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ABSTRACT 

 

 

EXPERIMENTAL AND NUMERICAL INVESTIGATION OF THE WIND 

EFFECTS ON LONG SPAN BRIDGE DECKS 

 

Iman, Ashtiani Abdi 

M.Sc., Department of Aerospace Engineering  

Supervisor : Asst. Prof. Dr. Oğuz Uzol 

Co-Supervisor : Asst. Prof. Dr. Özgür Kurç 

 

September  2011, 81 pages 

 

Long span bridges are susceptible to wind. Hence it is important to study their 

wind-induced vibrations to avoid any probable structural failures. In this thesis, 

the results of an experimental and computational investigation of the aerodynamic 

characteristics of trapezoid bridge deck cross-sections with three different aspect 

ratios (10, 12 and 15) and four different side angles (75º, 60 º, 45 º and 30 º) are 

analyzed and presented. The flow around rigid fixed bridge deck models is 

investigated to obtain the relevant aerodynamic coefficients and the vortex 

shedding frequency and Strouhal number. Two dimensional unsteady Reynolds 

Averaged Navier-Stokes equations are solved using commercial CFD software at 

different Reynolds numbers. The numerical results are compared with the 

experimental data obtained by testing the model bridge decks geometries in a low 

speed wind tunnel. The results of this study demonstrate that the models 

aerodynamic parameters except their lift coefficient are almost dependent on the 

aspect ratio. In addition, the influence of side angle on all aerodynamic parameters 

has to be taken in account. 

 

Keywords: Trapezoid Cross Section, Vortex Shedding, Aerodynamic Force 

Coefficients, Experimental & Numerical Analysis 
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ÖZ 

 

 

UZUN AÇIKLIKLI AÇIKLIK KÖPRÜ GÜVERTELERİ ÜZERİNDEKİ 

RÜZGAR ETKİSİNİN DENEYSEL VE SAYISAL İNCELENMESİ 

 

Iman, Ashtiani Abdi 

Yüksek Lisans, Havacılık ve Uzay Mühendisliği Bölümü 

Tez Yöneticisi: Yard. Doç. Dr. Oğuz Uzol 

Ortak Tez Yöneticisi: Yard. Doç. Dr. Özgür Kurç 

 

Eylül 2011, 81 sayfa 

 

Bu tezde, üç farklı en boy oranında (10, 12 ve 15) ve dört farklı kenar kırma 

açıları (75, 60,45 ve 30) olan ikizkenar yamuk köprü döşemesi kesitinin 

aerodinamik karakterleri deneysel ve bilgisayarlı yöntemlerle analiz edilmiş ve 

sunulmuştur. Strouhal sayısı, girdap salınım sıklığı ve aerodinamik katsayıların 

elde edilmesi için rijit ve sabit modelin etrafındaki akışın incelenmiştir.   

İki boyutlu düzensiz (unsteady) akış problemi değişik Reynolds sayılarında 

Ortalamaları alınmış Navier Stokes denklemlerinin ticari hesaplamalı akışkanlar 

dinamiği programı (FLUENT) kullanılarak çözdürülmüştür. Modellenmiş köprü 

döşemesinin sayısal sonuçları, düşük hızlı rüzgar tünelinde gerçekleştirilen 

deneysel test sonuçları ile karşılaştırılmıştır. Bu çalışmanın sonuçları 

göstermektedir ki modellerin aerodinamik parametreleri, kaldırma katsayısı hariç, 

diğer parametrelerin neredeyse tamamının en boy oranına bağımlı olduğunu 

göstermektedir. Bunlara ek olarak, kenar kırma açısının tüm aerodinamik 

parametrelere etkisi dikkate alınmalıdır.    

 

Anahtar Kelimeler: ikizkenar yamuk kesiti , Girdap salınımı,  Kuvvet katsayıları, 

Deneysel ve Sayısal Analiz 
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CHAPTER 1 

 

 

INTRODUCTION 

 

 

 

Exposed to 67 kilometers per hour wind in the morning on November 7th 1940, the 

“Tacoma Narrows Bridge” crumbled just four months after it had been opened to the 

traffic. Although many similar catastrophes like “Brighton Chain Pier” in 1836 in 

England had been reported and almost all happened due to the wind effects, none of 

them were as serious as the total collapse of “Tacoma Narrows Bridge”. Millions of 

dollars ruined, but it opened a new scope in fields of civil and wind engineering. 

Figure 1.1 has been taken from 16MM Kodachrome motion picture film by Barney 

Elliott. 

 

 

Figure 1.1 Collapse of the Tacoma Narrows Bridge - Kodachrome motion picture film by Barney 

Elliott 
 

Still, long span bridges are favored in recent years even much more than 

before, as they can join two inaccessible points together like connecting two sides 

of river or over passing freeways. These bridges are long, but they are light and 

slender to have maximum efficiency, which can be obtained by dividing their 
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carried load by their mass.  Almost 2000 m span is possible as in the “Akashi 

Kaikuo Bridge” located in Japan. However, besides all these advantages since the 

ratio of length to width in these bridges is high, they are critically susceptible to 

wind effects. 

These sorts of bridges can cause disasters due to instabilities generated by 

dynamic aeroelasticity like fluttering under high wind speeds or vortex shedding, 

which can be the reason of structural failure under low wind speeds. Thus, it is 

important to perform detailed studies on the aerodynamics of these bridges to 

check them against wind-induced vibrations caused by vortex shedding, or 

galloping, and flutter type instabilities before their manufacturing,  

 

1.1 Overview on Bluff Body Aerodynamics 

 

In this section a summary of aerodynamic interactions between solids and fluids is 

given, mainly concentrating on applications of wind engineering in long span 

bridges. 

As it was mentioned previously, long span bridge decks can be considered as 

slender or bluff bodies since the ratio of deck width to bridge span is almost zero, 

i.e. the height and width of the deck are in the same order of magnitude. 

Many studies have already been done on the flows around bluff bodies as 

they have unique aerodynamic characteristics. One of their most important 

characteristics is their vibration. Naudascher and Rockwell [1] categorized bluff 

bodies based on their vibration source as follows: 

 Excitation of the bluff body due to the external reasons 

 Excitation due to the instability 

 Excitation due to the movement 

The first category is not generally considered in bridge designing. Usually the 

site in which the bridge will be located should be checked precisely to prevent 

arising of such problems. 

The main difference between bluff bodies and streamlined bodies comes 

from the fact that in streamlined bodies like airfoils, friction drag is dominant, 

whereas the pressure drag dominates the bluff body flows. Moreover, pressure 
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drag generally causes separation at the back of the bluff body. This separation will 

increase the size of the wake downstream of the body. In the wake of the body, a 

repeating pattern of swirling vortices will be formed. This is called the Karman 

Vortex Street [2], in which the vortices are shed from the two ends of the body. 

As this shedding has an oscillatory pattern, it causes two different zones on the 

body, one high pressure and another one low pressure, and this phenomenon 

generates unsteady forcing on the body. The vortex shedding is highly dependent 

on the size of the object and the flow velocity. Figure 1.2 illustrates a CFD 

simulation of the flow past the square cylinder at Re=200 computed on a 

65x33x65 grid which has been performed by Jiten C Kalita [55]. 

 

 

Figure 1.2 Formation of Karman Street over a square at Re=200 in two different time steps – 

Investigations on the flows pass a circular cylinder [55] 

   

The oscillation of the body is observed in cases in which the object is free 

to move in the direction of the unsteady force. This occurrence is not an unusual 

event as it can be observed daily in suspended telephone or power lines, but the 

problem occurs when the shedding frequency and the object natural frequency 

become nearly equal. This originates the resonance which is the main source of 

most structural failures. In long span bridges, this phenomenon can be 

experienced since in most cases there is no other support that limits its degrees of 

freedom except its two heads. As a matter of fact, determination of the vortex 



4 
 

shedding frequency in long span bridges is one of the most critical issues that has 

to be performed to prevent catastrophic failures. 

The last category describes the movement-induced excitation, which is an 

important problem especially for power transmission systems. The excitation in 

the wires takes place usually in the direction normal to the flow. The natural 

frequency of power transmission wires is around 1 Hz, and the oscillation's 

amplitudes are in order of a meter, which is much higher than the wire cross 

section dimension. This strong oscillatory motion, which adds to the loading stress 

on insulators and electricity pylons, causes mechanical failure [3]. This 

phenomenon is called galloping and can also be observed in long span bridges, 

since the deck width to the bridge span ratio is insignificant. 

There are two more important aerodynamic phenomena which can be the 

source of excitation. One of them is fluttering which is due to self-excitation. That 

means it can occur without any external disturbance. The other one is buffeting, 

which occurs due to flow fluctuations. 

Flutter is a kind of harmonic vibration, where aerodynamic forces on a 

body in at least two degrees of freedom couple with its natural frequency and 

causes oscillation. These characteristics of flutter distinguished it from resonance. 

Flutter takes place in any object like aircraft, buildings, power transmission wires, 

and also bridges within a fluid flow. The oscillations of the body increase the 

aerodynamic loads on the body, and if the natural damping of the system cannot 

overcome these oscillations, the object’s vibration increases its range of 

movement. The self-exciting oscillation with large amplitudes brings rapid failure 

[4]. Thus, it is critical to check all flutter related parameters including 

aerodynamic coefficients as a design process of structures exposed to 

aerodynamic forces.  

When the immersed body or a part of it in the fluid flow starts to excite 

irregularly due to the turbulence in the flow, it is called buffeting. Buffeting is a 

kind of instability, which occurs with high-frequency, and the source of this 

phenomenon is separation of airflow or oscillations due to shock waves; therefore, 

this excitation is generally considered random forced vibration [5].  
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1.2 Overview on Vortex-Induced Vibrations 

 

In order to provide completeness and for a better understanding of the subject, 

some background information on the vortex shedding will be discussed in this 

section in more detail.  

Considering a slender body with sufficiently high length to width ratio, or 

a streamlined body with high enough angle of attack has been immersed in a 

viscous flow that satisfies the no-slip condition. The velocity profile of the flow 

around the body gradually changes from zero on the surface of the body to the 

free stream velocity of the flow. This velocity profile defines the boundary layer 

around the body. Since the continuum assumption is valid, the free stream pulls 

the boundary layer along the flow direction, but on the other hand, due to the 

presence of skin friction, the boundary layer is retarded. Whole this process can 

cause a disturbance in the flow field which may disjoin the boundary-layer from 

the surface of the body. This phenomenon is called separation [6].  

After separation, downstream of the slender body, vortices start to shed 

interchangeably from one corner and then the other, which makes alternating 

high-pressure and low-pressure zones at the back of body. For parts of the body 

which are free to oscillate, this phenomenon causes fluctuation in force, acting 

perpendicular to the free stream direction when the shedding frequency and 

natural frequency of the body are close to each other. This form of vortices is 

called von Karman Vortex Street [7].  

This preamble obviously shows that the free stream velocity, body 

dimension, and the viscosity have the main impact on the vortex shedding. All 

these three factors are components of Reynolds number. 

Based on the characteristic length scale of the body, and the free stream 

velocity, it is possible to categorize the vortex shedding ranges based on the 

Reynolds number, 

 

Sub-Critical Range:            

Critical Range:                  

Trans-Critical Range:            
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In the range of                which is called the critical range, 

vortex shedding poses asymmetric and has an unusual behavior. This condition is 

called “locking in” condition, and is one of the most critical cases because along 

the persistent of those critical vibrations, structural failure occurs [8]. 

Recent studies show that critical vortex shedding cannot occur in very low 

velocities or in sufficiently high turbulent velocities since turbulence can prevent 

the shedding process. Thus, a steady continuous flow, at critical velocity, with 

periodic frequency, which is in resonance with the natural frequency of the object 

will result in heavy forces normal to the wind flow on the object. In addition, in 

most cases if the structure does not damp this force, it leads to severe structural 

failures [9]. 

Since an important characteristic of vortex shedding is its oscillatory 

movement, which causes the vibration of the object, there should be a relation that 

relates the frequency of oscillations to free stream velocity. In 1878, Vincenc 

Strouhal introduced the Strouhal number, which is a dimensionless number and 

describes the oscillatory flow mechanism. This number can be used as follow: 

 

    
  

 
 

      
 

 
 

      
  

 
 
  

                        

                          
   (1) 

    

Where    is Strouhal number,   the frequency of vortex shedding,   is the 

characteristic length which in most cases the cross-flow dimension is considered, 

and   is the free stream velocity [10]. The Strouhal Number represents the ratio of 

inertial forces due to the unsteadiness of the flow to the inertial forces due to 

changes in velocity from one point to another one in the flow field. 

Based on the Strouhal number, it is possible to characterize the flow. In a 

flow field in which the viscosity is dominant, the Strouhal number is so large, 

namely in order of 1, and that resulting in collective oscillatory movements in the 

flow field. 

The second category is specified by intermediate Strouhal numbers in 

which the vortices are rapidly shedding in a succeeding manner. 
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The last category is related to flow field with Strouhal numbers which are 

in order of     , high velocity steady state part of the motion is dominant in 

excitation [11]. 

The last part of this overview is dedicated to the subject of pressure 

loadings on the objects which are immersed in the fluid.  

When a body moves through a fluid, the fluid flows around the body and 

contacts physically at all points of the body so transmission of mechanical forces 

between the body and fluid occurs at on whole the surface of the body and this 

transmission occurs through the fluid pressure. 

As far as the body is moving through the flow field, the integrated 

component of the pressure force normal to the flow direction is called the lift, and 

the integrated component of the pressure force in the direction of the flow is 

called the drag. Furthermore, the cross product of any other forces, which have 

been applied on any points of the surface except the center of gravity and the 

perpendicular distance to the center of gravity of the body, is called moment, 

which is the tendency of that force to twist the body. 

As it has been described earlier, these aerodynamic forces have an 

important role in flutter phenomenon. All these three can be calculated as follow: 

 

    
 

 
              (2) 

   
 

 
              (3) 

   
 

 
               (4) 

 

Where  ,   and   are lift, Drag and Moment consecutively,   the fluid 

density,   wetted area,   characteristic length and   ,   ,    are lift, drag and 

moment coefficients respectively. 

 

1.3 Literature Review on Long-Span Bridge Deck Aerodynamics 

 

As it has been described earlier in the bluff body aerodynamics overview section, 

an immersed bridge deck in the flow field changes the flow configuration, and the 
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deck itself is subjected to surface pressure caused by the reconfiguration of the 

flow field.  As the wind nature is turbulent, this surface pressure is considered 

time-dependent that can be decomposed to a time-independent mean part and a 

zero mean fluctuating part. Since the bridge deck is considered as a bluff body, 

the deck itself also generates flow fluctuations [13]. The mean part of the acting 

forces is corresponding to static forces, and the fluctuating part is associated with 

buffeting forces. Because the deck is not fully fixed in long span bridges, it starts 

to fluctuate due to the discussed pressure forces. These fluctuations affect the flow 

boundary conditions, and this change in boundary condition causes change in 

pressure forces, which are acting on the deck. As a result, all these effects; in turn, 

influence the deck motion. The pre-described pressure forces that are the results of 

the deck fluctuations are called self-excited forces, which are the function of their 

history and their motion. In the frequency domain, the components of fluctuations 

of the deck and self-excited forces can be represented by filters that are called 

aerodynamic derivatives or flutter derivatives, which have to be obtained 

experimentally by wind tunnel tests or by computational methods [14, 15, and 16]. 

 

1.3.1 Experimental Studies 

 

For an experimental test on a bridge, one of the most important facts that should 

be considered is the scaling effects and the Reynolds number. A common 

hypothesis in bridge design is expressed that flow around the bluff and slender 

bodies is independent of Reynolds number. Therefore, it is possible not only to 

obtain the aerodynamic parameters such as aerodynamic coefficients and Strouhal 

number from low speed wind tunnels, but also to apply the obtained data directly 

to the main bridge. Schewe et al [17] showed that the drag coefficient obtained in 

wind tunnel testing is matched with the drag coefficient that is used in prototypes. 

Although based on his experiments, he concluded that the slender bodies with 

sharp edged cross sections may suffer from pronounced Reynolds number effects. 

Three years later, Matsuda et al [18] performed some experiments on hexagonal 

deck cross section. His results showed that using wind tunnel test in low Reynolds 

number region gives a conservative evolution of aerodynamic characteristics. 



9 
 

Since it has been discussed earlier, bridge aerodynamic phenomenon is 

affected by the interaction of deck structure and the wind. It has been found by 

many scientists that the bridge aerodynamic is under the influence of so many 

factors that one important of them is the cross section geometry of the deck. Lin et 

al [19] and Matsumoto et al [20] studied separately the effects of changes in the 

width-to-depth ratio of the deck. Both concluded that increasing this ratio 

improves the stability of the bridge. Furthermore, Bienkiewicz et al [21] and 

Nagao et al [22], checked the different cross sections and deck aspect ratios. Their 

results show a good aerodynamic stability in streamlined deck cross section than a 

fully bluff cross section. Fang et al [23] performed numerical and experimental 

investigations on two dimensional hexagonal cross sections. Moreover, he 

presented that these types of cross sections have better stability than rectangular 

one, since they are more streamlined than the other. Larsen et al [24], in addition, 

studied on five cross sections with different geometries and obtained the 

aerodynamic characteristics of each one numerically. Bosch et al [25] did also 

some studies on the same geometries, but his studies performed experimentally. 

In most cases when researchers are studying on the bridge aerodynamic, 

they consider the mean wind direction relative to the bridge deck from the right 

angle to the longitudinal axis of the bridge deck. This can bring some problems in 

buffeting analysis, since the wind direction is relative to the local climate, and its 

directionality has to be considered. Zhu et al [26] did vast experiments on Tsing 

Ma bridge deck under the skew wind. He found that the effect of end angles of the 

deck cross section on the aerodynamic coefficients is negligible. Furthermore, he 

concluded that lift coefficient can be assumed constant due to the skew wind 

changes, but the drag and pitching moment coefficients vary with skew wind 

variations. 

 

1.3.2 Numerical Studies 

 

As it has been mentioned, in recent years with help of powerful computers, and 

improvement in the computational fluid mechanic algorithms, beside the fact that 
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experimental tests are time and money consuming, many of engineering problems 

can be analyzed and solved by numerical methods. 

The first researchers, who studied the wind effects on the bridge deck, 

were Kawahara and Hirano [28]. They used finite element method to obtain 

aerodynamic coefficients and Strouhal number of the deck in different angle of 

attacks. Years after, Kuroda et al [29] used FEM and FDM to analyze the “Great 

Belt East Bridge”. Later on so many people have used different type of methods to 

obtain different characteristics of the fluid around the bridge deck. Nieto et al [30] 

and Braun et al [31] each one worked individually on different bridge cases 

numerically and got fairly good results that were matched with literature.   

There are many kinds of numerical simulations which are applicable in 

case of bridge aerodynamic analysis, but some of them like Large Eddy 

Simulation and Detached Eddy Simulation are time and computer resource 

consuming. Thus, some researchers prefer to use 2D Reynolds Averaged Navier 

Stokes instead. Sun et al [32] stated that     can simulate the flow field better 

than     as the later changes the flow pattern, since it over-produces turbulence 

kinetic energy near the wall. Furthermore, Nieto et al [33] concluded that in 

unsteady 2D simulations     fails to show vortex shedding pattern as it has been 

stated in literature. 

 

1.4 Scope and Objectives 

 

The objective of this thesis is to compare the effects of Reynolds number, deck 

aspect ratio and also trapezoid deck geometry on various aerodynamic parameters 

such as the lift, drag and moment coefficients as well as the vortex shedding 

frequency. Both computational and experimental investigations are performed for 

a variety of long span bridge deck shapes that are subjected to zero angle of attack 

oncoming wind. 

The study is conducted within the scope of the project "Computational and 

Experimental Investigations of Wind Effects on Long-Span Bridge Deck 

Aerodynamics” supported by the Scientific and Technological Research Council 

of Turkey (TUBITAK) under the project number 110M799. 
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1.5 Lay-Out of the Study 

 

Chapter 1 of the thesis gives a short history of wind-induced excitation problems 

in case of bridges and an overview of bluff body aerodynamics. This chapter also 

covers the literature review of the current study. 

The detail of computational methodology by which the aerodynamic 

parameters have been obtained has been discussed in detail in the chapter 2 of the 

thesis.  

The design and manufacturing process of wind tunnel and the balance 

system and also the detail of the measurement are presented in chapter 3. Brief 

discussions over the experimental and numerical results on the bridge deck 

models and also the comparison of these two results have been presented in the 4
th

 

chapter. 

Chapter 5 concludes the work with the general conclusions drawn and the 

recommendations for the future work. 
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CHAPTER 2 

 

 

NUMERICAL METHODOLOGY 

 

 

 

In order to investigate the effects of Reynolds number, deck aspect ratio and also 

trapezoid deck geometry on various aerodynamic parameters such as the lift, drag 

and moment coefficients as well as the vortex shedding frequency, a 

computational analysis is performed by solving two-dimensional unsteady 

Reynolds Averaged Navier-Stokes (RANS) equations for various cases using the 

commercial flow solver Fluent 6.3.26. This solver has the capability of solving 

and analyzing steady and unsteady flows and also accepts many sorts of boundary 

conditions. 

RNG k-ω turbulence model has been used in the simulations based on the 

literature survey [32, 33]. Also, the vertical variations of the mean flow has been 

considered to be zero (∂/∂y = 0). In addition, the fluid has been assumed to be 

incompressible, with constant density and viscosity of 1.2041 kg/m
3 

and
 
0.01983 

kg/m.s consecutively. 

 

2.1 Case Studies 

 

A common type of bridge deck cross section is trapezoid [25]. In addition, there 

are not many detailed studies on this type of deck aerodynamic in the literature. 

Hence, to prepare a complete database of aerodynamic characteristics of trapezoid 

decks, it has been decided to define different geometries and perform numerical 

and experimental analysis on them.  

To preserve the shape of a trapezoid but having different geometrical types 

of them, it is enough to change its aspect ratio, side angle or both of them 

simultaneously, then, investigating their aerodynamic characteristics under 

different flow velocities. 
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Figure 2.1 Common trapezoid geometry scheme 
 

In figure 2.1, it is clear that by changing the A/B ratio, the aspect ratio of 

the trapezoid is changing and by changing the angle C (side angle), it is possible 

to generate different type of trapezoid. 

Based on the literature [17], [19], [24], [25] and [31] a common aspect 

ratio for a trapezoid deck cross-section is around 12 and the side angle varies 

around 60°. Hence, to obtain a track all the effects completely, it has been decided 

to use three aspect ratios which are 10, 12.5 and 15. Also, four side angles in 

range of 30° to 75° with steps of 15° have been candidate. 

All these cases have been analyzed two dimensional to save the numerical 

solving time. Also, in experiments, by using large enough end plates, the 3D 

effects of the flow have been neutralized.  

All models have been fixed in zero degree of angle of attack, since in this 

study the effects of the wind direction are not under investigation.  

Data have been obtained at constant turbulent inlet flow velocities of 5, 10, 

15, 20, 25 and 30 m/s. 

The detail information about these geometries has been illustrated in Table 

2.1.  
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Table 2.1 Detailed geometries of each case – refer to figure 2.1 

 A Aspect Ratio C 

Case 1 0.3m 10 75º 

Case 2 0.3m 12.5 75º 

Case 3 0.3m 15 75º 

Case 4 0.3m 10 60º 

Case 5 0.3m 12.5 60º 

Case 6 0.3m 15 60º 

Case 7 0.3m 10 45º 

Case 8 0.3m 12.5 45º 

Case 9 0.3m 15 45º 

Case 10 0.3m 10 30º 

Case 11 0.3m 12.5 30º 

Case 12 0.3m 15 30º 

 

Figure 2.2 demonstrates the general solution domain of each case. The 

solution domain is a 2x1 m
2
 rectangle. Since the wind tunnel test section has the 

same geometry, the comparison of results will be easier. 

 

 

Figure 2.2 General sketch of solution domain  
 

All the models have been located 0.5 m far from the inlet and 0.5 m far 

from the bottom, as it has been illustrated in figure 2.2. 
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2.2 Meshing and Grid Convergence 

 

The computational domain has been divided to two sub-mesh types: the 

boundary layer region which has structured mesh with ten nodes and the mesh 

height nearest to the bridge deck is about 0.01 times of the deck height (figure 2.3) 

and the rest of the domain (figure 2.4) which has been meshed unstructured. Sub-

meshes have been generated using the GAMBIT version 2.4.6. it has to be 

mentioned that the y
+
 in all cases is less than 5 which in case of k-ω model, is in 

an acceptable range. 

 

 

Figure 2.3 Unstructured Mesh – Trapezoidal cross section with side angles of 75° 

 

 

Figure 2.4 Boundary Layer Structured Mesh – Trapezoidal cross section with side angles of 75° 

 

The unstructured grid has been selected as a primary meshing tool, since 

one of their most important benefits is that they need fewer amounts of elements 
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on boundaries, since these meshes allow for varying size elements, allowing 

precise representation of boundaries [39]. 

In order to check the grid dependence, one case (a trapezoidal model with 

60º of side angle and aspect ratio of 12) has been solved with two different mesh 

resolutions. The “coarse” mesh has 61958 cells in sub-meshes. The “fine” mesh 

which is same as to the coarse one has 289020 cells, but the grid spacing which 

has been used in the coarse mesh is two times bigger than the fine one. Figure 2.5 

demonstrates these two meshes. 

 

 

Figure 2.5 Comparison of fine and coarse mesh – Top: Fine mesh, Bottom: Coarse mesh 

 

To select the best gridding resolution, four factors based on the literature 

survey have to be considered,  

 Strouhal number is not changing over low Reynolds number [18]. 
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 Experimental investigations show the Strouhal number of trapezoidal 

cross sections is around 0.15 [25]. 

 Frequency increases by increasing the velocity [18]. 

     fails to capture vortex shedding frequency [33]. 

The results of the analysis have been illustrated on Table 2.2.   

 

Table 2.2 Comparison of aerodynamic analysis of a trapezoidal cross section case study with different 

meshing methods 

Velocity (m/s) 
 

5 10 15 20 

CL 
Fine -0.042 -0.043 -0.036 -0.034 

Coarse -0.044 -0.042 -0.037 -0.034 

CD 
Fine 0.081 0.08 0.079 0.079 

Coarse 0.08 0.08 0.078 0.079 

Freq. (Hz) 
Fine 23 49 70 82 

Coarse 24 51 71 88 

St. # 
Fine 0.11 0.12 0.12 0.12 

Coarse 0.12 0.13 0.12 0.11 

 

Table 2.2, figures 2.6, 2.7, 2.8 and 2.9 illustrate the variation of Strouhal 

number, frequency and lift coefficient over a range of velocities. In addition, 

figure 2.9 demonstrates the comparison of lift coefficient variations of fine and 

coarse meshes for 15 m/s in range of time. 

It is clear that the coarse and fine meshes have the same trends in all 

figures. For instance, the lift coefficient’s difference for these two types of meshes 

is around 0.001 which is not a considerable value for these cases. In addition, in 

figure 2.9 the convergence of both graphs after 0.2 second is completely obvious. 

The slight differences in frequency and Strouhal number graphs which is 

demonstrated in figures 2.6 and 2.7 is in a acceptable range. Nevertheless, it is 

important to check the CPU time that should be spent in order to solve these 

cases. Table 2.3 illustrates the comparison of CPU time for solving the cases with 

coarse and fine meshes. 
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Figure 2.6 Variation of frequency versus velocity changes 

 

 

Figure 2.7 Variation of Strouhal number versus velocity changes 

 



19 
 

 

Figure 2.8 Variation of lift coefficient versus velocity changes 

 

 

Figure 2.9 Lift Coefficient comparison of fine and coarse mesh – 15 m/s  
 

 



20 
 

Table 2.3 Comparison of CPU time between fine and coarse mesh 

Grid Type Number of Time Steps CPU Time (hr.) 

Coarse 20000 7.43 

Fine 20000 52.69 

 

This simple comparison, illustrated in Table 2.3, shows that the fine 

meshes take more than eight times time than the coarse one. The outcome of this 

study demonstrates that the convergence level is satisfactory, hence, the rest of the 

cases have been solved by coarse mesh. 

 

2.3 Boundary and Initial Conditions 

 

Three types of different boundary conditions have been used to define all the 

cases. 

Wall Boundary Condition which is used to separate fluid and solid zones 

has been used to define the deck cross section. The no-slip boundary condition is 

enforced at walls.  

Pressure Outlet Boundary Conditions applied to the flow outlet. It is 

necessary to specify a gauge pressure for this condition. In the present cases, the 

gauge pressure is zero. Since, the test section pressure and the atmosphere 

pressure are at the same level. Moreover, since there is no reverse flow in defined 

problem, the backflow condition has been defined as no backflow. 

To define the flow velocity, the velocity boundary has been used. This 

option let the user to define the direction and magnitude of the flow. Each case 

has been solved for series of velocities which are 5, 10, 15, 20, 25 and 30 m/s. The 

turbulence specification for these boundaries has been defined by help of 

turbulence intensity option, since the turbulence intensity of the system has been 

obtained experimentally with the help of wind tunnel tests. The obtained 

turbulence intensity of the inlet boundaries is 1% for velocities under 15m/s and 

2% for higher velocities. Figures 2.11 and 2.12 demonstrate the velocity and 

turbulence intensity measurements at inlet of the wind tunnel test section. 

 



21 
 

 

Figure 2.10 Boundary Conditions – A: Velocity Inlet, B: Pressure Outlet, C: Wall 

 

 

Figure 2.11 Velocity measurements at inlet of test section  
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Figure 2.12 Turbulence Intensity measurements at inlet of the test section 

 

2.4 Turbulence Models and Near-Wall Treatment 

 

As it has been described earlier, the k-ω based shear stress model has been used in 

this study [32]. This model gives highly accurate prediction of the flow separation 

by the inclusion of transport effects into the formulation of the eddy-viscosity. 

Bardina et al [56] showed performance of this model in a large number of studies. 

All model constants have been used by their default values. 

In a computational approach near a wall with no slip condition, one faces 

with strong gradients in the dependent variables and large viscous effects on the 

transport processes. These difficulties may be vanished by using the k-ω based 

SST model which uses automatic near-wall treatment, and also making it more 

suitable than the k-ε model for flows requiring high near-wall resolution.  

To decrease the errors offered by the automatic near-wall treatment, one 

should resolve the boundary layer using at least 10 nodes when using these 

models [57]. Hence, the mesh height nearest to the bridge deck is about 0.01 times 

of the deck height [58]. 
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2.5 Solution Procedure and Numerical Schemes 

 

As it has been mentioned, the unsteady RANS solution has been solved by 

FLUENT 6.3. At each time step, the momentum, continuity and turbulence 

equations have been solved by an iterative procedure. The second-order implicit 

unsteady formulation has been used for time derivatives discretization. In 

addition, the momentum and turbulence equations have been discretized by 

second-order scheme to have better accuracy. The standard pressure discretization 

has been used in solutions, and also Pressure Implicit Splitting of Operators 

(PISO) scheme has also been applied to pressure-velocity coupling. Since in 

unsteady solutions, PISO allows the use of higher time step size without affecting 

the stability of the solution [37].  

To obtain the time step size, one can use the Strouhal number. Using the 

Strouhal number, it is possible to obtain the vortex shedding frequency. This 

frequency represents the shedding cycle time. To properly catch the vortex 

shedding, it is enough to have at least 20 time steps in one shedding cycle [37]. 

The Strouhal number approximation based on the literature for a trapezoidal cross 

section is round 0.15 [25]. The critical characteristic length of the models is 0.02 

m and the maximum velocity is 30 m/s. Hence, the maximum frequency is around 

350Hz. Therefore, selecting 0.0001 for the time step size assures that for the worst 

case enough number of vortices can be captured. In addition, since the minimum 

frequency of such a cross section based on the literature [25] is around 20, number 

of time steps can be set to 20000. 

Computational convergence is determined by using the residuals in Fluent. 

A solution takes to account as a converged solution if the residuals for all the 

governing equations be less than 10
−3

. However, in this study, due to the geometry 

of models, it was impossible to obtain converged final solution using the 

described schemes. Hence, the solution procedure has been divided to two parts. 

First, a first-order unsteady solution had been applied using the k-ω model, and 

also all governing equations have been discretized by first-order schemes. Then, 

after achieving the convergence, the desired model and numerical precision have 

been used.  

 



24 
 

 

CHAPTER 3 

 

 

EXPERIMENTAL FACILITIES AND MEASUREMENT DETAILS 

 

 

 

In this thesis, the bridge deck cross-sections that are investigated 

numerically are also tested in a wind tunnel and the results are compared to those 

obtained through computations. 

This chapter presents the design and manufacturing of the test facilities as 

well as the details of the measurement methods. 

 

3.1 Test Facilities 

 

As a part of this thesis, a new wind tunnel and a balance system have been 

designed and manufactured. The process of designing and manufacturing is 

discussed in detailed in this section. 

 

3.1.1 Wind Tunnel 

 

To test different types of deck sectional models a proper wind tunnel has to be 

chosen, so a literature survey has been performed to check the testing criteria and 

different types of wind tunnels. The results of literature survey have been listed on 

the table 3.1. 
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Figure 3.1 Sketch of the designed wind tunnel 
 

The blow-down wind tunnel in the Department of Aerospace Engineering 

at METU has a 0.6x0.6 m
2
 test section. Based on the literature review 

[43,44,45,46,47], the blockage of the test section has to be less than 0.02% and the 

turbulence intensity has to be less than 0.5%. The first problem was that the 

current wind tunnel turbulence intensity is around 1% with using screens. The 

other problem was the blockage. The maximum model cross section area have to 

be less than 0.007 m
2
 to have the blockage ratio less than 0.02%, this means that 

the model maximum height have to be maximum 0.01 m. the manufacturing of 

such a thin model and mounting this model to test facilities in high velocities is a 

big problem. Hence, it has been decided to design and build a new wind tunnel 

based on the project demands.  

In the design of a wind tunnel the main goal is to have similar 

aerodynamic condition between the model which has been mounted inside the test 

section and the real full-scaled prototype. However, it is not always possible to 

achieve full similarity in practice, since, there are so many limitations like cost, or 

power required to operate the wind tunnel. 

The other important subject that one faces with in design of a wind tunnel 

is that the design of wind tunnel is a combination of art and science, since there 

are no fixed rules in designing a wind tunnel. Since the flow condition and its 
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structure when it is passing through different parts of the wind tunnel are so 

complicated and there is no sufficient knowledge about this subject [42]. 

 

Table 3.1 Typical wind tunnel test sections and models based on literature 

Ref. 
Test Section Turbulence 

Intensity 

Model Size 
Blockage 

Width Height Length Width Height Length 

[43] 1.75 1.05 3.5 0.20% 0.3 0.0375 0.79 0.02% 

[44] 2.4 2.15 33 0.60% 0.363 0.053 2.13 0.02% 

[45] 1 1.8 - - 0.06 0.005 0.3 0.02% 

[46] 9.1 9.1 - - 0.4 0.4 8 0.04% 

[46] 6 3 - - 1.3 0.13 3 0.02% 

[46] 1.5 2.5 - - 0.5 0.05 1.35 0.02% 

[47] 3 2.5 15 0.50% 0.41 0.25 2.2 0.07% 

*All dimensions are in meter 

 

3.1.1.1 Design Criteria 

 

First step in designing a wind tunnel is choosing an appropriate configuration 

based on the project requirements. Here, some advantages and disadvantages of 

different types of wind tunnel have been described: 

1. Open & Closed circuit wind tunnels [48]: 

 Closed Circuit Wind Tunnels: 

 Advantages: 

o Due to the power recovery, smaller motors can be used 

o Protected from cold or hot weather 

 Disadvantages: 

o Expensive to build 

o The air is heated up due to the friction  

o Due to the close proximity of the fan, the test section is 

always very noisy 

 Open Circuit Wind Tunnels: 

 Advantages: 

o Much less expensive to build 
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2. Speed Regime of wind tunnel: Based on the international weather service 

reports the wind speed in storms is around 90km/hr. which is equal to 

25m/s. 

3. Suck-down and Blower wind tunnel: 

 Suck-down tunnel: in this type of wind tunnels the axial or 

centrifugal fan is installed after the test section. The inlet opens to 

atmosphere. The most critical problem in these wind tunnels is 

swirl which is contained by the entering flow and has to be damped 

by help of screens or honeycombs. 

 Blower tunnel: in this type of wind tunnels, the fan has been 

installed in the inlet. These tunnels still suffer the swirl problem, 

but these are less sensitive to swirl subject.  

As the cost is an important issue, and the wind tunnel has been decided to be used 

inside salon, an open circuit wind tunnel has been selected.  

 Based on the weather service reports, a subsonic wind tunnel with the 

maximum velocity of 35m/s has been decided to be designed and constructed. 

In the case of suck-down tunnels the fan is usually placed at the end of the 

diffuser. Since, the kinetic energy of the air discharges from the diffuser is usually 

only a small percentage of the kinetic energy of the air in the test section, the 

power required by an open-circuit tunnel may be less than that required by a 

closed-circuit tunnel of the same aerodynamic design, because no power is wasted 

due to the drag of the corner vanes [42]. So in this case as the screens and 

honeycomb can overcome the swirl effects, the suck-down type wind tunnel has 

been chosen due to its less power consumption. 

 

3.1.1.2 Test Section 

 

One of the most important parts of the wind tunnel is the test section. Almost all 

measurements and observations take place in this section. The test section size and 

also its shape are highly dependent to the test requirements. Hence, it is 

impossible to use a fixed predefined configuration for all case studies. But, there 

are some rules that are fixed in all types of configurations.  One basic factor in test 
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section design is the length of the test section. Test section should be long enough 

to diminish the flow disturbances before reaching the model. However, it has to be 

short enough to do not let the boundary layer growth along the test section which 

causes separation and power loss.  

Practically, the best length of the test section can vary from one to two 

times of the hydraulic diameter of the test section cross-section [48].  

Hence, based on the literature survey and CFD investigation, it has been 

decided to choose a rectangular cube test section with cross section area of 1x1m
2
 

and the length of 2m. 

The material which has been used in test section production is Plexiglas, 

since, this kind of material is completely transparent, and therefore, it helps the 

flow to be observed in time of testing. 

 

3.1.1.3 Fan 

 

Like it has been mentioned previously, a suck-down open circuit tunnel has been 

selected to be designed. Axial fans instead of centrifugal fans are used in these 

types of wind tunnels since in case of large mass flow they have better 

aerodynamic characteristics and efficiency.  

The fan selection has been done based on the maximum velocity which will be 

needed in tests and also the cross section of the test section. 

Since, the fan is not going to be designed, it has to be selected. Hence, based on 

the existent information, a proper fan has been chosen. The selection specification 

of the fan has been described in the table 3.2. 

 

Table 3.2 Fan selection specifications 

Test Section Area 1 m
2
 

Maximum Velocity 35 m/s 

Maximum Volume Flow Rate 126000 m
3
/h 

 

The selected fan details have been presented in the figures 3.2 and 3.3 and also 

Tables 3.3 and 3.4. 
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Figure 3.2 Performance curve 

 

Table 3.3 Fan specification 

Curve Code Fan Dia Speed Power Input Electric Motor Noise Level db 

(A) 3m/1m mm rpm Kw-Hp 

H4/1200-45A 1200 1500 30-40 200L 97/98 

 

Table 3.4 Fan specification 

Air Flow Rate (m
3
/h) – Static Pressure (mm/WG) 

20 30 40 50 60 70 80 90 

94200 92000 87900 84000 77500 55000 33000 20000 

 

It is notable that: 

1 m3/h = 3600 m3/s 

1 CFM = 1.699 m3/h 

1 mmWG = 9.80665 Pa 
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Figure 3.3 Normal view of the fan 

 

The exact dimensions of fan have been presented in Appendix A. 

 

3.1.1.4 Motor 

 

The information which has been used to select the motor has been summarized in 

the table 3.5. 

To obtain the proper power required of the motor, the following formulas 

have been used. 

 

    
 

 
            (5) 

              (6) 

 

Where Ek, m, V, P, p and Q are kinetic energy, mass, free stream velocity, 

Power, pressure and mass flow rate successively. 
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Table 3.5 Motor selection 

Ankara Altitude 850 m 

Ankara Temp. (min) -5 C 

Ankara air density  .105274 kg/m3 

Maximum Air Velocity 35 m/s 

Kinetic Energy 676.980166 Kg/m.s2 

Mass Flow Rate 83238 cms 

Power 41.34 hp 

 

All these calculations have been obtained without consideration of loss. Hence, to 

estimate a proper value for power CFD results have been used. 

 

3.1.1.5 Contraction Section 

 

The main part of a wind tunnel is the contraction section which is placed before 

the test section. The contraction section is used for the following proposes [49]: 

 Reduction of flow non-uniformities at the test section inlet to produce a 

smooth velocity profile 

 Reduction of the turbulence level 

 Reduction of losses in screens and honeycombs due the reduced dynamic 

pressure in the stagnation chamber 

Likely, it has been discussed, longer contraction section delays the separation but 

it can thicken the boundary layer which itself causes separation and also the cost 

of manufacturing will increase. In addition, shorter length of contraction section 

reduces the manufacturing cost and cause thinner boundary layer due to effects of 

increase in pressure gradients but there will be the risk of separation. Thus the 

length most be optimized. The other important factor in designing a contraction 

section is the contraction ratio which is the ratio of the inlet to the outlet area of 

the contraction section. It affects the flow uniformity, flow separation, and 

turbulence level [50]. 

For years, engineers have tried to optimize and obtain practical relations between 

contraction section dimensions to reach the best combination of flow uniformity, 

thin boundary layer and minimum losses [51]. 
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Bell and Mehta introduced a fifth order polynomial which gives fair results in low 

speed wind tunnels. The polynomial has to satisfy the condition of zero, first and 

second derivatives at the inlet and outlet. Normalizing the length of this 

polynomial is as follows [52]: 

 

                                (7) 

     ⁄          (8) 

 

Where, L is the total length of the test section, H is the height of the test section at 

x position and hi and ho are the heights of the contraction wall from its center line 

at the inlet and outlet, successively. Although to decrease the construction costs, 

2D contraction instead of 3D one has been manufactured. 

The profile coordinate of the contraction section has been prepared in appendix B. 

The contraction area ratio has to be as large as possible, since it causes reduction 

in the total pressure loss. But this number can be selected based on the laboratory 

height and the height of the test section to be accessible easily.  

Su [53] did a numerical investigation on the effects of the length of a three-

dimensional contraction of rectangular cross section, on exit flow uniformity and 

the corner velocity distribution. This study showed that an L/D ≈ 1 is a good 

design compromise, which is free from separation for a CR of 9. 

Where L is the contrition length, D is the hydraulic diameter of the contraction 

and CR is the contraction ratio. 

Based on the designed contraction a 3D CFD analysis has been done which 

showed the designed profile is in an acceptable range. The velocity and pressure 

profile at the horizontal and vertical lines of the outlet of the test section have 

been demonstrated in figures 3.4 through 3.5. These figures have been obtained 

under the condition of standard      viscous model for the mass flow rate of 

30kg/s. 

Figure 3.5 shows that the velocity remains constant along the test section and also 

it is clear on the figure 3.4 that the pressure difference at near wall position is 

almost negligible. Hence, based on these calculations and CFD analysis, the wind 

tunnel has been constructed. 
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Figure 3.4 Total pressure profile 
 

 

Figure 3.5 Velocity profile  
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Figure 3.6 Side view of contraction section 
 

In addition, figures 3.7 and 3.8 show half of the 2D CFD analysis of the wind 

tunnel from the contraction section to the fan inlet. These figures have been 

obtained for the case in which the fan is working under 250 Pascal condition and 

the viscosity has been modeled by    . The black border represents the half of 

the test section.  It is obvious that up to 25 m/s, there is no critical separation but 

just a negligible vorticity near the wall. 

 

 

Figure 3.7 Total pressure contour 
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Figure 3.8 Vorticity Magnitude contour 
 

3.1.2 Balance System 

 

As it has been described earlier, wind tunnels are mostly used to check the 

aerodynamic properties of models. In spite of the fact that all these studies can be 

done with help of numerical methods, still tests with real air flow simulation 

around the models are vital. Hence, it is required for wind tunnels to have a high 

accuracy of force measurement. 

To measure forces in a wind tunnel a balance system is required. Balance system 

is a facility that measures the aerodynamic loads that a model endures during the 

test. In fact, it is possible to consider the balance system as a multiple axis force 

transducer.  

There are different types of balances. Hence, in designing a balance system the 

following items have to be considered: 

 Size and shape 

 Model mounting 

 Desired number of loads it can measures 

 Load cells range 

Typical balance system can be categorized as follow [54]: 

 Internal multiple piece balance, with a tapered end, measures six axis loads 

 Internal single piece balance, with a cylindrical end, measures six loads 
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 Semi-span balance, Single piece, measures five axis loads 

 Ring or rotor balance 

 Flow through balance 

Thus, a simple effective Wind Tunnel Balance system has been designed to 

accurately measures small forces, typically lift, drag, and pitch moment, in small 

wind tunnels. 

This balance system has been designed in the way that the load cells and the 

models are replaceable and the mounting and dismounting of them are as simple 

as possible. 

The configuration of the balance system makes it possible to obtain lift, drag, and 

pitch moment simultaneously. Two load cells measure the drag force. These load 

cells has been defined on the figure 3.9 by “A” and “D”. Two load cells which are 

measuring the drag force simultaneously. Load cells “B” and “C” have been used 

to measure the lift and moment. By using a linear bearing on all load cells, the 

movements of the joint rods have been limited and the lift force or the moment of 

it does not effect on the drag dedicated load cell and vice versa. In addition, the 

joint rods (1and 2) at two sides of the model have been connected to the load cells 

by different length sizes. Hence, by having the lift force and the length of these 

rods it is easy to calculate the moment. 

 

 

Figure 3.9 Wind tunnel balance system 
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The load cells that have been used with the balance system are S-Beam Load 

Cells that get their name from their S shape. These kinds of load cells send signals 

under tension or compression. The maximum capacity of the used load cells are 

5kg and the accuracy of them is 0.02% F.S which is equal to +0.001kg. 

 

3.1.3 Models 

 

Twelve different models based on the described dimension in chapter 2 have been 

made out of dense foam. All foams have been cut by help of hotwire machine. 

 Although the foam is so cheap compare to wood and light compare to 

metal materials, it is not possible to drive screw inside the foam to connect it to 

the balance system, hence, wooden cubes have been glued to the two ends of 

models to let the screws drive in.  

By mean of hotwire, it is possible to capture the velocity magnitude 

instantaneously. Applying the Fast Fourier Transform (FFT) to the obtained 

velocity data gives the results in the frequency domain which its peak represents 

the vortex shedding frequency.  

Single sensor hot-wire driven by a DANTEC 54N81 multi-channel CTA module 

and Kiel probe as a reference probe have been used to measure one single point 

downstream of the models. At each measurement the data is sampled at 5 kHz for 

10 seconds using the data-acquisition system obtained he data from the hot-wire 

module using a NI 9205 analog input module with 250 kS/s aggregate sampling 

rate. Since, the constant temperature anemometry measurement sensor is highly 

sensitive to temperature changes, before each hot wire measurement, the hot wire 

system should be calibrated using the Kiel reference probe. Total pressure data 

have been obtained by mean of a 3.175 mm shield diameter Kiel probe and a 

Scanivalve DSA3217 pressure module. The whole system has been controlled by 

mean of LabView software through a PC. 
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Figure 3.10 Bridge deck model – (a): four different side angles (30, 45, 60 and 75), (b): three different 

aspect ratios (10, 12 and 15), (c): two different side angles (75 and 30)  

 

  

(a) (b) 

(c) 
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CHAPTER 4 

 

 

RESULTS AND DISCUSSIONS 

 

 

 

All the cases under study have been categorized to four main groups. Each group 

represents a side angle; these angles are 75°, 60°, 45° and 30°. Each group 

contains three sub-groups that stand for the aspect ratios which are 10, 12 and 15, 

to investigate the effects of these two geometrical parameters on the aerodynamic 

of the trapezoid deck cross section. 

 In this chapter the results and comparison of the numerical simulations and 

the experimental studies are presented. In the first part, the methods of calculation 

of aerodynamic parameters in numerical simulations and experimental studies 

have been described. Then, the parameters which may affect the experimental 

results have been presented and the last part dedicated to the discussion over the 

comparison of the experimental and numerical results. 

 

4.1 Calculation Methods 

 

The aerodynamic parameters which are under investigation in this study 

are lift, drag and moment coefficient, vortex shedding frequency and also Strouhal 

number.  

 In the numerical simulation, to obtain the aerodynamic coefficients, it is 

necessary to active the force monitoring in the pre-processing step for lift, drag 

and moment and also define the reference value in that step to obtain reasonable 

results. After finishing the simulation, three text files which represent the lift, drag 

and moment coefficient time history are created. By averaging each of these three, 

the aerodynamic coefficients of the model will be obtained. In the experimental 

studies this process is different. The model will be mounted to a balance system 

which has been described earlier in the previous chapter and the forces have been 
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measured. Then, by mean of lift, drag and moment equations, the aerodynamic 

coefficients can be obtained. It has to be mentioned that, the forces have been 

measured with a data acquisition system which is operated at a sampling rate of 

100 Hz and for a total sampling duration of 60 seconds. Then, by averaging the 

results of each load cell, the mean loads have been obtained. Based on the 

description of the balance system, to calculate the drag and lift forces, the results 

of drag dedicated and lift dedicated load cells have been added up separately. In 

case of moment, the result of each lift dedicated load cell has been multiplied to 

the arm which has been connected to that load cells and then the two results has 

been subtracted from each other, since these load cells have been located in a way 

to generated moments in different directions. 

 The next aerodynamic parameter which has to be obtained is the vortex 

shedding frequency. In numerical simulations since it is possible to use 

sufficiently small time steps, the lift coefficient time history can be used as a 

reference to obtain the vortex shedding frequency. It is enough to apply the Fast 

Fourier Transform (FFT) to the raw values of the lift confident time history value 

and plot the results and then find the peak which represents the frequency of the 

vortex shedding. But, in experimental studies is impossible to refer to the 

aerodynamic coefficients to obtain the frequency, since, they cannot be considered 

as an instantaneous results. To overcome this problem, one can use hotwire 

method or high speed PIV method. In this thesis, the hotwire method has been 

used. Although the PIV method is performing as an alternate method but the 

results are not ready yet. To obtain the vortex shedding frequency by mean of 

hotwire it is enough to mount the hotwire probe, 2 or 3 times of the model height 

upper or lower in the downstream of the model. This place can be easily found by 

help of computational simulation. Figure 4.1 shows the formation of vortices of 

the model with 30° and 75° side angle and also the aspect ratio of 10 and 15. 

Figure 4.2 demonstrates the velocity magnitude contour for the same models. 

Hence, by mean of hotwire it is possible to capture the velocity magnitude 

instantaneously. A data acquisition system which is operated at a sampling rate of 

5 KHz and for a total sampling duration of 10 seconds has been used with the 

hotwire system. To calculate the vortex shedding frequency the same process used 
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for the numerical simulation has been applied here. Indeed, by help of Fast 

Fourier Transform (FFT) the peak frequency has been obtained out of the 

instantaneous velocity. The FFT code which has been written to perform these 

calculations has been presented in Appendix C. 

 

 

Figure 4.1 Vortiticy magnitude contour at 5 m/s – (a): Side Angle 30, Aspect Ratio 10 – (b): Side Angle 

30, Aspect Ratio 15 – (c): Side Angle 75, Aspect Ratio 10 – (d): Side Angle 75, Aspect Ratio 15 

 

(a) 

(b) 

(c) 

(d) 
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Figure 4.2 velocity magnitude contour at 5 m/s – (a): Side Angle 30, Aspect Ratio 10 – (b): Side Angle 

30, Aspect Ratio 15 – (c): Side Angle 75, Aspect Ratio 10 – (d): Side Angle 75, Aspect Ratio 15 

 

The last aerodynamic parameter which is Stroual number has been calculated for 

both numerical and experimental studies the same by mean of the Struohal 

number formula which has been described in the first chapter and the obtained 

vortex shedding frequency. 

 

(a) 

(b) 

(c) 

(d) 
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4.2 Error Sources 

 

In the experimental studies there are always some cases which affect the results. 

In some cases their effect is negligible and it is not necessary to eliminate them. 

But sometimes it is not possible to omit them although their effects on the results 

are not negligible. In this study the following instances effect on the results. Some 

of them have been solved by alternates but some of them remain unsolved. 

1- The construction of the wind tunnel took more than the scheduled time. 

Hence, the experiments have done with the old wind tunnel. Since, the 

models are larger than the test section of the old wind tunnel and also the 

blockage effects have not been negligible in the old wind tunnel, the 

models mounted to the balance system and large circular end plates 

connected to the two ends of the models to overcome the 3D effects and 

the whole system has been placed in the free jet of the wind tunnel. (The 

test section has been disjoint from the wind tunnel) 

The characteristics and the sketches of the old wind tunnel have been 

presented in Appendix D. 

2- The preliminary obtained results were faulty. After investigating the 

balance system, it has been cleared that the linear bearings are weak and 

could not bear the opposing forces and moments. To solve this problem, it 

has been decided to disassemble the balance system and obtain the lift and 

drag data separately. Hence, the presence of the linear bearings has been 

omitted. The outcome of this change is that the system cannot calculate the 

moment anymore. 

3- Although it has been mentioned on the load cells that their accuracy is 

+0.001 kg, but the preliminary tests show that they are not as precise as 

they have to be. The load cells have been tested with standard weights and 

their error in a range of 0.1 to 1 kg was between 5-10%.  

4- The models have been fabricated out of the dense foam and the 

minimum thickness of them is 0.02 m. These thin models and also the high 

amount of joints and arms on the balance system which are not possible to 

be connected to each other tightly, ignore the whole system rigidity.  
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5- The weight of arms, joints and the end plates compare to the weight of 

the model is too much. Hence, due to the absence of sufficient rigidity of 

the system in time of working the wind tunnel, the loads and moments of 

these objects will be added up to the lift, drag and the moment of the 

model. 

6- The weather of Ankara is not stable. Due to the reports of the weather 

casting institutes, the difference of high and low temperature in one day is 

around 20° [59] which make it hard to work with hotwire.  

These are the most critical cases that have been mentioned. The first and 

the second cases have been solved by alternatives. The last solved by multiple 

calibrations, although it is possible that after calibration and in time of the 

experiments the temperature changes. But the rest of problems remain unsolved. 

However, the results can still be a good reference that demonstrates the changes 

trend of the aerodynamic parameters of the trapezoid cross section model with 

variation of geometrical parameters. 

 

4.3 Aerodynamic Parameters Investigation 

 

All the obtained and calculated numerical and experimental results have been 

presented in Appendices E and F respectively.  

 This part has been divided to five separate sub-sections. Each sub-section 

dedicated to one aerodynamic parameter and the effects of geometrical variables 

which are aspect ratio and side angle on that parameter have been discussed. The 

sub-sections are lift coefficient, drag coefficient, moment coefficient, Strouhal 

number and vortex shedding frequency. 

It has to be mentioned that in this part, the discussions cover both numerical and 

experimental results. Although the velocity range of numerical simulations is 

between 5 m/s to 30 m/s and the experimental studies cover the range between 3 

m/s to 15 m/s. This difference of ranges is because of using the alternate wind 

tunnel and its maximum velocity limit. In addition, the depth of the models in the 

numerical simulations has been set to 0.7 m but in experimental studies due to the 

availability of material, foams with 0.6 m depth have been used. 
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4.3.1 Lift Coefficient  

 

Figures 4.3 through 4.6 represent the effects of aspect ratio and also side angle of 

the deck cross section on the lift coefficient.  

It is obvious that by increasing the velocity, lift coefficient almost remains 

constant and this shows clearly that the lift coefficient is completely dependent on 

the geometry of the model and not on the velocity, although it has to be mentioned 

that this expression is valid in the described velocities in this study. 

In addition, it is also obvious that increasing the side angle causes a drop 

on the lift coefficient. This phenomenon can be described easily. By decreasing 

the side angle, the lower face of the model decreases and the total pressure on the 

upper surface dominates the lower one, and the lift coefficient will increase as a 

result. This happens more clearly for lower side angles.  

The effects of aspect ratio on the lift coefficient are almost negligible. 

Indeed, the lift force is a function of surface pressure and in these cases due to the 

fact that the aspect ratio does not change the upper to the lower surface ratio, the 

effect of aspect ratio is insignificant.   

Figures show that the experimental results and numerical simulations are 

match in magnitude and their tendency. 

 

 

Figure 4.3 Lift Coefficient variations of trapezoidal cross section with 75° side angle 
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Figure 4.4 Lift Coefficient variations of trapezoidal cross section with 60° side angle 

 

 

Figure 4.5 Lift Coefficient variations of trapezoidal cross section with 45° side angle 

 

 

Figure 4.6 Lift Coefficient variations of trapezoidal cross section with 30° side angle 
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4.3.2 Drag Coefficient  

 

It is clear in all these figures that the drag coefficient tends to have a constant 

trend which is almost unvaried with changes of velocity. Indeed, it is possible to 

obtain an empirical relation between drag coefficient and the model dimension.  

In case of drag coefficient, models with lower side angle and also higher 

aspect ratio have lower drag coefficient and that is clear since higher aspect ratio 

and lower side angle are the main sources of the form drag. Higher aspect ratio 

causes higher model height and lower side angles make the model blunt.  

It has to be mentioned that in all cases the upper surface is the same hence 

more or less the friction drag is the same in all models.  

Although a little over-prediction in magnitude can be observed in the 

experimental results compare to the numerical simulations, but except the trend of 

case of 30° side angle, the rest consequences are compatible with the literature 

[19]. 

 

 

Figure 4.7 Drag Coefficient variations of trapezoidal cross section with 75° side angle 
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Figure 4.8 Drag Coefficient variations of trapezoidal cross section with 60° side angle 

 

 

Figure 4.9 Drag Coefficient variations of trapezoidal cross section with 45° side angle 

 

 

Figure 4.10 Drag Coefficient variations of trapezoidal cross section with 30° side angle 
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4.3.3 Moment Coefficient  

 

Unfortunately due to the technical limitations, no experimental data has been 

obtained for the moment coefficient,  

Numerical moment coefficients are almost independent of the velocity like 

the lift coefficients. However, in case of moment coefficient, the aspect ratio plays 

more effective than its role in the lift coefficient, figures 4.11 through 4.14 shows 

this apparently. 

Increasing of aspect ratio causes decrease of the moment coefficient but 

this is much clear, when the side angles are larger and the model has blunt edges. 

It is clear that by decreasing the side angle, the moment coefficient will increase 

dramatically. 

 

 

Figure 4.11 Moment Coefficient variations of trapezoidal cross section with 75° side angle 
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Figure 4.12 Moment Coefficient variations of trapezoidal cross section with 60° side angle 

 

 

Figure 4.13 Moment Coefficient variations of trapezoidal cross section with 45° side angle 

 

 

Figure 4.14 Moment Coefficient variations of trapezoidal cross section with 30° side angle 
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4.3.4 Vortex Shedding Frequency  

 

Based on the literature survey, an increase in vortex shedding frequency as a 

result of increasing the velocity has been expected [18]. Both experimental and 

numerical results demonstrate this increase so clearly.  

 Another expected issue based on the prior results is higher frequencies in 

slender sharp edged bodies, which have been illustrated clearly in these figures. 

By increasing the side angle and decreasing the aspect ratio, the vortex shedding 

frequency decreases. Figures 4.19  and 4.20 demonstrate the lift coefficient time 

history and total pressure magnitude on two different models subjected to 5 m/s 

air flow, one with 30° side angle and AR 15 and the other with 75° side angle and 

AR 10. This figure confirms the described subject. 

 

 

Figure 4.15 Vortex shedding frequency variations of trapezoidal cross section with 75° side angle 
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Figure 4.16 Vortex shedding frequency variations of trapezoidal cross section with 60° side angle 

 

 

Figure 4.17 Vortex shedding frequency variations of trapezoidal cross section with 45° side angle 

 

 

Figure 4.18 Vortex shedding frequency variations of trapezoidal cross section with 30° side angle 



53 
 

 

Figure 4.19 Lift coefficient time history – (a): Side Angle 30, AR 15 – (b): Side Angle 75, AR 10 
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Figure 4.20 Total pressure contour – (a): Side Angle 30, AR 15 – (b): Side Angle 75, AR 10 

 

Figure 4.20 obviously demonstrate the effect of side angle and aspect ratio 

on the wake model and also the vortex shedding frequency. More slender body 

and more sharp headed the body is, smaller the wake and higher the vortex 

shedding frequency will be. This phenomenon is independent of the velocity. 
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4.3.5 Strouhal Number  

 

As expected, the Strouhal number is in the range of 0.1 and 0.15 [25], although 

the experimental results show different trend and more or less different magnitude 

which most possibly is due to the temperature differences in time of experiments 

that affected on the hotwire and also the vibration of the system which has been 

described in the previous section. Figures 4.21 through 4.24 show that by 

increasing the side angle there is a slight decrease in Strouhal number. Indeed the 

more sharp edge the model is, the higher the Strouhal number will be. However, it 

is important to notice, the aspect ratio has almost no effect on the Strouhal 

number. Hence, it is not important how slender the model is in aspect ratio range 

of 10 to 15, the Strouhal number remains constant. 

 

 

Figure 4.21 Strouhal number variations of trapezoidal cross section with 75° side angle 
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Figure 4.22 Strouhal number variations of trapezoidal cross section with 60° side angle 

 

 

Figure 4.23 Strouhal number variations of trapezoidal cross section with 45° side angle 

 

 

Figure 4.24 Strouhal number variations of trapezoidal cross section with 30° side angle 

 



57 
 

 Table 4.1 is summarized the aerodynamic parameters related to the 

different configurations of a trapezoidal cross-section deck. 

 
Table 4.1 Aerodynamic parameters of different trapezoidal cross-section deck configuration 

Case # 
AR Angle CL CD CM Frequency Strouhal 

1 10 30 -0.121 0.057 -0.387 82 0.149 

2 12 30 -0.115 0.048 -0.344 92 0.142 

3 15 30 -0.120 0.043 -0.343 114 0.139 

4 10 45 -0.040 0.079 -0.206 70 0.126 

5 12 45 -0.055 0.067 -0.254 81 0.123 

6 15 45 -0.047 0.054 -0.254 104 0.125 

7 10 60 -0.025 0.093 -0.191 60 0.106 

8 12 60 -0.036 0.079 -0.225 75 0.113 

9 15 60 -0.035 0.064 -0.235 94 0.112 

10 10 75 -0.017 0.100 -0.16 50 0.091 

11 12 75 -0.019 0.085 -0.192 70 0.101 

12 15 75 -0.018 0.070 -0.215 92 0.108 

 

Table 4.1 demonstrates clearly the effects of side angle and also aspect 

ratio on each of the aerodynamic parameters. The lift coefficient and the Strouhal 

number are almost independent of aspect ratio but the drag decrease by increasing 

the aspect ratio as it has been described earlier. The moment coefficients except 

for the lowest side angle increases by increasing the aspect ratio.    

The side angle effects on all the parameters. Increasing the side angle 

decrease the lift and moment coefficients and also the Strouhal number but it 

increases the drag coefficient. 

In addition, based on the available information in the literature and with 

the specified conditions which have been defined in the second chapter, the RANS 

equations have been solved for the following case: 
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Figure 4.25 Specified case study based on the literature 

 

This model has the side angle of 33° and aspect ratio of 7. The 

aerodynamic parameters of this model which has been obtained by solving the 

RANS equation with the defined conditions have been compared in the table 4.2 

with the literature. 

 

Table 4.2 Comparison of aerodynamic parameters of the specified case study based on the literature 

 CL CD CM St. # 

Numerical Investigations -0.054 0.12 -0.125 0.187 

Literature -0.025
(*)

 0.08
(*)

 -0.08
(*)

 0.2
(**)

 

(*) 2D CFD Modeling [60] 

(**) Experimental Tests [25] 

 

 These data show that the numerical investigations are fairly 

matched with the literature. It is expected that with lower aspect ratio the Strouhal 

number and also the pressure drag increase, figure 4.26 shows this clearly. Also, it 

is obvious that the effects of aspect ratio are more dominant compare to side 

angle.  



59 
 

 

Figure 4.26 Comparison of aerodynamic parameters for different cases 

 

The models have been sorted as it has been described in the table 4.1 but 

the first two models data have been obtained by numerical investigations and the 

literature consecutively.  

  



60 
 

 

CHAPTER 5 

 

 

CONCLUSIONS 

 

 

 

5.1 General Conclusions 

 

Based on the computational analysis and wind tunnel tests on the interaction of 

several suspension bridge decks models with a trapezoidal cross section and the 

surrounding flow for various flow velocities, the work can be summarized as 

follow: 

 A general agreement between the computational and experimental results 

has been observed. Hence the fluent with the described model, boundary 

and solving conditions can be used as a tool to speed-up deck analysis. 

 Structured mesh with     model fails to predict the vortex shedding, but 

unstructured     model results are consistent with the literature. 

 Results demonstrate that, aerodynamic force coefficients and also the 

Strouhal number are almost constant for the models that were the subject 

of this thesis in low Reynolds number ranges, up to 5.046E+4. 

 The effects of aspect ratio is obvious on the drag coefficient, by decreasing 

the aspect ratio the drag coefficient increases but it is possible to conclude 

that aspect ratios effects on other aerodynamic parameters are negligible 

except for the moment coefficients of the models with small side angle and 

the Strouhal number of models with large side angle. In case of side angle, 

by decreasing it, the lift coefficient and the Strouhal number increase but 

the drag coefficient decreases. 
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5.2 Recommendations for Future Works 

 

This thesis contains the experimental and computational aerodynamic 

investigations on a trapezoidal cross section of a bridge deck section for different 

side angles and aspect ratios. In the experimental part, a commercial CFD package 

(Fluent 5/6) has been used. The viscous models that have been used are limited to 

the     and    . The other models like Spalart–Allmaras, or simulations like 

Direct Numerical Simulation (DNS) within the Fluent can be employed at least 

for validation purposes.  

Development of a computational code as a dedicated solver for bridge 

decks can be another option for future studies. 

Investigations can be extended to other generic deck cross sections like 

hexagonal cross section. 

Since they were not within the scope and intention of the current study; the 

identifications of flutter derivatives of the bridge deck were not studied.  Though, 

as a future work, those might be contemplated.  
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Appendix A 

 

Fan Dimension 

 

 

Figure B.1 Side view of the fan 
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Figure B.2 Normal view of the fan 
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Appendix B 

 

Contraction Section Profile Coordinate 

 

Table B.1 Contraction section profile base on the Mehta polynomial 

X Y 

0 1.5 

0.095 1.5 

0.191 1.498 

0.477 1.473 

0.573 1.455 

0.668 1.432 

0.955 1.333 

1.05 1.29 

1.145 1.243 

1.241 1.193 

1.336 1.14 

1.432 1.085 

1.527 1.028 

1.623 0.972 

1.718 0.915 

1.814 0.86 

1.909 0.807 

2.005 0.757 

2.386 0.596 

2.482 0.568 

2.577 0.545 

2.959 0.502 

3.055 0.5 

3.15 0.5 
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Appendix C 

 

FFT Matlab Code  

 

%clc 

%clear 

AOA1=[75 60 45 30]; 

AR1=[10 12 15]; 

VEL1=[5 10 15 20 25 30]; 

 

%A loop to choose the folders automatically 

for AOA2=AOA1 

        for AR2=AR1 

               for VEL2=VEL1 

  

% The application finds the appropriate folders and read the cl, cd, and cm files.  

AOA=num2str(AOA2); 

AR=num2str(AR2); 

VEL=num2str(VEL2); 

msg = strcat('C:\Users\Oblivion\Desktop\CFD\Parallelogram\',AOA,'\AR',{' '},AR,'\Vel',{' 

'},VEL); 

msg=char(msg); 

oldFolder = cd(msg); 

CL=dlmread('cl-history','\t', 3, 0); 

CD=dlmread('cd-history','\t', 3, 0); 

CM=dlmread('cm-history','\t', 3, 0); 

  

%Plot the cl and cd preliminary data, so the operator can choose the best exponent of 2 which is 

applicable in FFT 

screen_size = get(0, 'ScreenSize'); 

 

%selecting the appropriate part of the preliminary data and calculating the averages 

EE=12; 

LL=length(CL); 

File=[CL((LL-(2^EE)+1):LL,2),CD((LL-(2^EE)+1):LL,2),CM((LL-(2^EE)+1):LL,2)]; 

B=mean(File); 
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%calculating the frequency and the FFT based on selected cl data. Store the cl, cd, cm, time and fft 

data on the file 

Fs = 1/(CL(end,1)-CL(end-1,1));                     

T = 1/Fs;                   

L = 2^EE;                    

t = (0:L-1)*T;                 

NFFT = 2^nextpow2(L);  

Y = fft(File(:,1),NFFT)/L; 

f = Fs/2*linspace(0,1,NFFT/2+1); 

File=[CL((LL-(2^EE)+1):LL,1),CL((LL-(2^EE)+1):LL,2),CD((LL-(2^EE)+1):LL,2),CM((LL-

(2^EE)+1):LL,2)];  

  

%Obtaining the Peak 

f1=f'; 

Y1=2*abs(Y(1:NFFT/2+1)); 

Temp=[Y1,f1]; 

Temp=sortrows(Temp,-1); 

if(Temp(1,2)>0); 

    B(1,4)=Temp(1,2); 

    FK=Temp(1,1); 

else 

    B(1,4)=Temp(2,2); 

    FK=Temp(2,1); 

end 

  

%Plot CL 

figure(2); 

set(gcf,'defaultaxesfontsize',14) 

plot(File(:,1),File(:,2),'k')  

title('"A"','FontWeight', 'bold') 

xlabel('Time (S)','FontWeight', 'bold') 

ylabel('Lift Coefficient','FontWeight', 'bold') 

t1a= min(File(:,1))-(abs(min(File(:,1))-max(File(:,1)))/10); 

t2a= max(File(:,1))+(abs(min(File(:,1))-max(File(:,1)))/10); 

f1a= min(File(:,2))-(abs(min(File(:,2))-max(File(:,2)))/10); 

f2a= max(File(:,2))+(abs(min(File(:,2))-max(File(:,2)))/10); 

axis([t1a,t2a,f1a,f2a]) 
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set(gca,'XTick',[min(File(:,1)):(abs(min(File(:,1))-max(File(:,1)))/5):max(File(:,1))]) 

set(gca,'YTick',[min(File(:,2)):(abs(min(File(:,2))-max(File(:,2)))/5):max(File(:,2))]) 

  

%Plot FFT 

figure(3); 

set(gcf,'defaultaxesfontsize',14) 

semilogx(f,2*abs(Y(1:NFFT/2+1)),'k')  

title('"B"','FontWeight', 'bold') 

xlabel('Frequency (Hz)','FontWeight', 'bold') 

ylabel('Amplitude','FontWeight', 'bold') 

axis([1,10000,0,1.1*FK]) 

set(gca,'XTick',[1 10 100 1000 10000]) 

set(gca,'YTick',[0:1.1*FK/5:1.1*FK]) 

  

%Plot CM 

figure(5); 

set(gcf,'defaultaxesfontsize',14) 

plot(File(:,1),File(:,4),'k') 

title('"D"','FontWeight', 'bold') 

xlabel('Time (S)','FontWeight', 'bold') 

ylabel('Moment Coefficient','FontWeight', 'bold') 

f1d= min(File(:,4))-(abs(min(File(:,4))-max(File(:,4)))/10); 

f2d= max(File(:,4))+(abs(min(File(:,4))-max(File(:,4)))/10); 

axis([t1a,t2a,f1d,f2d]) 

set(gca,'XTick',[min(File(:,1)):(abs(min(File(:,1))-max(File(:,1)))/5):max(File(:,1))]) 

set(gca,'YTick',[min(File(:,4)):(abs(min(File(:,4))-max(File(:,4)))/5):max(File(:,4))]) 

  

%Plot CD 

figure(4); 

set(gcf,'defaultaxesfontsize',14) 

plot(File(:,1),File(:,3),'k') 

title('"C"','FontWeight', 'bold') 

xlabel('Time (S)','FontWeight', 'bold') 

ylabel('Drag Coefficient','FontWeight', 'bold') 

f1c= min(File(:,3))-(abs(min(File(:,3))-max(File(:,3)))/10); 

f2c= max(File(:,3))+(abs(min(File(:,3))-max(File(:,3)))/10); 

axis([t1a,t2a,f1c,f2c]) 

set(gca,'XTick',[min(File(:,1)):(abs(min(File(:,1))-max(File(:,1)))/5):max(File(:,1))]) 
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set(gca,'YTick',[min(File(:,3)):(abs(min(File(:,3))-max(File(:,3)))/5):max(File(:,3))]) 

  

%Maximize all figures 

fgg = figure(2); 

set(fgg, 'Position', [0 0 screen_size(3) screen_size(4) ] ); 

fgg = figure(3); 

set(fgg, 'Position', [0 0 screen_size(3) screen_size(4) ] ); 

fgg = figure(5); 

set(fgg, 'Position', [0 0 screen_size(3) screen_size(4) ] ); 

fgg = figure(4); 

set(fgg, 'Position', [0 0 screen_size(3) screen_size(4) ] ); 

  

%Get approval to save figures and data and close the curent plots and 

%change the destination to the default folder 

B(1,5)=Fs; 

B(1,6)=L; 

B(1,7)=AOA2; 

B(1,8)=AR2; 

B(1,9)=VEL2; 

format shortG 

B 

save Datafile.txt B -ASCII 

save Coeff.txt File -ASCII 

save FFT.txt Temp -ASCII 

saveas(2,'CL.tif') 

close 2 

saveas(3,'FFT.tif') 

close 3 

saveas(4,'CD.tif') 

close 4 

saveas(5,'CM.tif') 

close 5 

oldFolder = cd('C:\Users\Oblivion\Documents\MATLAB'); 

save Datafile.txt B -ASCII -append 

                end 

        end 

end 
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Appendix D 

 

Characteristics of the Old Wind Tunnel 

 

 

 

 

 

 

 

Figure D.1 wind tunnel 3D sketch and pictures after being manufactured 

 

The velocities of the wind tunnel at different motor speeds at the outlet of the 

contraction section have been measured to extract the related wind tunnel charts.  

Figure D.2 demonstrates the velocity at the outlet of the contraction section versus 

the motor frequency, since the motor can be adjusted by mean of changing its 

frequency. 
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Figure D.2 wind tunnel exit velocity for different motor frequency 

 

 The turbulence intensity and also the total pressure distributions have been 

measured at the outlet of the contraction section by mean of a single sensor hot 

wire and a Kiel probe as a reference probe in a plane perpendicular to the flow 

direction. Figure D.3 shows the axial velocity, turbulence intensity and total 

pressure characteristics in the wind tunnel contraction section exit for the axial 

velocity of 10 m/s.  

 

 

Figure D.3 axial velocity, turbulence intensity and total pressure distributions in the wind tunnel 

contraction section exit respectively. AA’ and BB’ lines are used to extract the distribution of speed 

along them.    

 

 Figure D.4 demonstrates the distribution of axial velocity plotted along AA’ 

and BB’ lines. 
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Figure D.4 axial velocity (a), turbulence intensity (b), and total pressure (c) distributions along AA’ and 

BB’ lines shown in figure D.3. ‘s’ parameter indicates the distance in x or y direction. 

 

 

 

  

(a) 

(b) 

(c) 
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Appendix E 

 

Computational Results 

 

Table E.1 Calculated results base on computational simulation 

CL CD CM 
Frequency 

 (Hz) 
Strouhal 

 # 

Model 
 Height 

 (m) 

Velocity 
 (m/s) 

Angle 
 (°) 

-0.105 0.042 -0.3069 39 0.156 0.02 5 30 

-0.201 0.071 -0.3169 83 0.166 0.02 10 30 

-0.114 0.038 -0.3188 112 0.150 0.02 15 30 

-0.108 0.037 -0.3055 134 0.134 0.02 20 30 

-0.101 0.036 -0.2897 151 0.121 0.02 25 30 

-0.092 0.035 -0.2704 164 0.109 0.02 30 30 

-0.114 0.052 -0.3521 32 0.159 0.025 5 30 

-0.122 0.050 -0.3667 68 0.171 0.025 10 30 

-0.122 0.048 -0.3623 93 0.155 0.025 15 30 

-0.117 0.046 -0.3497 110 0.137 0.025 20 30 

-0.110 0.045 -0.3341 122 0.122 0.025 25 30 

-0.102 0.044 -0.315 129 0.108 0.025 30 30 

-0.122 0.062 -0.3978 27 0.161 0.03 5 30 

-0.130 0.060 -0.4107 61 0.183 0.03 10 30 

-0.132 0.057 -0.4094 81 0.161 0.03 15 30 

-0.127 0.055 -0.397 98 0.146 0.03 20 30 

-0.115 0.054 -0.3696 107 0.129 0.03 25 30 

-0.101 0.052 -0.3388 115 0.115 0.03 30 30 

-0.049 0.055 -0.2111 34 0.137 0.02 5 45 

-0.051 0.054 -0.2154 73 0.146 0.02 10 45 

-0.049 0.054 -0.2106 100 0.133 0.02 15 45 

-0.047 0.053 -0.2061 122 0.122 0.02 20 45 

-0.045 0.053 -0.2006 139 0.111 0.02 25 45 

-0.041 0.053 -0.1928 154 0.103 0.02 30 45 

-0.060 0.068 -0.2655 27 0.134 0.025 5 45 
-0.062 0.068 -0.2693 59 0.146 0.025 10 45 

-0.058 0.067 -0.2599 78 0.130 0.025 15 45 

-0.054 0.067 -0.2505 95 0.119 0.025 20 45 

-0.050 0.066 -0.242 107 0.107 0.025 25 45 

-0.046 0.066 -0.2343 120 0.100 0.025 30 45 

-0.045 0.080 -0.2648 22 0.132 0.03 5 45 

-0.044 0.079 -0.264 49 0.146 0.03 10 45 

-0.041 0.079 -0.2573 66 0.132 0.03 15 45 
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Table E.1 Calculated results base on computational simulation (continued) 

 

 

 

-0.039 0.079 -0.2524 83 0.125 0.03 20 45 

-0.036 0.078 -0.2456 95 0.114 0.03 25 45 

-0.032 0.078 -0.2374 105 0.105 0.03 30 45 

-0.042 0.065 -0.2062 29 0.117 0.02 5 60 

-0.042 0.065 -0.2058 66 0.132 0.02 10 60 

-0.037 0.064 -0.1953 93 0.124 0.02 15 60 

-0.029 0.063 -0.1784 90 0.090 0.02 20 60 

-0.031 0.063 -0.1832 134 0.107 0.02 25 60 

-0.028 0.062 -0.1759 151 0.101 0.02 30 60 

-0.042 0.081 -0.2391 24 0.122 0.025 5 60 
-0.042 0.080 -0.2403 51 0.128 0.025 10 60 

-0.037 0.079 -0.2282 71 0.118 0.025 15 60 

-0.034 0.079 -0.2206 88 0.110 0.025 20 60 

-0.031 0.079 -0.214 103 0.103 0.025 25 60 

-0.027 0.078 -0.206 115 0.096 0.025 30 60 

-0.036 0.094 -0.2574 20 0.117 0.03 5 60 

-0.027 0.093 -0.2388 34 0.103 0.03 10 60 

-0.028 0.093 -0.2399 61 0.122 0.03 15 60 

-0.020 0.092 -0.2239 59 0.088 0.03 20 60 

-0.022 0.092 -0.2282 88 0.105 0.03 25 60 

-0.019 0.092 -0.2217 100 0.100 0.03 30 60 

-0.025 0.073 -0.1785 27 0.107 0.02 5 75 
-0.023 0.072 -0.1743 61 0.122 0.02 10 75 

-0.018 0.070 -0.1605 88 0.117 0.02 15 75 

-0.013 0.069 -0.1479 90 0.090 0.02 20 75 

-0.014 0.069 -0.1508 134 0.107 0.02 25 75 

-0.012 0.068 -0.1461 154 0.103 0.02 30 75 

-0.025 0.087 -0.2063 22 0.110 0.025 5 75 

-0.020 0.085 -0.1941 39 0.098 0.025 10 75 

-0.022 0.085 -0.1972 68 0.114 0.025 15 75 

-0.016 0.084 -0.1841 68 0.085 0.025 20 75 

-0.017 0.084 -0.1875 103 0.103 0.025 25 75 

-0.015 0.084 -0.182 117 0.098 0.025 30 75 

-0.029 0.103 -0.2442 17 0.103 0.03 5 75 
-0.019 0.100 -0.2204 32 0.095 0.03 10 75 

-0.018 0.100 -0.2194 56 0.112 0.03 15 75 

-0.013 0.099 -0.2075 56 0.084 0.03 20 75 

-0.011 0.098 -0.203 66 0.079 0.03 25 75 

-0.009 0.098 -0.1986 73 0.073 0.03 30 75 
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Appendix F 

 

Experimental Results 

 

Table F.1 Calculated results base on experiments 

CL CD 
Frequency 

 (Hz) 
Strouhal 

 # 

Model 
 Height 

 (m) 

Velocity 
 (m/s) 

Side 
 Angle 

 (°) 

-0.126 0.076 16 0.063 0.020 5.1 30.000 

-0.159 0.065 22 0.066 0.020 6.7 30.000 

-0.128 0.058 29 0.068 0.020 8.5 30.000 

-0.134 0.051 37 0.071 0.020 10.4 30.000 

-0.147 0.048 46 0.078 0.020 11.8 30.000 

-0.135 0.068 17 0.113 0.025 3.7 30.000 

-0.153 0.073 22 0.108 0.025 5.1 30.000 

-0.151 0.071 24 0.091 0.025 6.6 30.000 

-0.116 0.072 31 0.096 0.025 8.0 30.000 

-0.126 0.050 42 0.113 0.025 9.3 30.000 

-0.142 0.074 17 0.135 0.030 3.8 30.000 

-0.119 0.063 19 0.111 0.030 5.1 30.000 

-0.121 0.056 31 0.143 0.030 6.5 30.000 

-0.152 0.066 41 0.152 0.030 8.1 30.000 

-0.150 0.084 44 0.163 0.030 8.1 30.000 

-0.074 0.074 13 0.056 0.020 4.6 45.000 

-0.093 0.075 26 0.086 0.020 6.1 45.000 

-0.076 0.054 32 0.082 0.020 7.8 45.000 

-0.089 0.058 40 0.084 0.020 9.6 45.000 

-0.078 0.082 59 0.105 0.020 11.2 45.000 

-0.082 0.082 24 0.147 0.025 4.1 45.000 

-0.053 0.074 32 0.147 0.025 5.5 45.000 

-0.055 0.094 47 0.169 0.025 6.9 45.000 

-0.058 0.068 71 0.210 0.025 8.4 45.000 

-0.103 0.070 89 0.227 0.025 9.8 45.000 

-0.046 0.079 16 0.131 0.030 3.7 45.000 

-0.076 0.098 22 0.134 0.030 4.9 45.000 

-0.081 0.081 32 0.152 0.030 6.3 45.000 

-0.058 0.089 39 0.148 0.030 7.9 45.000 

-0.070 0.086 55 0.180 0.030 9.2 45.000 

-0.081 0.086 16 0.065 0.020 4.9 60.000 

-0.034 0.074 23 0.070 0.020 6.6 60.000 

-0.077 0.094 36 0.086 0.020 8.4 60.000 
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Table F.1 Calculated results base on experiments (continued) 

-0.054 0.086 42 0.082 0.020 10.3 60.000 

-0.043 0.070 78 0.130 0.020 12.0 60.000 

-0.035 0.077 15 0.072 0.025 5.2 60.000 

-0.034 0.080 23 0.085 0.025 6.8 60.000 

-0.060 0.107 30 0.086 0.025 8.7 60.000 

-0.083 0.081 37 0.087 0.025 10.6 60.000 

-0.073 0.106 46 0.093 0.025 12.4 60.000 

-0.044 0.120 12 0.097 0.030 3.7 60.000 

-0.062 0.096 22 0.131 0.030 5.0 60.000 

-0.042 0.100 26 0.120 0.030 6.5 60.000 

-0.039 0.124 34 0.127 0.030 8.1 60.000 

-0.050 0.115 54 0.169 0.030 9.6 60.000 

-0.014 0.081 33 0.126 0.020 5.2 75.000 

-0.016 0.088 42 0.119 0.020 7.0 75.000 

-0.039 0.090 47 0.105 0.020 9.0 75.000 

-0.052 0.094 70 0.126 0.020 11.1 75.000 

-0.052 0.102 130 0.202 0.020 12.9 75.000 

-0.030 0.102 14 0.066 0.025 5.3 75.000 

-0.017 0.089 18 0.065 0.025 7.0 75.000 

-0.019 0.098 25 0.070 0.025 8.9 75.000 

-0.019 0.086 43 0.097 0.025 11.0 75.000 

-0.068 0.102 57 0.104 0.025 12.8 75.000 

-0.046 0.112 12 0.059 0.030 3.7 75.000 

-0.015 0.121 14 0.052 0.030 4.9 75.000 

-0.015 0.125 30 0.086 0.030 6.4 75.000 

-0.017 0.101 49 0.116 0.030 7.9 75.000 

-0.040 0.115 60 0.121 0.030 9.3 75.000 

 

 

 

 


