Wall Shear stress diagram at 2 Mach (a) SC36210 elastic airfoil, 

(b) NACA0018 elastic airfoil  

 

 
(a) 

 
(b) 

 
(c) 

Figure 7 Velocity contours a) NACA0018-0 degrees b) NACA0018-4 

degrees c) SC36210-0 degrees d) SC36210-4 degrees 
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(b) 
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(c) 

 
(d) 

Figure 8 Velocity vectors a) NACA0018-0 degrees b) NACA0018-4 

degrees c) SC36210-0 degrees d) SC36210-4 degrees 

 It is worth noting that the above velocity contours and 

vectors are for a flight with a small attack angle. However, 

when deformed airfoil contours are compared with rigid 

airfoil profile, it can be seen that, at 4-degree angle, the 

separation area due to deformation is more limited and that 

the flow stability increased in comparison to rigid state. 

5. Conclusions 

In this study, analyses were made using the ANSYS 

program. aerodynamic performance of elastically 

deformable airfoil profiles in the chord direction have been 

examined and the results were compared with rigid airfoils. 

This study includes two different wing three divergence 

angles. 

Analysis of the results obtained from the aerodynamic 

parameters showed that the aerodynamic performance of the 

aircraft increased owing to the elastic deformation of the 

airfoil and the flight conditions for the flight were greatly 

improved. In this study, the best case, with optimum 

aerodynamic properties, was determined by examining 

different divergence. 

According to these results, slight deformation is the best 

form of deformation and has strength compared to moderate 

and concrete deformations in terms of sequential ratio, flow 

separation and pressure changes. Therefore, excessive 

deformation in the beam direction destroys the optimal 

performance of the elastic airfoil and ultimately all 

aerodynamic properties optimized for the airfoil can be 

neglected. 
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