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Abstract 

The research studies the original design of (ZAGIL) wing from 

aeroelasticity point of view by enhancing computational software, 

theoretical approach and experimental tests to define the structural 

problem that existed in the wing. 

The presence of a high stress zone in wing skin, ribs, spar and trialing 

edge occurs at operating condition Mach number 0.6 and angle of attack 

12 degree considered as a main structural problem in the original wing 

of  (ZAGIL) aircraft. 

ANSYS fluent software and experimental tests results have been used to 

validate the aerodynamic and structural results obtained by finite 

element modeling and post processing (FEMAP) software, and the 

graphs show good agreement for both, aerodynamic and structural 

results. 

To satisfy the working operation condition for the redesigned wing, the 

redesigned wing skin is compacted with leading edge, trailing edge and 

spar by using extrusion technology to manufacture the wing without 

rips. 
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 المستخلص
 

يدرس  الصمدميا المدلج لح دلط الهدلاسل ماحدج مدن رحادم  ندس المسر د  الاراايد   هذا البحث 

المشددل ج اش شددلاي  الصددج  م سفدد بمسددلهرل البددسامت الصحسدديبي  رالهددسه ال نسيدد  رالصحددلس  ال مليدد  ل

 صحرث فج الح لط

سقا ي صبدس ناددرس احاددلراي هلليد  فددج حلددر ر فدلرل  ر حلفدد  الح ددلط ه در صشدد يج الح ددلط بدد 

 رسح  هر المش ل  اش شلاي  الها 21رماري  هحرا    6.0 ملخ

لصأ يددر ال صددلات اشيسرري لمي يدد   اسددصمرمي ال مليدد   صددلاتال رال سددي  فلر ددي  لمت دد صددلات بس   

صقدددلس  ال صدددلات  انادددسيرالممههدددلي  الفيمدددل  راش شدددلاي  الصدددج صدددا الحمدددرج هليادددل مدددن بس دددلمت

 اشيسرراي مي ي  راش شلاي 

صدا رمدت الحلدر رالحدلفصين الملميد  رالملفيد   م درجمصهلبلي نسرف الصش يج للح دلط اللصلبي   

 رالفلع رالسلسي  بإسصمراا ص  رلرحيل البثه لصم يع الح لط بررن أفلع
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Chapter one 

Introduction



 

 
 

    1.1 General Introduction: 

A flight vehicle is a complex structural system with numerous 

variables and constraints. The number of design variables and alternate 

constructions is large to be fixed by the governing equations and 

constraints. Airframe designers usually resort to past experience and 

similar existing designs to fix the values of undetermined 
[1].

 

In aerospace applications, wing design is a crucial and important part 

which is considered as a key attribute of aircraft aeroelastic design. 

Therefore, it is important to develop a high efficiency aeroelastic 

optimization method for wing structure design 
[2].

 

The increased wing span of these vehicles stems from a desire to 

decrease the induced drag of the wing (and thus improve key metrics 

like specific fuel consumption) but can result in a highly flexible wing, 

potentially susceptible to onerous issues (static and dynamic) associated 

with the flight loading 
[3].

 

  (ZAGIL) is a light aircraft fly with M < 0.6 and with maximum 

working altitude 8 km. It has two wings with span of 2.382 m contain 

skin, leading edge, spar, ribs and trialing edge. All wing parts are made 

from aluminum 60-61 T6. 

FEMAP (Finite Element Modeling And Post-processing) is an 

engineering analysis program that used to build finite element models of 

complex engineering problems (pre-processing) and view solution 

results (post-processing) it runs on Microsoft windows and provides 

CAD import, modeling and meshing tools to create a finite element 
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model as well as post-processing and is typically used in the design 

process to reduce costly prototyping and testing and for structural 

optimization to reduce weight. 

CFD (Computational Fluid Dynamic) is a branch of fluid mechanics 

that uses numerical analysis and data structures to analyze and solve 

problems that involve fluid flows.    

1.2 Scope of the Research: 

Since the design of the (ZAGIL) aircraft wing does not follow the 

elastic collapse theories at Mach = 0.6 which is the target, therefore a 

redesign for the wing parameters is required.                                                  

The research will concentrate on study the existed wing in stage of 

design and analysis. The mechanical and aerodynamic properties will be 

tested by FEMAP, CFD soft wares and laboratory testing equipment’s. 

     1.3 Problems:  

1. The aeroelastic analysis of (ZAGIL) A/C wing show high stress zone 

in spar and skin exceed the material’s yield stress at (Mach=0.6).  

2. The static analysis of (ZAGIL) A/C wing show high stress zone in 

spar and skin exceed the material’s yield stress at general A/C load 

factor. 
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    1.4 Objectives: 

This project aims to:  

1-Study the static and aeroelastic analysis of the (ZAGIL) wing in order 

to establish strong database documents. 

2-Improve the existing wing design regarding of Aerodynamics and 

Aeroelasticity point of views. 

3. Determine the working constraints of recent and improved wing for 

working flight condition Mach number, altitude and angle of attack. 

 

    1.5 Methodology:  

 Library research. 

 Practical exercise in workshop (Experimental work) used to calculate 

the torsional stiffness of wings by applying torsion moment on wings 

and writing the deflection angle. 

 Numerical methodology using FEMAP program to calculate the 

stresses at wing parts with different work conditions. 

 

 

 

 

 

 

 



 

 
 

 

 

 

 

 

 

Chapter two 

Literature Review 
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2.1 Literature Review 

Wing is the main component to produce lift force in aircraft so 

aeroelastic design optimization is necessary in order to minimize the 

weight while keeping the stresses at all part of wing under the yield 

strength limit using analytical, computational and experimental data.  

The aeroelastic design optimization is considered as an essential 

solution to sophisticated problem of airplane stability. Liviu Librescu 

and Karam Y. Maalawi 
[4]

. They provided a novel mathematical 

approach to the aeroelastic optimization of a wing-type structure with 

objective function that maximize the divergence speed by linear and 

stepped thickness distribution along the entire length of the wing without 

violating the performance requirements imposed on the total structural 

weight. 

Dillinger J.K.S, et al 
[5]

 are represented an optimized mass of three 

forward swept wings for balanced and unbalanced laminates. The 

optimizer was shown the unbalanced laminates better than the balanced 

laminates for all aeroelastic constraints considered. 

Wan Zhiqiang, et al 
[2]

 have investigated an aeroelastic two-level 

optimization procedure suitable for the preliminary wing design. The 

first-level procedure is an aeroelastic optimization of structural layout 

which considers variations of structural layout and size parameters, 

while the second-level procedure is a robust aeroelastic optimization 

considering uncertainties in aerodynamic loads, structural layout 

parameters, and structural size parameters. The optimization method can 
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provide an optimal structural layout and structural sizes for a wing in the 

preliminary design stage. 

Scott Townsend, et al 
[6]

 showed that, applying flutter and divergence 

constraints on the eigenvalues of the flutter equation results in a robust 

design strategy capable of significantly reducing weight while 

maintaining or increasing flutter and/or divergence speed. 

Yi Li and Tianhong Wang 
[7]

 combined the Taylor Expansion (TE) 

with the Optimization and Anti-optimization Problems (OAP) solutions 

of Parameterized Interval Analysis (PIA) to study the effect of structural 

uncertainties on the divergence of wing through  two-dimensional wing 

example. The method developed by them is compared with the Classic 

Interval Analysis (CIA) and the result is indicated that, the noval 

technique can reduce over estimation in the classic interval analysis and 

the TE method. This beside, the interval of divergence dynamic pressure 

predicted by the develped method is as narrow as the one from the 

parameterized interval analysis combined.  

 

YANG Chao, et al 
[10]

 have presented a method for structural design 

of flexible air vehicle considering the uncertainties in maneuver loads 

the critical design load cases were determined in four typical maneuvers 

and three objectives of critical loads were defined, focusing on the load 

status of three concerned sections on this basis, the aeroelastic 

optimization designs of a flexible wing were conducted in the cases of 

theoretical linear aerodynamic forces, experimental aerodynamic forces 

and predicted loads, respectively. The resulting optimal designs based on 

the predicted loads were heavier and more robust than the designs based 
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on theoretical or experimental aerodynamic forces, which was attributed 

to the consideration of uncertainties in aerodynamic forces in the early 

phase of aircraft design. 

 

Inaddition to these previous studies, Changchuan Xie, et al 
[9]

 are 

established a theoretical framework of aeroelastic optimization design 

for high-aspect-ratio wing considering structural nonlinear effects. 

The results of nonlinear reanalysis show that the optimum solutions of 

linear case might be inaccurate when the wing produces large 

deformation, and it is necessary to consider the geometric nonlinearity 

in optimization design.  

 

 

 

 

 

 

 

 

 

 



 

 
 

 

 

 

 

 

 

Chapter three 

Analytical Approach 
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     3.1 Introduction 

In order to determine the working constraints of recent and improved 

wing, the theoretical approach gives a roughly estimation for the speed 

at which the wing will collapse (divergence speed).  

3.2 Divergence speed     

The most common divergence problem is the torsional divergence of a 

wing. It is useful, initially to consider the case of a wing of area S 

without ailerons and in a two-dimensional flow, as shown in the 

following Figure 3.1. 

 

 

 

 

Figure 3.1: Increase of wing incidence due to wing twist. 

 

The torsional stiffness of the wing represented by a spring of stiffness, 

   , resists the moment of the lift vector, L, and the wing pitching 

moment,   , acting at the aerodynamic center of the wing Section. For 
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moment equilibrium of the wing section about the aerodynamic center 

[8], 

 

                            ---------------------------- (3.1) 

 

Where, ec, is the distance of the aerodynamic center forward of the 

flexural center expressed in terms of the wing chord, c, and   is the 

elastic twist of the wing.  

 

From aerodynamic theory 

                        
 

 
                 -------------------------------------(3.2)  

 

  
 

 
                   -------------------------------------- (3.3) 

 

Substituting in Equation (3.1) yields 

 

 

 
                                      -------------------------- (3.4) 

 

Or, since 

       
   

  
                --------------------------------- (3.5) 

 

Where,    is the initial wing incidence or, in other words, the incidence 

corresponding to a given flight condition. 
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Assuming that the wing is rigid and     is the wing lift coefficient at 

zero incidence, then 

 

 

 
     *               

   

  
     +                         ---------- 

(3.6) 

 

Where 
   

  
 is the wing lift curve slope 

 

Rearranging of the equation (3.6) gives 

 

  
 

 
      *           

   
  

 +

    
 

 
       

   
  

                              --------------------- 

(3.7) 

 

Equation (3.7) shows that divergence occurs (i.e.   becomes infinite) 

when 

 

     
 

 
       

   

  
                     ---------------------------- (3.8) 

 

The divergence speed    is then 

 

   √
    

    
   
  

                     ---------------------------------- (3.9) 
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3.3 Section model 

It called section model because it take the characteristic of section at 

(0.7— 0.75) b/2 and represent the entire wing as shown in figure 3.2. 

 

 

Figure 3.2: Section model. 

 

 When the aircraft speed increase the lift increase lead to increasing 

in stress which deform the airfoil as shown in the Figure 3.3. 

 

Figure 3.3: Moment of torsion effect on airfoil 

    is the torsional rigidity and    is the moment of torsion 
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                    ------------------------------------- (3.10) 

Where, J, is the torsional constant and G is the modulus of rigidity 

   
  

  
                        --------------------------------- (3.11) 

  ∫
  

  
    

  

  
∫                   -------------------------------- (3.12) 

  
  

  
                     ------------------------------------ (3.13) 

Since, 

    
  

 
                  --------------------------------------- (3.14) 

           
  

 
                    -------------------------------------- (3.15) 
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3.4 Analytical Calculation for original wing 

Table 3.1 data of (ZAGIL) wing 

parameter symbol value 

Wing chord c          

Wing span  

 
 

        

density   
     

  

  
 

Modules of rigidity          

 

 

Analytical solution is used to determine the divergence speed of 

(ZAGIL) wing. Equation (3.9) reads   

   √
    

    
   

  

 

Air density at sea level   
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Wing area (S)  

     
 

 
                          

Lift gradient (
   

  
) 

   

  
 

  

  (
       

   )      
 

Aspect ratio (AR)  

 
 

  
 

     

      
       

       

       

   
   

  
           

Torsional stiffness,    , 

    
   

 
 

Modules of rigidity (G) 
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Torsional constant (J) and Distance between aerodynamic and elastic 

centers      for the cross section represented by following figure using 

FEMAP software 

              

              

 

 

 

 

    
                

      
             

 

   √
      

                             
 

              

That equal to 5.96 Mach 
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3.5 Analytical calculation for redesigned wing 

Analytical solution is used to determine the divergence speed of 

(ZAGIL) redesigned wing. Equation (3.9) reads   

   √
    

    
   

  

 

Air density at sea level   

       
  

  
 

Wing area (S)  

     
 

 
                          

Lift gradient (
   

  
) 

   

  
 

  

  (
       

   )      
 

Aspect ratio (AR)  
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Torsional stiffness,    , 

    
   

 
 

Modules of rigidity (G)                   
 

 
           

         

Torsional constant (J) and Distance between aerodynamic and elastic 

centers      

 for the cross section represented by following figure using FEMAP 

software 

             

              

 

 

    
               

      
             

 

   √
      

                             
 

                   That equal to 2.63 Mach 

 



 

 
 

 

 

 

 

 

 

Chapter four 

Computational Approach 
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4.1 Introduction 

The original and redesigned wings design will be tested using FEMAP 

software and the aerodynamic load applied in FEMAP will be verified 

by the lift force generated from ANSYS FLUENT software.   

4.2 Importing the geometry 

The wing geometry imported to FEMAP by its original dimension in 

3D whiles the chord in the X direction and the span in the Y direction. 

Every part is located in separated layer in order to be meshed.    

 

 

 

4.3 Material defining 

The material used to mesh the geometry is AL 6061-T6 and it is 

mechanical property defined as young modules and Poisson ratio 

whereas the density is defined as a physical property represented in table 

4.1 
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Table 4.1 Material Property 

Property  

Young modules 

[GPa] 
68.9 

Poisson ratio 0.33 

Density [Kg/  ] 2700 

     4.4 Mesh Creation 

The mesh used in the analysis is two types:  

1- Plate mesh 

The plate mesh is used to mesh the skin because the plate mesh is used 

for small thickness such as the skin. The plate mesh type is quad because 

the skin shape is like rectangular. 

 

2- Solid mesh 

The solid mesh is used to mesh all parts of wing because they have big 

thickness. The solid mesh type is tri type, because this part has 

complicated shape.   
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Figure4.3: Meshing the (ZAGIL) wing 
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4.5 Definition of Boundary Condition: 

4.5.1 Constrain 

 

Figure4.4: The constrain set 

The hole of root attachment fixed for translation in X Y Z and for 

rotation in X Y Z 

4.5.2 Aerodynamic Load 

The load used in divergence analysis is aerodynamic load and it is 

produced by aerodynamic panel and transported to the structural model 

by connecter called spline. 

4.5.2.1 Aerodynamic Panel 

Aerodynamic panel create the aerodynamic load that produced in the 

wing by the dynamic pressure and angle of attack the length of the 

aerodynamic panel is the span and the width is the chord as the 

aerodynamic panel is fine the aerodynamic load result is accurate as 
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shown in (figure4.5) 500 panel used to produce the aerodynamic load 

50panel along the span and 10panel along the chord                       

 

Figure4.5: Aerodynamic Panel 

4.5.2.2 Aerodynamic Spline 

Aerodynamic spline used to connect the aerodynamic model to the 

structural model and transport both load and translation between them. 

 

Figure4.6: Aerodynamic Spline 

Span 

Chord 
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      4.6 Computational Results 

4.6.1 Maximum vonmises stress for the original wing 

The maximum vonmises stress at Skin and Root of original wing for 

Mach number 0.2, 0.4, 0.5, 0.6 and 0.8 and for angle of attack   = 9 

degree is illustrated in table 4.2 

Table 4.2: Aeroelastic result for original wing 

        Part 

Mach No  

Skin 

[Mpa] 

Root 

[Mpa] 

M=0.2 33.82122 58.72879 

M=0.4 101.6255 176.4674 

M=0.6 228.6574 397.0516 

M=0.7 311.2281 540.4313 

M=0.8 406.502 705.8694 

4.6.2 Maximum vonmises stress for the redesigned wing 

The maximum vonmises stress of redesigned wing is represented in 

table 4.3 
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Table 4.3: Aeroelastic result for redesigned wing at the same condition 

           Part                               

Mach No 

Skin 

[Mpa] 

Root 

[Mpa] 

M=0.2 42.21131 35.53679 

M=0.4 168.8452 142.1472 

M=0.6 379.9018 319.8311 

M=0.7 517.0885 435.3257 

M=0.8 675.381 568.5887 

 

4.6.3 Lift force computed by FEMAP 

FEMAP software use panel method to estimate the lift force acting on 

the wing structure. Indeed, as the number of panel increase the precision 

of the lift force calculated is increase. For this wing 500 panels are used 

(10 in the chord and 50 along the span)The Lift Force is calculated at 

different Mach number 0.2, 0.4, 0.6, 0.8 and 0.95 versus angle of attack 

(AOA) =10.5 degree.  
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Tables 4.4: Lift force calculated by FEMAP 

Mach number Lift force [N] 

0.2 426 

0.4 1700 

0.6 3840 

0.8 6820 

0.95 9490 

4.6.3 Lift force computed by ANSYS FLUENT 

The lift force is calculated using ANSYS FLUENT in order to validate 

the lift results obtained by FEMAP at the same operation condition 

Tables 4.5: Lift force calculated by ANSYS FLUENT 

Mach number Lift force [N] 

0.2 327.6 

0.4 1346.9 

0.6 3291.6 

0.8 6204.9 

0.95 7780.9 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

Chapter five 

Experimental method 
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5.1 Introduction 

An Aeroelastic phenomenon such as divergence speed is expensive and 

dangerous to test so ground tests used in state of actual test.     

Ground test and flight test methods are described that may be used to 

highlight potential structural problems that occur on aircraft. Primary 

interest is focused on light-weight general aviation airplanes. The 

structural problems described here is torsional stiffness. 

  

5.2 Torsional stiffness measuring device 

The torsional stiffness of the wing is defined by applying a different 

torques on the wing by using loading fixture for applying moments 
[11]

 as 

shown in Figure 5.1and measure the torsion angle happened in the wing 

by using a measurement way as indicated in Figure 5.2 and according to 

equation (5.1).  

 

 

 

 

 

 

 

Figure 5.1: Loading fixture for applying moments 
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Figure 5.2: Torsion angle calculation 

The torque will be applied on 0.7b of wing span and the angle will be 

calculated as 

             
[11]

                      ---------------------------- 5.1 

 

 

Figure 5.3: Test component 
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5.3 Experimental Results                                                            

                             5.3.1 Torsional stiffness for original wing 

The original wing is tested for different loads reading from 5 Kg to 20 

Kg while L = 1470 mm and the result is shown in Table (5.1) 

Table (5.1) experimental torsional stiffness result for original wing 

Load [Kg] Torque [Nm]    [mm]    [mm]   [rad] 

0 0 0 0 0 

5 12.2625 2.3 2 0.002925 

10 24.525 3.7 4.3 0.005442 

15 36.7875 6.8 5.8 0.008571 

20 49.05 9.9 7.5 0.011836 

    5.3.2 Torsional stiffness for redesigned wing 

The redesigned wing is tested for different loads reading from 5 Kg to 

20 Kg while L = 1470 mm. The result is represented in Table (5.2) 

Table (5.2) experimental torsional stiffness result for redesigned wing 

Load [Kg] Torque [Nm]    [mm]    [mm]   [rad] 

0 0 0 0 0 

5 12.2625 1.6 1.2 0.001905 
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10 24.525 2.9 2.5 0.003673 

15 36.7875 4.4 4.4 0.005986 

20 49.05 6.3 5.5 0.008027 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

Chapter six 

 Results and Discussion 
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    0. Results and Discussion 

The analytical, computational and experimental results of the original 

and redesigned wings of (ZAGIL) will be demonstrated and discussed. 

6.1 Analytical Results  

6.1.1 Divergence speed 

Table 6.1: Analytical divergence speeds for original and redesigned 

wings 

Divergence speed for original 

wing [m/s] 

Divergence speed for redesigned 

wing [m/s] 

2026.5 894.9 

This speeds is a theoretical speed and it doesn’t mean that the wing will 

fail at these speeds, because it is values depend only on the elastic twist 

angle (when    )  

6.1.2 Torsional stiffness 

Table 6.2: Analytical torsional stiffness for original and redesigned 

wings 

Torsional stiffness for original 

wing[m/s] 

Torsional stiffness for redesigned 

wing[m/s] 

5351 8162 
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The torsional stiffness represented by Table 6.2 for the redesigned wing 

is larger than for the original wing which means that the redesigned 

wing structure is stiffer than original wing.  

       

6.2 Computational Results 

6.2.1 Maximum vonmises stress  

The Maximum vonmises stress for the skin and root of the original and 

redesigned wing is determined for angle of attack 12 degree and 

different Mach number as represented in Table 6.3 below. 

Table 6.3: Maximum vonmises stress for original and redesigned wing 

        

Part 

Mach 

No 

Skin 

 [MPa]  

Skin 

[MPa]  

Root 

 [MPa]  

Root 

[MPa]  

 
Redesigned 

wing 

Original 

wing 

Redesigned 

wing 

Original 

wing 

M = 0.2 35.53 33.82 42.21 58.72 

M = 0.4 142.14 101.62 168.84 176.46 

M = 0.6 319.83 228.65 379.90 397.05 

M = 0.7 435.32 311.22 517.08 540.43 

M = 0.8 568.58 406.50 675.38 705.86 
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Figure 6.1: Maximum von Mises stress for Skin 

 

 

Figure 6.2: Maximum von Mises stress for Root 

The maximum von Mises stress at skin for both, original and redesigned 

wings is gradually increase with Mach till 0.8 as represented by Figures 

6.1. The maximum von Mises stress at skin for the redesigned wing is 

around 150 higher than the original skin at 0.8 Mach number. The 

maximum von Mises stress at Root for both, original and redesigned 

wings is satisfactory and representing the same results. This means the 

Root of the wing is not influenced by the redesign performed on the 

wing, but the Skin is only largely affected.  
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     6.2.2 Torsional stiffness 

Torsional stiffness is computed numerically for original and redesigned 

wing by applying two opposite forces such as in experimental test and 

the results is illustrated in Table 6.4 

Table 6.4: Computational torsional stiffness for original and redesigned 

wing   

Load [Kg] 

  [rad]  

Original 

wing 

  [rad]  

Redesigned 

wing 

0 0 0 

5 0.002119 0.00138 

10 0.004238 0.00276 

15 0.006357 0.00414 

20 0.008476 0.005519 

 

 

       6.2.3 Lift Force 

Lift force is calculated by FEMAP and ANSYS fluent at AOA = 10.5 

degree and Mach numbers 0.2, 0.4, 0.6, 0.8 and 0.95 as represented in 

Table 6.5. 
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Table 6.5: Lift force calculated by FEMAP and FLUENT 

Mach 
Lift force [N] 

FEMAP 

Lift force [N] 

FLUENT 

0.2 426 327.6 

0.4 1700 1346.9 

0.6 3840 3291.6 

0.8 6820 6204.9 

0.95 9490 7780.9 

 

 

 

 

 

 

 

 

Figure 6.1: Lift force against Mach number 

Figure 6.1 represents the lift force increment from Mach number 0.2 till 

0.95.  The result show very good agreement between both computational 

soft wares till Mach number 0.8 after that a little bit under-predicting is 

observed by Fluent software due to the capability of FLUENT software 

to capture the effect of shock wave. 
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 6.3 Experimental Results 

6.3.1 Torsional Stiffness 

Table 6.6: Experimental torsional stiffness for original and redesigned 

wing 

Load [Kg] 

  [rad]  

Original 

wing 

  [rad]  

Redesigned 

wing 

0 0 0 

5 0.002925 0.001905 

10 0.005442 0.003673 

15 0.008571 0.005986 

20 0.011836 0.008027 

6.4 Validation of torsional stiffness 

Experimental exercise is carried out to validate the computational result 

of torsional stiffness for both, the original and redesigned wing.  
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Figure 6.2:  Experimental and computational stiffness for original and 

redesigned wing 

Figure 6.2 shows the validation of computational result of torsional 

stiffness parameter for both, original and redesigned wing by conducted 

experimental tests. The numerical and experimental results for the 

redesigned wing represents that it is stiffer than the original wing.    
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   7.1 Conclusion 

FEMAP aerodynamic results are confirmed by ANSYS FLUENT results 

and the difference between these two results is about 23%. FEMAP 

structural results (torsional stiffness results) are also confirmed by an 

experimental test results and the error between the results is about 20%.    

The research explains that the redesigned wing is better than the original 

wing in torsional stiffness and divergence speed and the stress in the 

redesigned wing is much lower than in original wing especially in the 

wing root attachment zone. 

Using the extrusion technology to manufacturing the redesigned wing, 

make the redesigned wing skin roughness less than the original wing 

which reveals in reduction of skin friction drag and thus enhances 

aerodynamic efficiency. 

The manufacturing steps, time and cost of redesigned wing are 

obviously minimized by the virtue of extrusion technology. 
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      7.2 Recommendation 

It is obvious from obtained results the metallic wing reaches its 

limitation so using composite material can overcome the resulting 

stresses without affecting the wing weight.     

If there is other technique than panel method that takes the shock wave 

phenomena and real shape of wing in consideration to calculate the lift 

forces, the result will be more accurate.  
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