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ABSTRACT: The need for measuring aerodynamic efficiency in aircraft design has a challenge for designers 

for decades. This study makes an attempt to achieve this objective by a novel concept of adding multiple trailing 

edge flaps.  The project makes a modest try to make a modification in existing conventional design concepts. 

Currently, I used seven trailing edge flaps per wing. The need for multiple trailing edge flaps is to maintain 

elliptical lift distribution throughout the cruise of the aircraft flight.  Measuring aerodynamic efficiency was a 

complex problem because of fluid- structure interaction involved in the analysis. The study incorporates the 

fluid structure interaction and its aeroelastic effects on the design. The aeroelastic analysis neglects inertia 

force and thus static aeroelastic analysis is involved for simplifying the analysis.  The theoretical analysis began 

with relevant equations from Thin Aerofoil theory and Slender Beam theory. The equations from these theories 

are combined to get the closed form of solution that accounts for wing twist in the calculation of flap angles to 

create a desired cl distribution along the wing. Next the FEA model is presented and the method to find the 

structural properties using FEA is presented. The structural properties are also calculated using standard 

Aircraft Structures method and the results were compared. 
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I. INTRODUCTION 
Adaptive wings are generating considerable interest due to their potential for drag reduction in 1-g 

flight and wing load alleviation during maneuvering flight. Recent research has shown that series of flaps placed 

along the trailing edge of the wing can be used to optimize the wing across several flight conditions. Without 

these multiple trailing edge flaps, wing can be optimized for flight at one particular condition and suffer 

deficiencies while flying at other flight conditions. Being able to automatically and dynamically optimize a wing 

for any flight condition will result in less drag and reduced vehicle weight. With lower drag and weight, the 

vehicle’s maximum range, speed and altitude will be increased. 

For applications,high aspect ratio wings are used where low drag is desired.Because of their reduction in 

induced drag that is achieved with larger span. As the aspect ratio increases, the aero elastic phenomena become 

more important. Since adaptive flaps will typically be used in conjunction with high aspect ratio to reduce 

induced drag, it is important that the system of equation include static aero elastic effects, especially due to 

elastic twist.This study begins with relevant equations from Thin Aerofoil theory and Slender Beam theory. The 

equations from these theories were combined to get the closed form of solution that accounts for wing twist in 

the calculation of flap angles to create a desired cl distribution along the wing. The method to find the structural 

properties through FEA is also presented. The structural properties are also calculated using standard Aircraft 

Structures method and the results were compared. 

This study based on static aeroelastic effects, dynamic effects have been neglected due to following reasons: 

a) Inertial effects of wing have been neglected due to the low subsonic Mach number is active during the 

cruise. 

b) Wing twist due to self weight is very small hence rotational inertial effects can be neglected. 

c) Bending effect is ignored since it doesn’t contribute to change in section angle of attack. 

d) For structural simplification the wing is modeled as a continuous shell with no flaps. 

 

II. METHODOLOGY/MATHEMATICAL MODELING 
2.1. Engineering data 

The high aspect ratio wing has taken for analysis to demonstrate elastic twist properly. The example 

wing used in this chapter has an aspect ratio of 18, a wing area of 18 a taper ratio of 1, and operating at a 

Reynold’s no 8.1 .  There were 7 flaps placed on the trailing edge. In which 6 flaps of length 1.35m and 

the tip flap of length 0.9 m.The wing has zero geometric twist. The weight of the wing is assumed to be 

concentrated along the elastic axis, so it does not create a pitching moment. 

 



Aeroelasticity Consideration in Aerodynamic Adaptation Of Wing 

National Conference on “Advances In Modelling And Analysis Of Aerodynamic Systems”       

National Institute of Technology Rourkela (ODISHA)                                                                          33 | P a g e  

Table.1: Parameters of wing 
Parameter Valve 

Aircraft Weight  (W) 29376 N 

Wing Area  (S) 18  

 Wing Aspect Ratio  (AR) 18 

Taper Ratio 1 

Wing Span  (b) 18 m 

 

Table.2: Material properties of aluminum alloy 
Parameter Valve 

Young’s modulus (E)  7.24×  N/  

Shear modulus   (G) 2.6×  N/  

Poisson’s Ratio 0.33 

 

A simple structural cross section of the wing was easilymodeled in Catia software package, for the 

wing skin 3 mm, spar cap width 100 mm and spar thickness is 3 mm. The material properties of Aluminum 

alloy is given in table 2 

  
Fig.1: Wing structure without skin and with skin 

2.2. Slender beam theory 

In our analysis of an elastic wing, we have considered only the elastic twist of the wing. The wing itself 

is assumed to be unswept and of medium to very high aspect ratio, so that there are no chord wise deformations 

and twist and bending deformations were not coupled. Wing bending deformation has also been ignored in the 

development of the closed-form equations for determining the optimum flap angles, since bending does not 

contribute significantly to changes in the wing section angle of attack. This allows for the elasticity of the wing 

to be modeled as a simple torque tube. 

The structure of the wing used consists of two interior webs and four spar caps at the junction of the 

skin and webs. This creates a three-cell thin-walled shell.  Normally the flap is disconnected from the wing box, 

and does not add any structural rigidity to the wing. However, in order to simplify the finite element analysis 

(FEA) modeling, the outline of the airfoil is modeled.For structural purposes, wing has continuous shell with no 

flap. 

According to Bisplinghoff the relationship between twist and torque for a beam is given by Equation 1 

 

{ } =  {T}                             (1) 

 

Both { } and {T} are vectors with n elements. s a square n × n influence coefficient matrix calculated 

using the below Equation 2. Each element of this matrix represents the twist caused at span wise station y due to 

a unit torque applied at another span wise location η 

 

(y, η) =   (η ≥ y)                        (2) 

 (y, η) =   (y ≥ η) 

In the current work, two approaches were used to determine  using standard methods from aircraft structures 

to determine the torsional rigidity (GJ) of multi-cell structures.  

Before calculating , the torsional stiffness(GJ) of the wing at every spanwise location needs to be calculated. 

The torsional constant, J for a three-cell thin-wall structure was calculated from the system of equations shown 
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in Equation 3. To solve for the torsional constant, the equations are arranged into matrix form as shown in 

Equation 5.The relationship between G , τ, and J is shown in Equation 4. 

 

 = T 

 +2Gθ = 0 

 + 2G  = 0             (3) 

 + 2Gθ = 0 

                             J =                                                                       (4) 

 

 

 

 

  

                       (5) 

 

 

The area of each cell, , and line integrals,  are calculated from points located along the surface of 

the airfoil. Fi is the shear stress in the material surrounding . The line integral (Equation 6) is calculated as the 

summation of several segments, with each segment being defined by two points. The distance between these 

two points is calculated and then divided by the thickness of the material for that segment. The line integral of 

each segment is then summed to give the total line integral between two areas. 

 

 =      (6) 

 

The area of a cell is calculated by subdividing the cell into several triangles. The area for each triangle is 

calculated using standard methods. 

 

2.3. Thin Airfoil Theory to Estimate Flap Effects 

To minimize the profile drag of a wing, each wing section needs to be operating within the low-drag 

range (LDR) of lift coefficients (drag bucket) of the airfoil. The drag bucket occurs when the stagnation point is 

at or near the leading edge of the airfoil. Since a stagnation point has zero vorticity, we can describe the LDR 

mathematically through thin airfoil theory. We begin by defining  as the when the vorticity at the leading 

edge of an airfoil is zero. From airfoil theory, the vorticity along the camberline of an airfoil is given by 

Equation 8. The Fourier coefficients  were determined from Equation9 and 10, and θ is the angular 

coordinate that corresponds to the chord wise coordinate, x, as defined by Equation 11. The lift coefficient was 

calculated from the vorticity through Equation 12. For the vorticity at the leading edge to be zero, was zero, 

which leads Equation 13 to calculate . Because thin airfoil theory linearizes the aerodynamics, we 

determined the incremental effect of a trailing-edge flap deflection on using Equation14, where is the 

angular location, in radians, of the flap hinge location. 

 

γ(θ) = 2        (7) 

 

 = -                                               (8) 

 

 =  d     (9) 

θ   =             (10) 

 

= π      (11) 
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= 2  d   (12) 

 = 2       (13) 

 

III. RESULTS AND DISCUSSIONS 

3.1. Calculation of lift and drag coefficients  

The slope of the lift curve and the minimum drag range of the airfoil must be found to justify that we are 

operating in optimum drag range throughout our analysis. Since the aerodynamic analysis of the wing is done 

with Ansys-Fluent software, the same was used to find the clVs α and clVs cd curve for two dimensional airfoil 

to standardize the analysis. From the analysis the airfoil was found operating in low drag range of 0.02 to 0.03 

and the clVs α relationship was linear in the range of -12 º to 12º.   For the CFD analysis the pressure far-field 

boundary condition was given and assumed standard conditions for aerofoil wall.  

 

Fig. 2: Angle of Attack Vs Coefficient of lift for NACA 65-415 

3.2. Lift Distribution over the semi-wing span 

Methodology used in FLUENT 

To calculate the lift distribution in Ansys Fluent package, the wing is divided into 10 small strips of 

size 0.094m. The cl value for the strip is calculated using Ansys Fluent. The cp values were calculated at 12 

sections. The cl values obtained using the strips and using the wing sections was interpolated and the values are 

plotted against the wing span to obtain the lift distribution.  

 

 

3.3. Rectangular wing with no flaps 

The general lift distribution on the rectangular wing was calculated theoretically using the Fourier sine 

series method and computationally using FLUENT software. The Fourier co-efficients used are A1Sin θ & A3 

Sin 3θ.  

 
Fig.3: Pressure distribution in Pascal over lower and upper surface 

The values obtained using theoretical methods and the computational methods are compared and given 

in figure 4. 
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Fig. 4: Comparison of lift distribution theoretical Vs computational 

 

 
Fig. 5: Pressure variation over a wing span in Pascal 

 

Regardingly the lift distribution occurs,the above pressure contours shows that the variation is almost 

constant all along the wing span except small variation at the tip.  

3.4. Twisted wing with no flaps 
The twisted wing geometry was generated using the multi-section surface method in Gambit software 

package. The twisted wing sections were rotated about their shear centre according to the twist value obtained 

using the FEA analysis.  

 

Fig. 6: Comparison of lift distribution theoretical Vs computational 

 

 
Fig. 7: Pressure distribution in Pascalover lower and upper side of twisted wing 

 

3.5. Rectangular wing with multiple trailing edge flaps 

The flap deflection angles were theoretically calculated using thin airfoil theory for every span wise 

location. Then mean flap angles were calculated and modeled in Gambit software package. The lift distribution 

for wing with flaps is computationally calculated in Fluent software package. 
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Fig. 8: Comparison of lift distribution theoretical Vs computational 

 

 
Fig. 9:  Pressure distribution in Pascalover lower and upper side of twisted wing 

 

 
Fig. 10: Pressure variation over a wing span in Pascal 

 

Regardingly the lift distribution occurs,the above pressure contoursshows that the variation is almost elliptical 

along the wing.  

 
Fig. 11: Flap angles for rigid wing 

 

Fig. 12: Profile drag analysis for rigid wing 
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From above plot, all the flaps were operating at lower drag range. 

3.6. Twisted wing with multiple trailing edge flaps 

The flap angles required for the twisted wing were calculated using thin airfoil theory for every span 

wise location. The wing sections were rotated about their shear centre and the flaps were deflected at 80% of the 

total chord. The twisted wing sections were used to model the wing in Gambit software package by multi 

section surfaces. The lift distribution for the twisted wing with flaps deflected is calculated in Fluent software 

package.The values obtained using theoretical methods and the computational methods were compared in 

figure13 

 

Fig. 13: Comparison of lift distribution theoretical Vs computational 

 

 
Fig. 14:  Pressure distribution in Pascalover lower and upper side of twisted wing 

 

 
Fig. 15: Pressure variation over a wing span in Pascal 

The above plot figure 15 shows the variation of coefficient pressure, in which the variation is almost elliptical 

along the twisted wing.  

 
Fig. 16: Flap angles for twisted wing 
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Fig. 17: Profile drag analysis for twisted wing 

From above plot, all the flaps were operating at lower drag range. 

3.7. Fluid structure interaction (FSI) 

The FSI was used to study the interaction betweenflexible structure and the surrounding fluid for the 

stability analysis of airplane wings. Studying these phenomena requires modelling of both fluid and structure. 

Manyapproaches in computational Aeroelasticity seek to synthesize independent computational approaches for 

theaerodynamic and the structural dynamic subsystems. This strategy is known to be fraught with 

complicationsassociated with the interaction between the two simulation modules. The task is to choosing the 

appropriate models forfluid and structure based on the application, and to develop an efficient interface to 

couple the two models. In thepresent article, FSI analysis was done by ANSYS software package. The wing was 

modelled in software package and aerodynamic analysis was done through ANSYS CFX package. The results 

were brought to structural simulationas loading conditions.    

Boundary conditions were  

Inlet- subsonic 

Outlet- subsonic 

Wing- no slip wall 

Root end- symmetry 

Air ideal gas 

Viscous effect- k-epsilon method 

Other sides – free slip wall 

Reference pressure – 101325 Pascal 

 

 
Fig. 18: FSI model with domain 
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Fig. 19: Total pressure contours over upper and lower surface 

 

 
Fig. 20: FSI boundary conditions and total deformations 

 
Fig. 21: Comparison of lift distribution theoretical Vs computational (ANSYS) 

 

 

 

IV. CONCLUSION 
The need for multiple trailing edge flaps was studied and the result derived from the analysis 

demonstrates the efficiency of multiple trailing edge flaps. Rigid and twisted wings were modeled with and 

without multiple trailing edge flaps. All those conditions were analyzed and results were compared both 

theoretically and computationally. Also profile drag analysis for the flaps have done through fluent software 

package and checked drag operating ranges.  The design of aircraft with this concept clearly shows a 

breakthrough in the design with minimal changes in the existing technology. With advances in manufacturing 

technology, the concept will be an asset to aircraft industries. The scope of this study can be extended by adding 

more multiple trailing edge flaps in future. The non- linear aerodynamics and post stall behavior of the aircraft 

wing can be studied. Thus it makes the analysis more complicated. A more accurate picture can be obtained by 

undertaking a dynamic aero elastic analysis in future. 
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