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ABSTRACT: Fluid-structure interaction plays a vital role and influences system design. The purpose of this paper 
is to present a robust strategy of investigating the effect of flap geometry on structure analysis of NACA 23012 
airfoiled flying wing. The proposed model has been tested with three configurations, 20% C, 30% C and 40% C 
of the single plain flap at an effective specific Reynold's number (Re) beneath subsonic fluid flow condition. The 
simulated model has been solved the governing equations such as: Continuity, Reynolds Averaging Never-Stokes, 
and Energy Equation. Thus, in cooperative with analysis of dynamic meshing technique to predict the wing 
pressure distribution through variation of flap angles and setting Angle of Attack (AoA). The induced equivalent  
von- Mises stress and the total deformation according to the flow has been successfully computed using the 
ANSYS program. As a result, the stress and deformation increment highly relative to a larger flap chord. The 
maximum value of stress is 40% greater than others, while the maximum deflection is 45%, thus, it should be 
considered within wing design. It is eventually seen that the average pressure distribution over airfoil increases 
relative to growth in the flap angle for all cases. The maximum value of average pressure was found at the flap 
angle approximated to 5°. The maximum value of stress (100.03 MPa) was found at the root of the wing relative 
to the maximum bending moment occurs at the root. So, the maximum deflection occurs at the free side of the tip 
wing at (301.35 mm). The comparison of the pressure coefficient with the previous measurement is performed to 
prove the effectiveness and reality of the CFD simulates model. 
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INTRODUCTION 
 
A class of problems with mutual dependence between the fluid-structure and structural mechanics parts is Fluid-
Structure Interaction (FSI). Physics and aerodynamics students are taught that airplanes fly as a result of Bernouli's 
principle,  they said that if the airspeed grows up the pressure is dropped. A wing produces lift which is due to air 
goes faster over the top creating of the low-pressure region. Some interested people may ask: why the air moves 
faster over the top surface of the wing? [1].  
 
If an external force act on the airplane, such as normal airflow over the surfaces, thus lead to creating very-low-
level vibrations. Instruments of high lift have a great impact on the performance of operating cost aircraft, 
specifically through the landing stage and take-off. In addition, the devices of high lift mechanical system has a 
great relation with design cost and airplane weight. An improved version of the flap is slotted flap, producing high 
lift as mentioned by Juan F. Granizo [2]. The airflow when full flaps are deployed creates a maximum lift which 
helps to move the boundary layer farther forward, near the center of the chord, of the lower surface of the wing. 
This airflow changing hits the open landing gear wheel will create subtle buffeting that passengers feel. This is 
particularly true if passengers seated directly over the wing, where the fuselage connects to the wing spars. The 
important part that prevent the early separation is the slot, so the flap remain effective for angles of larger 
deflection [3]. 
 
The two methods used to determine the fluid-structure interaction effects in the time domain were governing 
equations in such strongly or partially coupled. In the fully coupled mode, the flow filed, and the structure responds 
simultaneously found through alternating the aerodynamic forces and the structural displacement. In this process, 
the structure and fluid analysis equations are integrated together in the form of a combined set of equations, then 
it is solved and incorporated simultaneously all the variables including the interface of  fluid-structure [4]. In the 
full potential equations or transonic small disturbance equations, panel method were frequently used to compute 
the aerodynamic loads among the aeroelastic problems. The small disturbance transonic equations are suitable for 
the flows at a small AOA (Angle of Attack ) only. The full potential equations tend to abandonment both swirl 
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and viscosity [5]. In the partly coupled model, the response of structural lags the solution of flow field. This 
process deals the structure and fluid as two separate modules with updating the Computational Fluid Dynamics 
(CFD) and the Computational Structural Dynamics (CSD), which was separately variable with a transfer 
adjustable at the interface of fluid-structure. This procedure is widely applied because it the codes of CFD and the 
Finite Element Method (FEM) by interpolating both the structural nodes and the aerodynamic nodes [6,7]. 
This study is focused on the investigation of NACA 23012 airfoil in 3D with different flap geometry, through 
properly simulated the flow over the airfoil equipped with movable flap at setting AoA. The wing was considered 
to be rigid; this allows to obtain the pressure distribution over it. This load distribution was transferred to the 
structure analysis, which incorporates to determine wing stress and deformation. 
 
PHYSICAL MODEL 
 
In this work, the flow filed around airfoil has been studied and the geometry of the bodies has been simplified 
within the numerical model. The NACA 23012 airfoil with different flap length as presented in Fig. 1, is with the 
2% C slotted flap gap in all cases, whose length of flap  is expressed as percentages of the airfoil chord. The airfoil 
will be modelled with varies flap angles at a set AoA [8]. 
 

 
                          Figure 1. Physical model of 23012 airfoil with  single slotted flap  
 
METHODOLOGY 
 
In this study, 3D numerical simulations were performed by the Fluent software.The fluid and structural  domain 
may be solved without any modification in their respective by using explicit method. System of structural analysis 
is joined with CFD using Ansys 17.2 to perform coupled simulations with transfer all data. The physics of fluid and 
structural field are solved individually and then collected using Fluid-Solid Interface (FSI). The simulation of FSI 
used the same geometrical model as it used in the simulation of Fluent. The equations in the ALE( Arbitrary 
Lagrangian Eulerian)  differential form can be obtained from the equation of mass, moment and energy[9,10]. 
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Where,  𝜌𝜌  is the density, 𝜎𝜎 the Cauchy stress tensor, v the material velocity, E the specific total energy and , b  
the specific body force. 
  
The governing equations of the structure will be stated brifly in the following sections. The problems consist of 
a fluid which is occupied a specified domain which interact at the well-defined boundary Γ. The possibly large 
displacement of the structure is governed by: 
 

𝜌𝜌𝑆𝑆
𝐷𝐷2𝑢𝑢
𝐷𝐷𝑡𝑡2
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Where 𝜌𝜌𝑆𝑆 is the body forces applied on the structure, u is the displacements of the structure. 𝜌𝜌𝑆𝑆 is the density of 
the structure, S is the second Piola-Kirchhoff stress tensor, and F is the deformation gradient tensor. All equations 
of fluid which are the incompressible Navier-Stokes equations wrote in ALE formula [11]. 
 
   𝜌𝜌𝐹𝐹 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
�
𝜒𝜒

+ 𝜌𝜌𝐹𝐹 . 𝑐𝑐.∇𝑣𝑣 − 2𝜇𝜇∇. 𝜖𝜖(𝑣𝑣) + ∇𝑃𝑃� = 𝜌𝜌𝐹𝐹𝜌𝜌𝐹𝐹                     𝑖𝑖𝑖𝑖 𝜔𝜔𝐹𝐹 × (0,𝑇𝑇) 

 
Where, v represents the velocity of fluid and   𝑃𝑃� represents the physical pressure. The fluid density and viscosity 
is given as 𝜌𝜌𝐹𝐹 and 𝜇𝜇, respectively. 𝜖𝜖(𝑣𝑣) denotes to the tensor of strain rate. 
 
Coupling equations 
 
At the interface Γ , dynamic  and kinematic continuity is needed. The equations of  governing kinematic 
coupling are[ 9]: 

𝑢𝑢Γ(𝑡𝑡) = 𝑑𝑑Γ𝐹𝐹(𝑡𝑡) 
�̇�𝑢Γ(𝑡𝑡) = 𝑣𝑣Γ(𝑡𝑡) 
  𝑢𝑢Γ̈ (𝑡𝑡) = 𝑣𝑣Γ̇(𝑡𝑡) 

 
Where,  𝑑𝑑Γ denotes the fluid mesh nodes displacement at the interface.  
 
PROBLEM SPECIFICATION  
 
In an external flow such as that over an wing with flap, it was vital to define a far-field boundary and the mesh of 
the region between the body geometry and boundary. The geometric model consists of a domain with radius 10 
times length of the airfoil, which is located in the middle of the domain as conducted by many researchers [12, 
13, 14], as shown in Fig. 2. A grid indepdence  study was carried out to determine how the used mesh is suitable 
for accurate results and computing time during analysis, the goodness of the computational regions will play an 
important role in the stability and accuracy of the analysis. Consequently, to control the quality of the mesh, 
several criteria can be used to estimate the Fluent such as maximum cell skewness and maximum aspect ratio. 
The degree of accuracy was identified the mesh resolution, it was greater in the domain, for example, the region 
closes to the body geometry.The final process of meshing is to define the boundary condition for the model. 
 
After the meshing of the model was completed, it was applying Ansys Fluent 17.2 and the parameter for the 
simulation was established. A pressure far-field boundary condition allows the user to specify Mach number, 
static pressure, static temperature and turbulent condition for the flow at the free stream flow locations. The 
methodology was based on the solver pressure based on the viscous model as Spalart-Allmaras. The air density 
can be evaluated using the ideal gas law, while Sutherland's was used to estimate the air viscosity in a similar 
approach. 
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                 Figure 2. Mesh generation of the wing  NACA23012 in 3D.     
 
DYNAMIC MESH 
 
The dynamic mesh capability is used to transient a wing with flap simulation problems with boundary motion. 
The requirements of the dynamic simulation are an initial mesh and description of the boundary motion. In the 
current study, the defection of the flap is described by a User Define Function (UDF), the detail of considering 
UDF were demonstrated in such research [15]. A UDF is a function defined by the C-programming language 
scheme, which can be dynamically linked with the Fluent as a compiled function. The travel of the moving wall 
(flap) described employing UDF within using the dynamic mesh model. The UDF code defines the mesh motion 
through dynamic zones, which corresponds to the center of gravity motion of wing with flap. The spring-based 
smoothing was used to update the mesh volume in the deforming zones. 
 
VALIDATION OF THE RESULTS 
 
The results of previous tests of a NACA 23012 airfoil with a slotted flap (20% C) at a setting of AoA, are compared 
with the current results. In this study, the diagram of pressure coefficient over the surface is obtained as the ratio 
of the static pressure, as shown in Fig.3, which covered a point on the airfoil to the free stream dynamic pressure 
at zero angles of the flap and AoA settings equal to 12°.The validation of pressure coefficient between CFD 
simulation and experimental results at (Re=3*106) under subsonic fluid flow, is illustrated in Fig.4, and this 
totally agreement with other studies [16, 17]. As a result, the CFD modelling and simulating method used in this 
study have been successfully predicted the flow around the wing, when the flow is attached. This comparison 
identified, the NACA 23012 airfoil was generally slightly higher than the present test. The percentage  maximum 
difference in the pressure coefficient was obtained from the validation of the airfoil is less than 12%. The error is 
mostly related to the boundary layers treatment and can be overcome only by a transient. 
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Figure 3. Pressure contour over NACA 23012 airfoil with zero flap angle and at AoA=12°. 
 

 
 

Figure 4. Experimental and CFD results for the pressure coefficient along the surface of the airfoil with zero 
flap deflection at AoA=12°. 

RESULT AND DISCUSSION 
 
The simulation was carried out using the Fluent software for different lengths of the flap at (Re= 6.3x106) under 
subsonic fluid flow. The contour of pressure distributed over NACA 23012 airfoil with flap angle 25°and AoA 
setting at 20°, was shown in Fig. 5. It is clearly seen that the high-pressure zone apparently occurs at the leading 
edge and the lower surface of airfoil, while the low-pressure zone happens on the upper surface of the airfoil. The 
velocity over the airfoil surface was induced relative to the flap produces a vortex near the trailing edge, which 
leads to the rise of the velocity on both the upper and the lower surfaces. The vortex is also creating a local low-
pressure region, which greatly improves the pressure, accordingly with a drawback in reducing the gradient 
severity of the adverse pressure. 
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In this section, the results for various cases of the flap geometry are presented together with a final comparison. 
The predicting of the pressure distribution over NACA 23012 airfoil with various flap angles at setting AoA, is 
the main objective of each case.However, at zero AoA as shown in Fig.6, it is eventually seen that the average 
pressure distribution over airfoil increases relative to growth in the flap angle for all cases. The flap has produced 
a vortex near the trailing edge, which helps to induce a velocity over the airfoil surface that leads to a rising 
velocity on both the upper and the lower surface .Therefore, the average pressure over a wing was able to grow 
by increasing the deflection angle of the flap without changing the airfoil AoA [18]. 
 

 
 

Figure 5. Pressure contour for wing with flap at Re= 6.3x106and setting AoA=20°. 
 

 
Figure 6. Pressure variation with flap deflections angle at zero AoA for different flap lengths. 

 
By increasing the setting AoA to 10°, as shown in Fig. 7. It is observed that the average pressure is increased with 
a flap angle until to reach the maximum value of the pressure at the flap angle approximately equal to 10° . The 
flap is preventing the recirculation area from further spreading, this behavior has a feasible impact on the 
aerodynamic characteristics. After that, the pressure is decreasing with the increase of the flap angle due to 
separation flow, which was occurred at this angle with undesirable pressure gradient over the upper surface of the 
wing. Similarly, the same behavior was obtained at setting AoA to 20°, as shown in Fig. 8. The maximum value 
of average pressure was found at the flap angle approximated to 5°. After that, the average pressure is decreasing 
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with an increase in the flap angle. From Figs 7 and 8, it was shown that the larger increment of pressure is obtained 
with the larger flap chord (40 % C), and the flap length directly influences the pressure. However,  
with longer flaps the problem with reattachment of the flap. 
 

 
Figure 7. Pressure variation with the flap at setting AoA= 10°for different flap length. 

 

 
 

Figure 8. Pressure variation with the flap at setting AoA= 20°for different flap lengths. 
 

The Ansys program was used to obtain the stress distribution over the wing. The preliminary design of the wing 
against the load is assumed from the Aluminum 7075-T651, the physical and mechanical properties of Aluminum 
is presented in Ref.[19]. The maximum value of stress (100.03 MPa) was found at the root of the wing relative to 
the maximum bending moment occurs at the root. The stress was decreased behind the root of the wing and along 
the length of the span until reaching the wingtip, which becomes zero. This is due to the minimum bending 
moment was occurred at this location as shown in Fig.9. 
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Figure 9. Stress contour for wing with flap at Re= 6.3x106and zero setting of AoA. 
 
The stress-induced over the wing structure with various flap angles for the different flap geomtry  as shown in 
Figs. 10, 11 and 12, for setting AoA. Based on the results presented, the larger increment of equivalent stress was 
obtained with the larger flap chord. Also, the behaviors of the maximum stress were adapted according to the flap 
angle and setting of AoAs. The maximum value of stress is increased by 40 % from the other, which can be 
considered for design the wing structure. 
 

 
 

Figure 10. Stress variation with the flap deflection at zero setting of AoA for different flap lengths. 
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Figure 11. Stress variation with flap deflection at AoA = 10° for different flap lengths. 
 

 
 

Figure 12. Stress variation with flap deflection at AoA = 20°for different flap lengths. 
 
Figure 13 was displayed the deformation contour for wing structure with flap, the maximum deflection occurs at 
the free side of the tip wing at (301.35 mm). While, the wing deflection is proportional to the pressure distribution 
over the wing and inversely proportional to the stiffness factor EI, modulus of elasticity and second moment of 
area. 
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Figure 13. Deformation contour for wing with flap at Re= 6.3*106and zero setting of AoA. 
 
The total deformation of the wing structure with various flap angles for different flap geomtry as demonstrated in 
Figs. 14, 15 and 16, at setting AoA. It is clearly seen that the deformation was increased according to the growth 
of the flap deflection angle as a result of the pressure distribution over the wing. Moreover, it was found the larger 
increment of deformation was obtained with the larger flap chord and the maximum value of deformation is greater 
about 45 % of the other, the maximum deflection occurs at the free side of the wing or at the tip. 
 

 

Figure 14. Deformation variation with the flap angle at zero setting of AoA for different flap lengths. 
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Figure 15.  Deformation variation with flap deflection at AoA = 10°for different flap lengths. 

 

 
 

Figure 16. Deformation variation with flap deflection at AoA = 20° for different flap lengths. 
 
CONCLUSIONS 
 
In this work, the numerical simulations were performed in the Fluent CFD to investigate the effects of the flap 
geometry on the structure analysis at setting attack angle for the NACA 23012 airfoil. The dynamic mesh has 
been used to simulate the motion of the flap body at any position. The results will be validated by comparing with 
the previously published articles. 
 
The following conclusions can be drawn from this analysis work: 

1. At zero AoA, the pressure value decreases in the upper surface relative to increase the flap angle although 
the pressure value increase in the lower surface. When the AoA increased, the behaviors of the pressure 
at the upper and lower surface is varied according to the flap angle setting.  

2. It was found that the maximum stress and deformation occur with the larger flap chord 40% C, 
corresponding to the present pressure, Thus should be considered for the wing structure design, and the 
highest values of stress occur at the fixed edge.  

3. Depending on the results from the Fluent, it was found that the flap length 30% C has better performance 
and the structural efficiency compared with other lengths.  
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4. It is eventually seen that the average pressure distribution over airfoil increases relative to growth in the 
flap angle for all cases. The maximum value of average pressure was found at the flap angle 
approximated to 5°.  

5. The maximum value of stress (100.03 MPa) was found at the root of the wing relative to the maximum 
bending moment occurs at the root. So, the maximum deflection occurs at the free side of the tip wing at 
(301.35 mm). 
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