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ABSTRACT 
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USING INFRARED THERMOGRAPHY AND                            

NUMERICAL METHODS 

 

 

 

Necla Ecenaz AYKUT 

 

 

Master of Science, Mechanical Engineering 

Supervisor: Prof. Dr. Murat KÖKSAL 

 

 

June 2023, 97 pages 

 

This thesis presents the results of an experimental and numerical study that investigates 

the detection of boundary layer transitional flow using infrared thermography and 

Computational Fluid Dynamics analysis.  

The experimental part of this thesis involves wind tunnel experiments conducted in 

METUWIND large-scale multi-purpose wind tunnel. S809 laminar airfoil was used as a 

test object and experiments were conducted in the boundary layer test section (TS2) of 

METUWIND. Experiments were performed for different Reynolds numbers at 0° angle 

of attack and different angles of attack at a Reynolds number of 5×105. Thus, separate 

effects of Reynolds number and angle of attack on the variation of the separation, 

transition onset, and reattachment points on the chordwise position of the airfoil were 
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examined. In addition, the effect transition strip was observed experimentally using a 

vortex generator. 

In the numerical part of the thesis, CFD simulations of the experimental cases were 

carried out. Effects of different turbulence transition models (𝑘 − 𝜔 − 𝛾 transition model, 

transition 𝑘 − 𝑘𝑙 − 𝜔 model and transition SST model) were examined and implemented 

to the cases of the thesis using a commercial software. Afterwards, transition models were 

compared among themselves and with the standard 𝑘 − 휀 turbulence model to highlight 

the difference.  

The experimental process and results were compared and discussed with the results of 

numerical methods. The chordwise positions of the separation, transition, and 

reattachment points were successfully determined using the IR thermography method and 

CFD analyses, and the results were consistent. As the Reynolds number changes within 

the range of 5×105, 6×105 and 7×105 for 0° angle of attack, the chordwise position of the 

transition onset point did not show significant variations because of the low variation of 

the Reynolds number. As the angle of attach changes within the range of 0°, 3°, 6° and 

9° for 5×105 Reynolds number, the chordwise position of the transition onset point 

approached the leading edge of the airfoil. 

 

Keywords: Boundary Layer Transition Flow, Separation Bubble, Infrared 

Thermography, Wind Tunnel Testing, Laminar Airfoil, Computational Fluid Dynamics 
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ÖZET 

 

 

 

S809 KANAT KESİTİ ÜZERİNDEKİ GEÇİŞ AKIŞININ 

KIZILÖTESİ TERMOGRAFİ VE SAYISAL                              

YÖNTEMLERLE İNCELENMESİ 

 

 

 

Necla Ecenaz AYKUT 

 

 

Yüksek Lisans, Makina Mühendisliği 

Danışman: Prof. Dr. Murat KÖKSAL 

 

 

Haziran 2023, 97 sayfa 

 

Bu tez, kızılötesi termografi ve hesaplamalı akışkanlar dinamiği (HAD) analizi 

kullanarak sınır tabaka geçiş akışının tespitini inceleyen deneysel ve sayısal bir 

çalışmanın sonuçlarını sunmaktadır. 

Tezin deneysel bölümü, RÜZGEM büyük ölçekli çok amaçlı rüzgar tünelinde 

gerçekleştirilen rüzgar tüneli testlerini içermektedir. Test objesi olarak S809 laminar 

kanadı kullanılmış ve deneyler RÜZGEM sınır tabaka test kesiti (TK2) içinde 

gerçekleştirilmiştir. Deneyler, sabit 0° hücum açısında farklı Reynolds sayıları ve sabit 

5×105 Reynolds sayısında farklı hücum açıları için yapılmıştır. Böylece Reynolds sayısı 

ve hücum açısının sınır tabaka ayrılması, geşiç akışı başlangıcı ve akışın yeniden 

bağlanma noktalarının kanat kirişi üzerindeki konumunun değişimine etkisi 
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incelenmiştir. Ayrıca, kanat modeline geçiş şeridi eklenerek deneysel olarak etkisi 

gözlemlenmiştir. 

Tezin sayısal bölümünde, deneysel durumların HAD simulasyonları gerçekleştirilmiştir. 

Farklı türbülansa geçiş modellerinin (𝑘 − 𝜔 − 𝛾 geçiş modeli, geçiş 𝑘 − 𝑘𝑙 − 𝜔 modeli 

ve geçiş SST modeli) etkileri incelenmiş ve ticari bir yazılım kullanılarak deney 

koşullarna uygulanmıştır. Ardından, geçiş modelleri birbirleriyle ve 𝑘 − 휀  türbülans 

modeliyle karşılaştırılmış ve farklar vurgulanmıştır. 

Deneysel süreç ve sonuçlar, sayısal yöntemlerin sonuçlarıyla karşılaştırılarak 

tartışılmıştır. Ayrılma, geçiş akışı başlangıcı ve yeniden bağlanma noktalarının kanat 

kirişi boyunca konumları, IR termografi yöntemi ve CFD analizleri kullanılarak başarılı 

bir şekilde belirlenmiş ve sonuçlar tutarlı çıkmıştır. Reynolds sayısı 5×105, 6×105, 7×105 

aralığında değiştiğinde 0° hücum açısı için, geçiş akışı başlangıç noktasının kanat kirişi 

boyunca konumu önemli bir değişim göstermemiştir, çünkü Reynolds sayısının mertebesi 

çok yüksek değildi. Hücum açısı 0°, 3°, 6°, 9° aralığında değiştiğinde 5×105 Reynolds 

sayısı için, geçiş başlangıç noktasının kanat kirişi boyunca konumu kanadın ön kenarına 

yaklaşmıştır. 

 

Anahtar Kelimeler: Sınır Tabaka Geçiş Akışı, Ayrılma Kabarcığı, Kızılötesi 

Termografi, Rüzgar Tüneli Testi, Laminer Kanat Profili, Hesaplamalı Akışkanlar 

Dinamiği 
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1. INTRODUCTION 

1.1.  Problem Definition 

Transition is a complicated phenomenon, that includes the complete process of 

transitioning from laminar to turbulent flow. In other words, transitional flow is a mixture 

of laminar and turbulent flow. The transition from laminar to turbulent boundary layers 

has significant effects on viscous drag, heat transfer, and the onset of separation in 

aerodynamic flows. Consequently, the transition process holds great importance in the 

design and performance of various applications involving external flow applications. 

Since separation can also occur in velocity regimes where transition flow occurs, 

examining this phenomenon have high importance for applications operated at low 

Reynolds number such as lightweight aircrafts, small scale wind turbines, small scale 

munitions and unmanned aerial vehicles.  

Transition modelling is used to predict the transition from laminar to turbulent flows in 

fluids and to comprehend their impact on the overall solution. Simulating the interaction 

between laminar and turbulent flow is challenging due to the intricate nature and limited 

understanding of transitional flows. 

This thesis was conducted to understand how the transition phenomenon occurs on a 

laminar separation bubble, and most importantly, to determine the separation, transition 

and reattachment points both experimentally and numerically.  

1.2.  Literature Survey 

1.2.1. Fundamentals 

In this section, first, the fundamental concepts of fluid mechanics, namely the boundary 

layer and shear stress, were discussed. Then, a detailed definition of boundary layer 

transition was provided. 

Boundary Layer 

The boundary layer refers to the thin layer of fluid that forms adjacent to a solid surface 

when a fluid flow over it. In aerodynamics, the boundary layer refers to the region of the 

flow where the fluid velocity changes from zero at the surface to the velocity of the free-
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stream flow away from the surface. Boundary layer thickness can be affected by friction 

forces, heat transfer, separation, stall and turbulence. When the flow reaches a fully 

turbulent state, the complex nature of turbulence increases momentum, energy transport 

and mixing causing the boundary layer to expand perpendicular to the surface and the 

velocity distribution becomes more uniform as you move away from the wall. Besides, 

as the wall is approached, flow has steeper velocity gradients. 

To compare laminar and turbulent boundary layers the presentation shown in Figure 1.1 

can be used. The graph is obtained by normalizing the velocity profile by the boundary 

layer thickness 𝛿 and the outer or edge velocity of the external flow, 𝑉𝑒, i.e., by plotting 

𝑢/𝑉𝑒 as a function of 𝑦/𝛿.   

 

Figure 1.1. Normalized velocity profiles for laminar and turbulent boundary layers [52] 

 

Shear Stress 

Shear stress refers to the force per unit area that acts parallel to a surface, resulting from 

the sliding or deformation of adjacent layers of a fluid or material. 

Viscous stresses are generated by the relative motion between neighboring fluid elements, 

resulting in a resistance that acts against the fluid's movement. The shear stress equation 

is shown below.  

𝜏 = 𝜇 (
𝜕𝑢

𝜕𝑦
)                                                     (1.1) 
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The viscous shear stress, 𝜏 , is related to the absolute viscosity, 𝜇 , where 𝜕𝑦 is the rate at 

which the flow velocity increases (in the 𝑦 direction) and is equivalent to a strain rate as 

shown Figure 1.2.  

 

Figure 1.2. Boundary layer and shear stress [52] 

If this equation is considered for a wall, the equation will be as below,  

𝜏𝑤 = 𝜇 (
𝜕𝑢

𝜕𝑦
)   as   𝑦 → 0                                        (1.2) 

When shear stress is particularly interested for the wall, skin friction drag generated by 

the boundary layer on the surface can be computed. As described in the boundary layer 

section and shown in figure below, the turbulent boundary layer has high velocity gradient 

(
𝜕𝑢

𝜕𝑦
). The higher gradients of velocity cause higher magnitude of wall shear stress of 

turbulent boundary layer will be greater compared to laminar boundary layer. This crucial 

phenomenon is starting point of this thesis. 

Shear stress and skin friction are closely related concepts. The skin friction coefficient is 

a dimensionless parameter used to quantify the amount of drag or resistance experienced 

by a fluid flowing over a solid surface. It is defined as the ratio of the shear stress exerted 

on the surface to the dynamic pressure of the fluid. 

The skin friction coefficient in aerodynamics is denoted as Cf and is defined as: 

𝐶𝑓 =
𝜏𝑤

0.5𝜌𝑉∞
2
                                                        (1.3) 
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Transition Definition 

In the 1880s, Osborne Reynolds discovered a criterion to distinguish between laminar and 

turbulent flow [6].  The dominant factor in this phenomenon is the balance between 

inertial and viscous forces in the fluid. This value is called the Reynolds Number. Inertial 

forces are reasons for motion in fluid and viscous forces are friction forces due to fluid 

viscosity. 

Re =  
Inertial Forces

Viscous Forces
=

ρVc

μ
=

Vc

𝜈
                                    (1.4) 

where ρ  is the density of the fluid, V  is the flow speed, c  is a characteristic linear 

dimension, μ is the dynamic viscosity of the fluid, 𝜈 is the kinematic viscosity of the fluid. 

Transition from laminar flow to turbulent flow can simply be defined as the process that 

transform from a regular (laminar) to a completely complex (turbulent) flow. Flow over 

a surface can be separated into two parts: the thin zone near the wall where viscous effects 

are high and the free flow zone away from the wall where viscous effects are less. The 

part with high viscous effects was defined by Ludwig Prandtl in 1904 and named as the 

boundary layer. The formation and growth of the boundary layer on a flat plate is shown 

schematically in Figure 1.3. The boundary layer initiates at the stagnation point located 

at the leading edge where the fluid initially contacts the surface. The fluid initially moves 

in a laminar state in the boundary layer. Then, instabilities begin to occur in the laminar 

boundary layer due to external effects such as free flow zone turbulence density, back 

pressure difference, surface curvature, surface roughness. These instabilities cause the 

regular flow to become turbulent, and this process is called transition. 

 

Figure 1.3. Transition of the laminar boundary layer into a fully turbulent boundary 

layer on a flat plate [17] 
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As seen in Figure 1.3, in the case of a smooth flat plate exposed to a uniform free stream, 

the transition process initiates at a critical Reynolds number, Rex,critical is approximately 

5×105 for external flow [1]. Reynolds number is also used to obtain similar flows in order 

to perform experiment with the scaled down model in the wind tunnel. 

 

 

Figure 1.4. Laminar, transitional and turbulent flows [1] 

In Figure 1.4, initially, the flow regime is laminar, characterized by smooth streamlines 

and highly organized motion. Then, it becomes turbulent with velocity fluctuations and 

chaotic motion. The transition from laminar to turbulent flow is not abrupt but happens 

gradually within a region where the flow changes between laminar and turbulent before 

reaching fully turbulent [1]. 

 

Figure 1.5. The natural transition process [8] 

In this thesis, two fundamental transition processes have been discussed, namely natural 

and separation-induced transition processes. In Figure 1.5, natural transition process 

represented. The natural transition is one of the transition mechanisms This mode occurs 

when there is no adverse pressure gradient in flow and the transition occurs only because 
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of instabilities in the boundary layer.  In region 1, Tollmien–Schlichting waves begin to 

form. T-S wave is a streamwise unstable wave which appears in a bounded shear flow 

such as boundary layer and channel flow. In region 2, spanwise vorticity begins to form 

and in region 3 three-dimensional vortex breakdown starts. In region 4, turbulent spots 

and edge contamination start. Finally, in region 5 flow becomes fully turbulent. 

Another transition mechanism is separation induced transition. In this mode, if 

reattachment occurs, it is named as laminar separation bubble with transition. In this 

phenomenon, the adverse pressure gradient causes laminar flow to separate from the 

surface and because of instabilities in the boundary layer, the transition occurs. In this 

point, with the enough momentum against to adverse pressure gradient, flow can reattach. 

Figure 1.6 is a representation of separation, transition and reattachment points with 

streamlines.  

 

Figure 1.6. General characteristics of a laminar separation bubble and transition induced 

by separation [18] 

 

As shown in Figure 1.7, a laminar separation bubble can be formed on the surface, 

resulting in the flow reattachment. If the flow does not reattach to the wing surface, it will 

remain in a stall state, which is not desirable because it significantly reduces aerodynamic 

performance by decreasing the lift and increasing the drag. For this reason, it is important 

to be able to specify the separation bubble and transition location for certain conditions.  
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Figure 1.7. Separated shear layer forming separation bubble [18] 

 

 

1.2.2.  Experimental Studies on Boundary Layer Transition 

Boundary layer transition flow can be detected experimentally by using different 

methods. Particle image velocimetry [9], force measurements, oil visualizations [5], high-

frequency microphone measurements [7], hot-wire anemometry and infrared 

thermography [4] are some of these experimental methods. 

The principle of identifying the character of the boundary layer using high-resolution 

infrared thermography is a technique widely used in many fields of research and has been 

used since the 1960s [19]. The following IR image examples show the capabilities of the 

IR imaging technique, views of the transition flow pattern on the airfoil, under certain test 

conditions. In Figure 1.8, the effect of the turbulent wedge which is a kind of surface 

roughness, provides early turbulent flow on the wing, is clearly seen. In Figure 1.9, the 

transition flow is shown due to laminar separation, where the bubble is represented by the 

colder (darker) straight strip between the laminar (dark) and turbulent (light) areas. 
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Figure 1.8. Tollmien-Schlichting waves and turbulent wedges [19] 

 

Figure 1.9. Transition via laminar separation bubble [19] 

Jelinek examined the detectability of both turbulent transition and boundary layer 

separation by scanning infrared radiation [4]. The increased heat transfer in turbulent flow 

compared to laminar flow results in a change in the surface temperature of the model. 

This requires that the fluid and the surface of the model have different temperatures.  
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The underlying principle of using infrared thermography to detect the transition from 

laminar to turbulent boundary layer is based on the disparity in convection coefficient of 

heat transfer between these two flow regimes, leading to temperature difference. 

The laminar boundary layer allows relatively less heat transfer between the ambient air 

and the surface of the model. In addition to this, in the turbulent boundary layer, the 

vorticity of the flow increases and so does the heat transfer between the ambient flow and 

the surface of the model. This causes the temperature of the model surface to change. The 

surface temperature approaches the temperature of the flow. Because of this phenomenon, 

the transition region can be recognized as an area of steep temperature change between 

two areas with different temperatures. The direction of the temperature change depends 

on whether the model is warmer than the ambient air or vice versa. The greater the 

difference between the temperature of the model and the flow, the more distinct the area 

of transition.  

Infrared thermography for detecting turbulent boundary layers is a temperature 

measurement technique that relies on forced thermal convection occurring on the surface 

of the model under investigation. 

In the literature, temperature and derivative of temperature with respect to the position in 

the streamwise direction were used to obtain numerical data from IR images. Skin friction 

is an important value for finding transition, separation and reattachment regions. Skin 

friction coefficient cannot be obtained in infrared tests directly. However, a relationship 

between local skin friction coefficient, Cf,x and local Nusselt number, Nux can be obtained 

using the well-known Reynolds analogy [16]:  

𝐶𝑓,𝑥
𝑅𝑒𝑥

2
= 𝑁𝑢𝑥 =

ℎ𝑥𝑥

𝑘
                                            (1.5) 

The Nusselt number is a dimensionless number used in heat transfer analysis to determine 

the convective heat transfer coefficient. It relates the convective heat transfer rate to the 

conductive heat transfer rate across a solid boundary. 

The following assumptions are made in Reynolds analogy; for a flat plate parallel to the 

incoming flow,  
𝑑𝑝

𝑑𝑥
⁄ = 0 and there is no change in the free stream velocity outside the 
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boundary layer [16]. However, the Reynolds analogy approach can also be applied to 

airfoil geometries. 

 

Figure 1.10. Convection from a surface to a moving fluid 

 

As seen in Figure 1.10, for a given isothermal surface, the heat flux, 𝑞, can be calculated 

using the heat transfer coefficient ℎ, the free stream temperature of the flow 𝑇∞ and the 

model surface temperature 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒: 

𝑞 = ℎ(𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑇∞)                                           (1.6) 

where ℎ is closely related to the friction coefficient 𝐶𝑓, the velocity of the flow 𝑉, thermal 

conductivity of fluid 𝑘 and kinematic viscosity 𝜈. For the heat transfer coefficient at any 

distance 𝑥 the dependence is given by: 

ℎ(𝑥) = 1
2⁄ . 𝐶𝑓(𝑥). 𝑉(𝑥). 𝑘

𝜈⁄                                   (1.7) 

Equation 1.6 is often referred to as Newton's cooling law, Equation 1.7 results from 

Reynolds analogy, which refers to heat transfer in the boundary layer when the value of 

the Prandtl number is close to one and without pressure gradient [16]. 

Based on the Reynolds analogy, a change in local skin friction coefficient when 

separation, transition or reattachment occur will also change the local convection heat 

transfer coefficient and hence the surface temperature.  

𝑞′′ = ℎ𝑥(𝑇𝑥 − 𝑇∞) = −𝑘
𝜕𝑇

𝜕𝑦
(𝑦 = 0)                                     (1.8) 
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ℎ𝑥 =
−𝑘

𝜕𝑇

𝜕𝑦
(𝑦=0)

(𝑇𝑥−𝑇∞)
                                                         (1.9) 

Due to the reverse pressure gradient at the separation point, the velocity and hence the 

local Reynolds number suddenly decreases. There is a direct correlation between the 

Reynolds number and the Nusselt number which is the ratio between convective and 

conductive heat transfer at a fluid boundary. Since the dominant heat transfer mode is 

convection, there is a direct correlation between the Reynolds number and the convection 

heat transfer coefficient. According to Newton's law of cooling, the temperature gradient 

must rise in order to decrease the convection heat transfer coefficient. In other words, skin 

friction coefficient is inversely proportional to temperature gradient. 

 

In general, Cf in a turbulent case is one order higher than in a laminar case. If the heat 

transfer from the model to the flow (in the case of a cooler flow and a warmer model 

surface) remains constant (e.g., through constant heating), the surface temperature of the 

model Tw will decrease with an increase in the skin friction coefficient (transition from 

laminar to turbulent flow). The resulting change in the model’s surface temperature can 

then be quatified, for example, using an infrared camera and related to skin friction 

change using Reynolds analogy. 

Table 1.1 provides a summary of experimental studies that detected transition using 

infrared thermography, followed by a detailed description of these studies. 

Table 1.1. Experimental studies detecting transition using IR thermography 

                   References 

Specifications 

Jelínek, 2018 [4] Wynnychuk & 

Yarusevych, 2020 [9] 

Marinus et al., 

2020 [5] 

Airfoil NACA 16-012 NACA 0018 NACA 16-409 

Mach number 0.37, 0.58, 0.74, 0.82 - 0.1 

Reynolds number 1000000 - 1400000 80000, 120000 330000 

Angle of attack 0° 

 

4° 0°,1°,2°,3°,4°, 

5°,6°,7°,8°,9° 
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Transition strip Thicknesses = 0.04, 

0.08, 0.11 mm  

Ma = 0.4, 0.8 

- - 

IR Camera FLIR A655sc Optris PI640 FLUKE Ti50 

Validation method CFD PIV CFD, XFOIL 

 

Jelínek [4] used infrared thermography to observe boundary layer transition flow on a 

laminar airfoil (NACA 16-012). Since infrared thermography method does not cause any 

physical change or damage on test object, was preferred in this study. In aerodynamic 

wind tunnel experiments, triggering turbulence artificially becomes necessary by using 

roughness elements. In this study, the transition in the boundary layer was evoked with 

transition generator strips of various thicknesses at 0.4 and 0.8 Mach numbers. The ratio 

between the thickness of the transition generator and the thickness of the boundary layer 

displacement ranged from 0.42 to 1.25. The six cases with different thickness ratios of 

the transition generators were compared.  

Five distinct regimes were observed for the gradually increasing Mach number: 0.37, 

0.58, 0.74, 0.82 without a transition generator strip. From the results, it is obvious that the 

transition region of the boundary layer shifts toward the leading edge with increasing 

Mach number. With a transition generator strip (in the 35% of the chord); at low 

thicknesses, it was observed that the transition area gets shorter as the thickness increases. 

In high thicknesses, boundary layer separation occurs and following the separation 

bubble, there is a rapid transition to turbulence. When comparing the temperature profiles 

along the chord for each of the studied cases, there is a gradual increase in temperature 

observed from the leading edge up to the location of the transition generator strip. This 

corresponds to an increase in the laminar boundary layer thickness, which acts like an 

insulator and allows the surface to maintain its original temperature. The subsequent drop 

in temperature indicates the presence of the transition region within the boundary layer. 
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In this study [4], it is shown how the height of the transition generator can affect the 

boundary layer transition. The infrared thermography was used for such experiments at 

high subsonic and supersonic Mach numbers. The technique visualizes the transition 

region very well without surface influence. 

 

Wynnychuk and Yarusevych [9] identified the laminar separation bubble for NACA 0018 

airfoil using infrared thermography and PIV. Experiments were conducted for chord-

based Reynolds numbers of 80000 and 120000 and at different angles of attack.  

The analysis of surface temperature characteristics was employed to establish a 

methodology for diagnosing laminar separation bubbles based on surface temperature. In 

the case of convection-dominated surface cooling, the gradients of surface temperature in 

the flow direction indicate the mean detachment and transition points, which correspond 

to the maximum and minimum values, respectively. The mean reattachment point 

coincides with the location of the minimum surface temperature. The study shows that 

infrared thermography produces accurate and reliable results for boundary layer 

separation, transition and reattachment.  

Marinus [5] investigated the characteristics of the cambered NACA 16-409 airfoil at low 

speeds by infrared thermography, oil visualization and force measurements. In the study, 

for subsonic airflow (Prandtl number is Pr ≈ 1), heat and momentum transfer in the 

boundary layer was investigated in relation to Reynold's analogy. 

As mentioned earlier, the skin friction coefficient and the heat transfer rate are directly 

linked through the convective heat transfer coefficient. As the boundary layer transitions 

to a more turbulent state, there is an increase in heat transfer, resulting in a lower wall 

temperature. 

Experimental results were compared with RANS simulations with transitional SST, k-

omega and gamma intermittency turbulence models. Three different flow patterns were 

identified varying on the angle of attack (AoA);  

For 0° to 3° AoA, in laminar flow that separates early (between 75% and 80% of the 

chord), the dissociated shear layer becomes turbulent without reattaching to the surface. 



 

 

 

14 

For 3° to 5° AoA, the separated shear layer is transitional at 84%-chord, the reattached 

turbulent flow separates again 2% upstream of the trailing edge, while a laminar 

separation bubble covers roughly 73%- to 93%-chord. 

For 5° to 9° AoA, the turbulent boundary layer would separate by about 90% of its chord, 

while a leading edge separation bubble didn't exist. 

 

1.2.3.  Numeric Modelling of Boundary Layer Transition 

Besides experimental methods, there are several numerical transition models in 

engineering applications. Direct numerical simulations (DNS) provide highly accurate 

simulations of the transition to fully turbulent flow. DNS method is based on solving 

Navier-Stokes equations explicitly, but it is computationally expensive. Large eddy 

simulations (LES) involve the resolution of large-scale eddies while modeling the effects 

of small-scale eddies using an eddy viscosity approach. LES method has also large 

computational requirements [2]. 

The other method is based on the Reynolds Averaged Navier Stokes (RANS) equations. 

It is widely used for the last few decades due to its less computing requirement [11]. There 

are number of works shows that RANS-based models can predict transition with 

reasonable accuracy [12]. For turbulence modelling, several RANS based models can be 

used to detect transition phenomena. The Transition SST, Transition 𝑘 − 𝑘𝑙 − 𝜔 , 𝑘 −

𝜔 − 𝛾 transition models are effective tools for simulating the transition of a boundary 

layer from a laminar to a turbulent regime [13], [14], [15]. More information about these 

models will be given in Section 3.  
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1.2.  Objectives of the Thesis 

In this thesis, it is aimed to investigate the boundary layer transition flow numerically and 

experimentally. The main goal of the study is to investigate the capability of infrared 

thermography as a means for accurate determination of the transition onset point in flows 

where boundary layer transition flow is important. 

The specific objectives of the study are: 

• To use the infrared thermography technique to determine the transition onset point 

on S809 laminar airfoil and investigate its performance,  

• To carry out a CFD analysis of the transitional flow over S809 laminar airfoil 

using different transition turbulence models, and compare the results with the 

infrared measurements.  

This study focuses on the investigation of transition flow occurring in the separation and 

reattachment regions of the boundary layer over the suction surface of a 2D model wing 

that has a S809 airfoil profile. 
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1.3.  Thesis Outline 

In this section, the problem statement of the thesis, fundamental concepts in fluid 

mechanics, experimental solutions using infrared thermography in the literature, and the 

objective of the thesis are provided. 

Section 2 includes information about the wind tunnel, wing model, IR camera, 

experimental setup, pre-processing, conducting of the experiment, and post-processing, 

infrared thermography methodology, experimental uncertainty calculation, and 

repeatability analysis. 

Section 3 provides the governing equations, assumptions, equations of the transition 

models, numerical methodology and mesh generation process in the CFD solution. 

Section 4 consists of two main sections, which are the experimental and numerical results. 

In the experimental results, in addition to the outcomes of the test matrix cases, the results 

of the transition strip tests are also presented. Furthermore, the numerical results include 

the study of the turbulence and transition models, among other analyses. 

Section 5 presents the conclusion of the thesis, including the final remarks and future 

recommendations. 
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2. EXPERIMENTAL STUDIES 

2.1.  Wind Tunnel 

Wind tunnels describe the experimental setup used to test the interaction of objects with 

airflow. For example, performing flight testing in aircraft design can be complex and 

expensive, while wind tunnel testing can yield a lot of data necessary for design.  

Wind tunnels are important institutions that contribute to the technology development of 

a country, especially in the field of aviation. The two most important wind tunnels are 

operating in Turkey, the Ankara Wind Tunnel and METUWIND. 

Experiments were conducted in METUWIND large scale multi-purpose wind tunnel 

located in Middle East Technical University Ankara campus. The construction of 

METUWIND LSWT was completed in 2020, the purpose of the tunnel is to serve 

different fields such as defense industry, automotive, city planning and environment, civil 

sector and university. Figure 2.1 provides a general schematic of the METUWIND 

LSWT. 

 

Figure 2.1. METUWIND Large Scale Wind Tunnel [20] 
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METUWIND LSWT is closed loop, horizontal axis, low subsonic wind tunnel with three 

interchangeable test sections and 54 m by 18 m footprint. Hangar has 60 m by 20 m by 

15 m dimensions with large access doors and a 10-ton overhead crane. There is air bearing 

system to change aeronautical and open jet test sections. There are 2 honeycombs and 5 

screens to regulate the airflow. 

The tunnel is driven by 6 axial 2m diameter fans with 1.89 MW total power. Main 

structure of the tunnel is steel and test sections are mainly wood and plexi-glass situated 

on steel frames. To reduce the effect of vibrations, these motors are placed on an isolated 

concrete floor. A 750-kW heat exchanger is also included to keep the air at a consistent 

temperature throughout the prolonged tests.  

As shown in Figure 2.2, tunnel has a LabVIEW based automated control system and 

speed control for preferred test section can be achieved by manually changing the fan 

speed or by entering the fixed speed and Reynolds number value. In addition, velocity or 

Reynolds number information of the test sections can be followed in detail from this 

screen. In Figure 2.3, the tunnel information screen was shared during the 0° AoA & 

5×105 Re case experiment. On this screen, critical fan temperatures and vibration rates 

during the test; open/close information of the doors in the tunnel; air temperature, air 

density etc. information; flow direction and instantaneous velocity information of test 

sections on the general diagram of the tunnel are shown. 

Test section 1 is aeronautical test section and has 2.5 m by 2.5 m by 10 m dimensions and 

maximum speed approximately 80 m/s. The turbulence intensity is nearly 0.1% and 

contraction ratio is 7.84:1. ATS is suitable for force, moment and pressure measurements 

of scaled aircraft and missile models. 

Test section 2 is boundary layer test section and has 3 m by 7 m by 20 m dimensions and 

the maximum speed approximately is 26 m/s. The turbulence intensity is nearly 2%. 

BLTS has a 6.4 diameter turntable with approximately 1° sensitivity. Since BLTS has a 

relatively large cross-section, it is generally suitable for full-scale automotive and 

aerospace models or bridge and building models exposed to atmospheric flows. 

Third section is open jet test section and has 3 m diameter and maximum speed 

approximately 66 m/s. The turbulence intensity is nearly 0.3% and contraction ratio is 

6.93:1. OJTS is generally used for models that do not fit AST and whose structural 

strength is desired to be measured [21]. 
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Figure 2.2. METUWIND LSWT Control screen (during AoA = 0° & Re = 5×105 case) 

 

 

Figure 2.3. METUWIND LSWT Information screen (during AoA = 0° & Re = 5×105 

case) 
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2.2.  Wing Model 

The wing model to be used during the experiments has the NREL (National Renewable 

Energy Laboratory) S809 airfoil profile. The airfoil having a wingspan of 0.99 m and a 

chord length of 0.455 m [3]. Following figures demonstrates pictures of the airfoil 

installed in BLTS.  

 

 

Figure 2.4. S809 wing model 

Here, chord length is used as characteristic length for Reynolds number calculations. The 

S809 airfoil, which is suitable for laminar flow, is commonly utilized as horizontal axis 

wind turbine blades [10]. 

Sanei and Razaghi [57] defined separation-induced transition numerically at a Reynolds 

number of 5×105 using the Spalart-Allmaras turbulence, 𝑘 − 𝜔 − 𝛾  transition, and 

transition SST models. Ramsey and Hoffman [58] observed separation-induced transition 

experimentally at a Reynolds number of 7.5×105 using pressure taps. Thus, it was 

expected that a laminar separation bubble would occur at approximately half of the chord 

length of the S809 airfoil within these Reynolds number regimes. Additionally, 

Jonkman's study [59] demonstrated that stall occurred at approximately 12° angle of 

attack for a Reynolds number of 5×105. This thesis includes both numerical and 

experimental studies under similar conditions. 
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2.3.  Infrared Camera 

As seen in the Figure 2.5, FLIR C2 thermo-camera was used for infrared imaging during 

the experiment. The IR resolution of the camera is 80 x 60 and image frequency is 9 Hz. 

The camera's thermal sensitivity is less than 0.10 °C. The spectral range is between 7.5-

14 μm. For the data post-processing the Teledyne FLIR Tools+6.4 and FLIR Thermal 

Studio software and MATLAB were used [22]. Further specifications of the IR camera 

are given in Appendix A3. 

 

Figure 2.5. FLIR C2 infrared camera 

 

The infrared thermography method does not pollute the setup environment like the 

filament and oil methods or create additional installation costs and difficulties such as 

PIV, load cell, pressure scanivalve methods. For the infrared thermography method, 

fixing the IR camera at the right distance and angle to view the test object is sufficient 

most of the time. 
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2.4.  Experimental Setup  

The experiment procedure was started by fixing the airfoil model to a chipboard to obtain 

a surface to fix the wing to the test section floor. As provided in the Figure 2.6, the model 

was fixed perpendicular to the floor and aligned at 0° attack angle according to the 

incoming flow direction. 

 

  

Figure 2.6. Placement of the airfoil in the TS2 

 

Then, the IR camera was fixed to a traverse system so that the entire wing model was 

viewed perpendicularly, and this traverse system was fixed to the test section floor so that 

it would not move during the test. The wing model and the positions of the camera relative 

to each other are given in the Figure 2.7. 

In the Figure 2.8, the flow direction, LE, TE, chord length, span etc. information are 

shown on the photograph after the airfoil model was fixed to the center of the TS2 floor. 
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Figure 2.7. Positions of the airfoil and IR camera in the TS2 

 

 

Figure 2.8. Detailed view of the airfoil model in the center of the TS2 
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In Figure 2.9, general view of experimental setup is given from the point of view of the 

upstream flow. In this photo taken on TS2, the placement of the airfoil and IR camera 

traverse system, axial fan array and turntable are clearly shown. The Teledyne FLIR 

Tools+6.4 software of the camera was installed on one of the computers in the control 

room. This computer was connected to the IR camera with a cable, and during the test, 

the camera was triggered via the software to capture images. 

 

Figure 2.9. General view of the experimental setup 

 

To view the transition flow clearly with the IR camera, basically there must be a 

temperature difference between the incoming flow and the airfoil surface. Different 

techniques can be used to create a temperature difference between the object and the flow. 

For instance, Wynnychuk and Yarusevych, heated the surface of test object throughout 

their experiments using halogen lamps to create a temperature difference. In their case, 

the airfoil was warm (heated), the incoming air was relatively cold [9]. 
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In METUWIND LSWT, shortly after the tunnel fans are started, the flow heats up and 

there is a temperature difference between the airfoil model and the incoming flow. 

Therefore, in this thesis, during the experiments, the incoming air was warm (heated), the 

airfoil was relatively cold.  

 

2.5.  Experimental Procedure and Test Matrix  

While creating the test matrix, the experimental studies in the literature and the 

capabilities of METUWIND LSWT were considered and some initial trial tests were 

carried out. Table 2.1 presents the test matrix of the experiments conducted at 

METUWIND LWST TS2 on October 12 – 14, 2022. All the tests performed in the test 

campaign are given in Appendix A2. As seen from Table 2.1, experiments were 

performed between 0° – 12 angle of attack and for a Reynolds number range of 4×105 – 

7.5×105. During the experiment, the tunnel velocity is controlled by the fan speed. 

However, the measured Reynolds number can vary due to transient effects at a constant 

fan speed. The desired Reynolds number is the targeted Reynolds number based on chord 

length in the test matrix. As a result, infrared measurements were at the actual Reynolds 

number, which is the closest value to the desired Reynolds number. 

Table 2.1. Test matrix 

Case AoA  Re_desired 

1 0° 400000 

2 0° 450000 

3 0° 500000 

4 0° 550000 

5 0° 600000 

6 0° 650000 

7 0° 700000 

8 0° 750000 

9 0° 500000 

10 3° 500000 

11 6° 500000 

12 9° 500000 

13 12° 500000 
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First of all, initial tests were carried out at different camera-wing vertical distances (d) 

1.73 m, 1.09 m and 0.78 m in order to have the most accurate imaging. Since the IR 

camera views the entire chord of the airfoil and it is optimal in terms of the focusing 

ability of the IR camera, studies were carried out with a distance of 1.09 m in experimental 

and numerical post-processing. 

Another constraint that was considered was the Reynolds number. Due to the capacity of 

the tunnel, the upper limit of the Reynolds number was determined as 7.5×105. Since no 

visual change could be observed in the IR camera imaging at very low Reynolds numbers, 

the lower limit was determined as 4×105 for the experiments. Therefore, tests were carried 

out for a Re range of 4×105 – 7.5×105. Apart from these tests, experiments were also 

carried out by attaching zigzag tape to the airfoil in order to observe the effect of the 

turbulator strip. 

For this thesis, a test case is expressed by two variables; Reynolds number and angle of 

attack. The test procedure is summarized below:  

• First, the turntable is set at the desired angle before the tunnel was run. 

• Tunnel was operated and data was saved continuously during test.   

• The fan speed was increased at a fixed attack angle to achieve the desired 

Reynolds number.  

• After getting as close as possible to the desired Reynolds number, the Reynolds 

number values were checked on the control screen until they became stable. 

• At this point, the IR camera was triggered with FLIR software and an instant IR 

image of the airfoil was captured. While capturing the image, the time data at the 

moment the image was taken was also recorded into the image data. 

• At the end of these operations, a Reynolds number sweep at constant angle of 

attack was completed, and log files were created throughout the time from the 

beginning to the end of the sweep. The naming of these log files was done 

according to date, d value, angle of attack and strip condition. An example of log 

naming is as follows. 

13102022_d=1.09m_AOA0_strip 
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In test campaign, a total of 20 tests were conducted, including tests for different angle of 

attack values, different d values, and whether the strip was attached or not, along with 

trial-and-repeat tests, resulting in the creation of 20 different log files accordingly. Due 

to the resolution of the camera and temporal variation of the flow speed some cases were 

repeated to make sure that reliable results are obtained. Cases for experimental post 

process and numeric preprocess were selected from the clearest images from many 

repeated tests for the same case.  

 

2.6.  Post Process Analysis of Experiments  

In this section, the post-processing of the experimental results is explained. All cases 

mentioned in test matrix are discussed in detail in Section 4.1. However, it is important 

to determine and analyze critical cases for numerical analysis. Case eliminations are also 

explained in this part. 

In experimental post-processing, it was revealed that there is very little chordwise 

temperature variation on the airfoil surface at low speeds. For this reason, test cases with 

Reynolds numbers 500000 and above were analyzed only. In the experiments, Re = 50000 

interval was used for velocity sweep. However, since there is no marginal change in speed 

in this range, it has been shown by post-processing that there is also no significant change 

in the separation and transition onset points on the airfoil. Therefore, the velocity sweep 

interval for CFD analyzes was determined as Re = 100000.  

Another case where no temperature change could be observed was the cases at high 

angles, as it caused a direct turbulence transition very close to the leading edge. Then, it 

was decided that the angle change would be between 0 and 9 degrees with 3 degrees 

intervals. Furthermore, since it directly started turbulence and a transition flow could not 

be observed, cases with turbulator zigzag tape attached to the airfoil were also not 

included in the CFD analysis.  

Both by visual inspection of the IR images and as a result of experimental post-

processing, cases for CFD analysis were determined as follows; 

I. Constant Angle of Attack, Varying Reynolds Number Cases (3 Cases) 

For AoA = 0°; Re = 5×105, 6×105 and 7×105 cases were simulated.  

II. Varying Angle of Attack, Constant Reynolds Number Cases (4 Cases) 
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For Re = 5×105; AoA = 0, 3, 6 and 9 cases were simulated.  

The experimental procedure and Section 2.5 explain how a sweep was carried out and 

how datalog files were created. To understand the structure of a datalog file, the Reynolds 

number and temperature values plotted over time for 0° angle of attack, d value of 1.09 

m and ‘not mounted strip condition’ as shown Figure 2.10. 

 

 Figure 2.10. Reynolds number and temperature changes for AoA = 0°, d = 1.09 m and 

not mounted strip condition 

 

As can be seen in Figure 2.10, during the sweep, as the fan speed was increased, the tunnel 

Reynolds numbers increased, leading to an increase in the tunnel air temperature. It can 

be seen that a period of time was waited for the flow to stabilize at the desired Reynolds 

numbers and for the wing temperature values to settle. For example, in the figure above, 

it is clearly observed that it takes time for the velocity to stabilize from the 7th minute to 

the 9th minute in order to reach a Reynolds number of 5×105. Although not as long as for 

this specific Reynolds number, a short waiting period was observed for each velocity 

setting for other Reynolds numbers as well. At the end of the sweep, the fan speed was 

gradually reduced and as a result, the Reynolds number decreased and the sweep was 

completed. 

In the written MATLAB script, the flow temperature and Reynolds number change with 

respect to time, the exact values of the actual Reynolds number, kinematic and dynamic 
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viscosities, air velocity, temperature, pressure and density at the time of the infrared 

image time stamp were obtained from the corresponding data files (logs). For the dynamic 

viscosity, the temperature based correlation obtained from [40] is used. The inputs of the 

scripts are the name of the experimental case, the exact time of the infrared image, and 

the chord length of the airfoil. The MATLAB script also calculates the first cell height 

(∆𝑦1) to be used in the CFD mesh corresponding to y+ = 1. For this calculation, a function 

is used in the main script that takes tunnel density, tunnel air viscosity, tunnel velocity, 

chord length, and desired y+ value as input and calculates the first layer thickness with 

y+ equation in Equation 2.4. The code uses skin friction correlation to calculate wall shear 

stress and friction velocity which described in Schlichting [8] as shown Equation 2.1-2.2-

2.3. 

𝐶𝑓 = (2 log 𝑅𝑒𝑥 − 0.65)−2.3                                        (2.1) 

𝜏𝑤 = 0.5 𝐶𝑓 𝜌 𝑈∞
2                                            (2.2) 

   𝑢𝜏 =  √
𝜏𝑤

𝜌
                                                         (2.3) 

𝑦+ =
𝑢𝜏∆𝑦1𝜌

𝜇
                                                       (2.4) 

The aim at this stage of the study is to obtain tunnel values at the time the photograph was 

taken and to conduct CFD analyses with these values. Therefore, a Matlab code was 

written that outputs the tunnel values at the time the photograph was taken and the values 

required during CFD analysis. The inputs required for the written code are listed below. 

This Matlab code takes the following values as an input: 

• name of the experimental case 

• the date, hour, minute and second to be examined 

• the length of the airfoil chord as characteristic length (c)  

• desired y+ = 1 

With the inputs stated above, the code can find the data corresponding to the date the 

photo was taken from among different test data. After receiving these inputs, the code can 

extract the following data from the datalog. 
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Following values taken from tunnel datalog: 

• Tunnel TS2 velocity – air velocity in the tunnel 

• Tunnel contraction temperature – air temperature in the tunnel 

• Tunnel contraction pressure – air pressure in the tunnel 

• Tunnel contraction density – air density in the tunnel 

 

The data calculated in the code is as follows: 

• Actual Reynolds number 

• Kinematic and dynamic viscosity 

• First cell height 

The main code utilizes a function to compute the tunnel air viscosity, which takes the 

temperature of the tunnel as input. The actual Reynolds number at the time the IR photo 

was taken is then determined by utilizing the characteristic length and the velocity derived 

from the tunnel datalog.  

It should be noted that the temperature value obtained from the tunnel datalog is measured 

by a system located before TS1. In other words, the tunnel air temperature is measured 

first, and then it passes through the air contraction, bends, and honeycomb screens. It can 

be inferred that the air temperature may have slightly increased at TS2 due to these 

components. 

 

In the following table, a sample output of code is shown for 0° angle of attack and 

Re_desired = 5×105. As can be seen from the information here, during the experiment, an 

image was taken from the IR camera in conditions where Reynolds number is as close to 

the desired Reynolds number of 500000 as possible (actual Re = 500207.71). However, 

since there is a small difference and this difference affects other variables and 

calculations, the actual values in the experiment were used in CFD analysis. 

 

 

 

 



 

 31 

Table 2.2. Conditions for AoA = 0° & Re = 5×105 case 

 

 

The parameters outlined in Table 2.2 were carried out for all CFD cases and the necessary 

information for CFD analysis is summarized in Table 2.3 for all cases.  

 

Table 2.3. Conditions for CFD cases 

Case AoA (°) Re_desired Re_actual 
Velocity 

(m/s) 

Pressure 

(Pa) 

Density 

(kg/m3) 

Dynamic 

Viscosity (Pa.s) 

First Cell 

Height (m) 

3 0 500000 500208 18.8 91741 1.06 1.82E-05 3.71979E-05 

5 0 600000 594042 22.3 92134 1.06 1.81E-05 3.18571E-05 

7 0 700000 714120 26.9 92392 1.05 1.81E-05 2.70883E-05 

9 0 500000 500207 18.8 91741 1.06 1.82E-05 3.71979E-05 

10 3 500000 499401 18.3 91863 1.08 1.80E-05 3.66766E-05 

11 6 500000 501544 18.5 91763 1.07 1.80E-05 3.66981E-05 

12 9 500000 497443 18.6 91741 1.07 1.81E-05 3.72544E-05 
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2.7.  Experimental Determination of Separation, Transition and Reattachment 

Points 

In this particular section of the thesis, it will be explained how the separation, transition, 

and reattachment points in the laminar separation bubble are determined experimentally. 

Before sharing the methodology used to identify these points based on experimental data, 

the physical logic will be discussed. 

 

When a laminar separation bubble forms on an airfoil, an air mass will form on the airfoil 

except where the bubble formed. Considering that there will less heat transfer by 

convective and conduction in the absence of matter, it can be said that it would be quite 

reasonable to conduct an experimental study over heat transfer to determine the bubble. 

Moreover, the turbulent boundary layer has higher convective heat transfer coefficients 

compared to the laminar boundary layer, and if transition occurs, there will be higher heat 

transfer in the turbulent region. In this case, an aerothermal phenomenon will need to be 

examined in the experimental study to be carried out. By creating a temperature difference 

between the air and the wing surface to facilitate heat transfer, the wing surface will have 

a temperature distribution due to the separation bubble and transitional flow. As a result, 

if this temperature distribution can be observed, bubble and transition points can be 

determined. 

 

In the experiments, the IR camera gives this distribution as visual results, but it is 

important to analyze these results quantitatively in order to compare the experimental data 

both among themselves and with CFD analyses.  

 

In Section 2.3, it was mentioned that the camera used in the experiments had an IR 

resolution of 80 x 60. For each IR image taken, according to the position of the camera 

in this experiment, the horizontal axis of the image is divided by 60 and the vertical axis 

by 80. Thus, each image consists of 4800 elements and the temperature value is recorded 

for each element and it is named as raw data. The raw data were used in the experimental 

part of the thesis for each IR photograph. The visual representation of raw data for 0° 

angle of attack and 5×105 Reynolds number case is shown in Figure 2.11a. The image is 
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created on written MATLAB code for 4800 data points according to temperature 

magnitudes.  However, when IR cameras generate images, they use interpolation methods 

called color interpolation using the raw measurement data. Interpolated values during 

image creation ensure smoother images. In Figure 2.11b., the same raw data is subjected 

to linear interpolation five times using the written code, and the image is created based 

on the interpolated data. As can be seen, the interpolated data has a smoother appearance, 

making it easier to examine visually. 

 

Figure 2.11. Raw data and linearly interpolated data images for AoA = 0° & Re_desired 

= 5×105 case 

 

Similarly, to the above, in this thesis, images obtained from the FLIR C2 camera, which 

utilizes interpolation techniques when generating IR images, will be shared. However, 

the data to be processed in this section will be the raw data mentioned above. 

It is possible to predict how this temperature distribution will occur. Here, the incoming 

air can be either warmer or colder than the wing to induce heat transfer. Assuming that 

the air is initially hot and moving along the wing surface from the leading edge to the 

trailing edge above a certain value on the wing span, the temperature distribution will be 

similar as below, as demonstrated by a sample from the conducted tests.  
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Since it is away from ground, tip, and turbulator screw effect, the surface temperature 

data along the chordwise direction was obtained from the mid-span of the airfoil, as 

shown in Figure 2.12. 

 

Figure 2.12. Sample temperature distribution of the airfoil surface for hot incoming air 

 

Moving in the direction of flow, the temperatures will be high in the leading edge due to 

the stagnation point. Subsequently, as the boundary layer develops and shear stresses 

decrease, heat transfer and temperature will begin to decrease. Then, when separation 

occurs, the hot air will no longer be able to heat the wing, and wall temperatures will 

drastically drop. At this point, the wing temperature will reach a minimum value, and 

with reattachment, the temperature will rise suddenly. If it is considered that the flow is 

turbulent for reattachment and beyond, it is known that turbulent boundary layers have 

higher heat transfer coefficients. Therefore, the temperature values will be higher in the 

turbulent region than the laminar region, and depending on the amount of turbulence and 

the development of the boundary layer, the temperatures will either slightly decrease or 

remain constant towards the trailing edge. If the air temperature is lower, the direction of 

heat transfer will change and the temperatures will change in the opposite direction at the 

points mentioned above. 
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At this point, a methodology is needed to determine the laminar, transition, and 

reattachment points exactly. In the literature, it is observed that the derivative of 

temperature along the chord length is utilized to identify the separation and transition 

points [9]. 

According to Wynnychuk & Yarusevych [9], the flow direction temperature gradient 

providing the minimum convection coefficient represents the start of separation. Heat 

flux is positive when the test object is hot compared to the incoming air flow, and in this 

case, the minimum convection heat transfer coefficient is provided at the maximum 

chordwise temperature gradient.  

In the separated shear layer, the transition process results in a sharp increase in near-wall 

velocity fluctuations and consistently growing magnitudes of mean reverse flow velocity 

toward the region of maximum bubble height. This causes a rapid decrease after 

maximum temperature on the airfoil surface. Numerical results show that [42], mean 

transition position approximately coincides with the maximum separation bubble height, 

corresponds to the maximum gradient downstream of convective heat transfer coefficient. 

In addition, with similar approach, studies involving near-wall transition estimates [43], 

[44], [45], [46], [47], [48], [49] the position of the mean transition can be predicted at the 

position minimum temperature gradient in the flow direction. 

After transition point, the surface temperature continues to drop until it reaches a local 

minimum. This is followed by a slower temperature recovery expected for the turbulent 

boundary layer that is re-forming. Reattachment of the flow to the airfoil surface and high 

levels of near-wall fluctuations induced by shear layer vortices. In other words, the flow 

becomes fully turbulent and the impinges to the airfoil surface increases the interaction 

between the surface and the incoming air, and the convective heat transfer coefficient 

reaches its maximum. Wynnychuk & Yarusevych [9] experiments, the location of 

minimum temperature or zero streamwise temperature gradient represents the maximum 

convective heat transfer coefficient. 

In the case Wynnychuk & Yarusevych [9] where the air temperature is lower, the 

separation, transition, and reattachment points are determined as follows: 

• When dT/dx is MAX value corresponding chord length → Separation point 

• When dT/dx is MIN value corresponding chord length → Transition onset point 

• When T is local MIN value corresponding chord length → Reattachment point 
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In this thesis, the incoming air is warm (heated), the airfoil is relatively cold. Thus, the 

heat flux is reversed compared to the Wynnychuk & Yarusevych [9] case. In the light of 

the information described above, the minimum convection heat transfer coefficient is 

provided by the minimum chordwise temperature gradient and it can be used for 

separation point. For position of the mean transition can be predicted at the position 

maximum temperature gradient in the flow direction. Lastly, because the convective heat 

transfer coefficient reaches its maximum at reattachment point, location of maximum can 

be used as reattachment point. As a result, separation, transition and reattachment points 

were found as follows: 

 

✓ When dT/dx is MIN value corresponding chord length → Separation point 

✓ When dT/dx is MAX value corresponding chord length → Transition onset point 

✓ When T is local MAX value corresponding chord length → Reattachment point 

 

Where T is chordwise temperature and dT/dx first derivative of chordwise temperature. 

Derivative of temperature values are calculated using first order finite difference 

approximation; forward difference is used for the first value, central difference is used 

for the values in between, backward difference is used for the last value.  

When calculations are performed based on the previously shared example of temperature 

distribution, the separation, transition, and reattachment points are found as shown in 

following Figure 2.13. 
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Figure 2.13. An example of the determination of separation, transition, and reattachment 

points 

 

In the thesis, similar to the example mentioned above, all cases were analyzed to 

determine these points. 

 

2.8.  Uncertainty Estimates of Experiments 

Uncertainty analysis involves evaluating and quantifying the uncertainties associated 

with measurements and observations made during the experiment. 

The most significant uncertainty in these experiments arises from the measurements of 

the infrared camera. During the experiment, the camera was used in a vertical orientation, 

with 80 pixels in the vertical axis and 60 pixels in the horizontal axis. Since the separation, 

transition, and reattachment points are crucial with respect to the chordwise position of 

the airfoil, the horizontal resolution of the IR camera is important for this experiment. 

The horizontal length seen by the IR camera was measured to be 0.66 meters. When 

divided by 60 pixels, the horizontal length of one pixel was found to be 0.011 meter. As 

a result, it was inferred that the locations of the separation, transition, and reattachment 

points were measured with an approximate accuracy of 0.011 m. Another uncertainty is 

the sensitivity of the IR camera, which is less than 0.10°C.  
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2.9.  Repeatability Analysis of Experiments 

Repeatability analysis refers to the process of evaluating the consistency and 

reproducibility of experimental measurements or observations. It involves conducting 

multiple repetitions of the same experiment under similar conditions to assess the level 

of agreement among the results. 

To observe the consistency of the results, repeat tests were conducted for some of the 

cases mentioned in this thesis. In Figure 2.14 and Figure 2.15, repeatability plots are 

provided for Reynolds numbers of 5×105 and 7×105, respectively, for the 0° angle of 

attack.  

In the graphs, the solid lines represent the primary tests, while the dashed lines represent 

the repeat tests conducted for the same Reynolds number and angle of attack. 

 

 

Figure 2.14. Repeatability analysis for AoA = 0° & Re = 5×105 case 
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Due to the primary test and repeat test being conducted at different times, such as a few 

hours later, the surface temperatures of the airfoil are different. However, the temperature 

plots shown in blue color have followed the same trend, and as a result, temperature 

derivatives have also been very similar. 

The locations of the separation, transition and reattachment points are very close for both 

the primary and repeat tests because the position of the local maximum temperature and 

the derivative values of the temperature are important factors in determining these points. 

 

 

Figure 2.15. Repeatability analysis for AoA = 0° & Re = 7×105 case 

 

As seen from the above figures, repeat tests for different conditions have yielded very 

close results to the primary tests. This indicates that the experiments mentioned in this 

thesis are repeatable, meaning they can be replicated with consistent and similar 

outcomes. 
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3. NUMERICAL STUDIES 

In this section, the numerical part of the thesis, which is the computational fluid dynamics 

analysis, is shared. Theoretical background which includes governing equations and 

turbulence models, pre-process of CFD and CFD studies are given. 

 

3.1.  Theorical Background of Computational Fluid Dynamics  

Turbulent flow can basically be defined as many eddy populations consisting of 

constantly changing, swirling flow structures of varying size and strength, giving the flow 

a random appearance. Turbulence modeling involves the utilization of mathematical 

models to predict the impact of turbulence. 

In turbulence models, it is generally accepted that the flow is fully turbulent and there is 

no transition flow. As a result, turbulence models mostly overlook the transition flow, 

and in cases where transition flow is important, these models can give results that are far 

from the exact solution. This thesis focused on transition flow models. 

The basic equation of fluid mechanics, assumptions and mathematical modeling of 

turbulence will be discussed within the context of the theory of CFD. 

 

3.1.1.  Governing Equations 

Computational fluid dynamics (CFD) is a field within fluid mechanics that employs 

numerical techniques to analyze and solve problems related to fluid flows. As a 

computational tool, computers are used to simulate fluid flow and interaction with 

surfaces defined by boundary conditions. The Navier-Stokes equations provide a basis 

for practically most of the CFD problems.  

In this part, the governing equations of fluid modeling are shared. The equations are given 

in cartesian coordinates.  

Firstly, the continuity equation specified in Equation 3.1. In this equation, 𝜌, 𝑡, 𝑥𝑖 and 𝑢𝑖  

represent density, time, position in the i direction and velocity in the i direction 

respectively.  
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𝜕𝜌

𝜕𝑡
+

𝜕(𝜌𝑢𝑖)

𝜕𝑥𝑖
= 0                                                     (3.1) 

Secondly, the momentum equation explained by Newton's second law specified in 

Equation (3.2). In a control volume, the total momentum is always conserved, it changes 

only with the effect of force. Pressure is on the right side of the equation is expressed with 

𝑝, while 𝜏𝑖𝑗 represents the viscous stress tensor. 

 

𝜕(𝜌𝑢𝑖)

𝜕𝑡
+

𝜕(𝜌𝑢𝑗𝑢𝑖)

𝜕𝑥𝑖
= −

𝜕𝑝

𝜕𝑥𝑖
+

𝜕𝜏𝑖𝑗

𝜕𝑥𝑖
                                        (3.2) 

 

The expression for the viscous stress tensor is given in Equation 3.3, denoted by the 

symbol 𝜇 dynamic viscosity associated with linear deformations represents stresses while 

𝜆 represents stresses associated with volumetric deformations. Volumetric viscosity is 

also known as "bulk viscosity" and this secondary viscosity has little effect in practice.  

 

𝜏𝑖𝑗 = 𝜇 (
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
) +  𝜆𝛿𝑖𝑗

𝜕𝑢𝑘

𝜕𝑥𝑘
                                  (3.3) 

 

For gases, usually 𝜆 = −
2

3𝜇
 [8]. In this thesis, since the flow investigated is at low 

subsonic speeds, the flow can be considered as incompressible as a result  ∇. 𝑢 = 0 and 

the viscous stress tensor can be expressed as in Equation 3.4. 

 

𝜏𝑖𝑗 = 𝜇 (
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
)                                             (3.4) 

 

No heat transfer or chemical reaction was considered in this study. Incompressible, 

isothermal, steady CFD simulations were carried out. Therefore, the above mass and 

momentum conservation equations can be simplified to:  

𝜕(𝑢𝑖)

𝜕𝑥𝑖
= 0                                                         (3.5) 
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𝜌𝑢𝑗
 𝜕(𝑢𝑖)

𝜕𝑥𝑖
= −

𝜕𝑝

𝜕𝑥𝑖
+ 𝜇 (

𝜕2𝑢𝑖

𝜕𝑥𝑖𝑥𝑗
)                                  (3.6) 

 

 

3.1.2.  Turbulence Models 

Turbulence is one of the problems of classical physics which are not fully solved. The 

governing equations of fluid flows, known as the Navier-Stokes equations, can be directly 

solved without the need for any modeling assumptions. Direct Numerical Simulation 

(DNS) involves solving for a wide range of spatial and temporal scales, spanning from 

large to small, down to the Kolmogorov length scale. Kolmogorov length scale is the 

smallest dimension of an eddy that can be encountered in a turbulent flow [23]. Due to 

immense computational expenses, using the DNS technique in engineering applications 

is still difficult. In practice, DNS is primarily utilized within academic and research 

settings for modeling relatively straightforward flow scenarios. It is used in conjunction 

with experiments to comprehend turbulence better and to provide simplified turbulence 

models that are less expensive to calculate but still useful to predict the main contribution 

of turbulence to the flow [24]. 

The Large Eddy Simulation (LES), which is time-dependent technique, based on solving 

large eddies of turbulence while small-scale eddies are modeled [26]. In Figure 3.1, 

channel flow sketch illustrates how LES resolution and DNS resolution differ from each 

other. As can be demonstrated, large eddies are resolved with LES and smaller ones 

modeled. The effects of the minor fluctuations cannot be detected in the results because 

they are not fully resolved. 
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Figure 3.1. A symbolic view of comparison between LES and DNS [25] 

LES provides a wider variety of applications and a higher level of solution accuracy than 

the RANS methods. However, for steady, one- or two-dimensional flows, large-eddy 

simulation is significantly more expensive than RANS methods, shown in Figure 3.2. For 

this reason, it should be used to solve issues where the cost is comparable to solving the 

RANS equations or when lower-level turbulence models do not work. 

 

Figure 3.2. Classification of unsteady approaches according to levels of modelling and 

readiness [27] 
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Using the Reynolds Averaged Navier Stokes (RANS) methodology, the eddies in the flow 

field are modeled. Eddies are not directly solvable using this method. Utilizing the mean 

and the rate of mean change, the scaler values of the magnitudes are calculated. Compared 

to DNS and LES approach, RANS method offers lower cost in terms of computational 

resources. The RANS approach is the most commonly used CFD analysis method today 

and provides valuable information especially during the research and design phases. In 

the next section, the RANS method is presented in detail. 

 

3.1.2.1.  Reynolds Averaged Navier Stokes Equations (RANS) 

In the RANS method, instantaneous flow variables in the Navier-Stokes equations are 

decomposed into two parts, the mean part and the oscillating part, as follows: 

 

𝑢𝑖 = 𝑢�̅� + 𝑢𝑖
′                                                    (3.7) 

 

where 𝑢𝑖 is instantaneous, 𝑢�̅� is mean, 𝑢𝑖
′ is fluctuating velocity components for i = 1,2,3. 

Likewise, other flow variables in the NS equations can also be decomposed.  

The RANS continuity and momentum equations obtained after these processes are given 

below [34]: 

 

𝜕𝜌

𝜕𝑡
+

𝜕(𝜌𝑢𝑖)

𝜕𝑥𝑖
= 0                                                     (3.8) 

 

𝜕(𝜌𝑢𝑖)

𝜕𝑡
+

𝜕(𝜌𝑢𝑖𝑢𝑗)

𝜕𝑥𝑗
= −

𝜕𝑝

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
[𝜇 (

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
) −

2

3
𝛿𝑖𝑗

𝜕𝑢𝑘

𝜕𝑥𝑘
] +

𝜕

𝜕𝑥𝑗
(−𝜌𝑢𝑖

′𝑢𝑗
′̅̅ ̅̅ ̅̅ )           (3.9) 

 

𝜌 represents the density of the fluid, 𝑡 represents time, 𝑢 represents the velocity vector of 

the fluid, 𝜇 represents the dynamic viscosity of the fluid. An extra term appears in the 

above RANS momentum equations. This additional −𝜌𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅   term is the Reynolds stress 

terms need to be modelled. Here, 𝑢𝑖
′  and 𝑢𝑗

′  are the instantaneous deviations of the 

velocity in the x and y directions from the average velocity values in x and y directions. 

This term expresses the convection of mean momentum due to turbulence and is the term 

that distinguishes turbulent flow from laminar flow. Due to the chaotic nature of the 

turbulence phenomenon, there is no analytical method for calculating these additional 
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values. For this reason, turbulence models were developed to calculate deviation values 

from the mean velocity to calculate this term.  

There are different approaches for calculating the Reynolds stress tensor. The Reynolds 

stress model calculates each component in this tensor, but the high number of equations 

to be solved creates expensive CFD solution costs. Another approach is the Boussinesq 

approach, which assumes that all the elements in the tensor are equal to each other, given 

in Equation 3.10. 

 

(−𝜌𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅ ) = 𝜇𝑡 (
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
) −

2

3
(𝜌𝑘 + 𝜇𝑡

𝜕𝑢𝑘

𝜕𝑥𝑘
) 𝛿𝑖𝑗                              (3.10) 

 

According to the Boussinesq approximation, the Reynolds stress tensor and viscous stress 

tensors are expressed similarly for incompressible flows [28]. The expression 𝜇𝑡 in the 

Reynolds stress tensor equation represents the turbulent viscosity term [29]. In this 

approach, the turbulent viscosity term, 𝜇𝑡 is solved by turbulence models. 

Note that, since the transition flow is examined within the scope of the thesis, the use of 

turbulence models that based transition flow is the most important factor in solving the 

problem. However, in order to compare transition models, standard 𝑘 − 휀  turbulence 

model is also presented. 

 

3.1.2.1.1.  𝒌 −  𝜺 Turbulence Model  

The 𝑘 − 휀 turbulence model is a widely used two equation model for simulating turbulent 

flows in CFD. The standard 𝑘 − 휀 model was developed by Jones and Launder in 1972 

[30]. This model is a type of RANS model that aims to predict the distribution of turbulent 

kinetic energy and the rate of dissipation of turbulent kinetic energy. The 𝑘 − 휀 model 

assumes that the turbulent eddies in a flow can be characterized by two distinct length 

scales: the turbulent kinetic energy scale and the turbulent length scale. These length 

scales are related to the turbulent Reynolds stresses that arise due to the interaction 

between the turbulent fluctuations and the mean flow. The 𝑘 − 휀  model solves two 

transport equations: one for the turbulent kinetic energy and one for the rate of dissipation 

of turbulent kinetic energy. These equations are coupled and are solved simultaneously 

with the governing equations of fluid flow. The two transport equations are given below. 
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𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌𝑢𝑗𝑘)

𝜕𝑥𝑗
=

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝑃 − 𝜌휀                       (3.11) 

𝜕(𝜌𝜀)

𝜕𝑡
+

𝜕(𝜌𝑢𝑗𝜀)

𝜕𝑥𝑗
=

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝜀
)

𝜕𝜀

𝜕𝑥𝑗
] + 𝐶𝜀1

𝜀

𝑘
𝑃 − 𝐶𝜀2𝜌

𝜀2

𝑘
               (3.12) 

 

𝑘 represents the turbulent kinetic energy, 휀 represents the rate of loss of turbulent kinetic 

energy, 𝜇𝑡 is the turbulent viscosity of the fluid.  

The model requires two closure assumptions. First assumption is the turbulent viscosity 

is proportional to 𝑘
2

휀⁄ . Second assumption is the production of turbulent kinetic energy 

is proportional to the product of the mean velocity gradients and the turbulent kinetic 

energy. 

Turbulent viscosity is also given in the equation below: 

 

𝜇𝑡 = 𝜌𝐶𝜇
𝑘2

𝜀
          (3.13) 

 

𝜎𝑘, 𝜎𝜀, 𝐶𝜀1, 𝐶𝜀2, 𝐶𝜇 terms in the equations represent the experimental constants used in 

the standard k-epsilon model, values are given below: 

 

𝜎𝑘 = 1.00,   𝜎𝜀 = 1.30,    𝐶𝜀1 = 1.44,   𝐶𝜀2 = 1.92,   𝐶𝜇 = 0.09          (3.14) 

 

𝑃 term is turbulent kinetic energy production rate and as shown by Equation (3.15) is 

obtained. 

𝑃 = 𝜇𝑡 (
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
)

𝜕𝑢𝑖

𝜕𝑥𝑗
                                            (3.15) 

 

The 𝑘 − 휀 turbulence model is often used in engineering applications, such as aerospace 

and automotive, because of its accuracy and computational efficiency. However, it has 

some limitations, particularly for flows with strong streamline curvature or separation, 

where more advanced turbulence models may be required. 
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3.1.2.1.2.  𝒌 − 𝝎 − 𝜸 Transition Model 

Firstly, the 𝑘 − 𝜔 SST turbulence model was developed by Menter and Langtry [32], 

[33]. 𝑘 − 𝜔 SST turbulence model consists of using Wilcox's 𝑘 − 𝜔 turbulence model 

[31] for regions close to the wall and the standard 𝑘 − 휀 model for free flow regions away 

from the wall. The 𝑘 − 𝜔 − 𝛾  transition model is an extension of the 𝑘 − 𝜔  SST 

turbulence model, developed by Menter at ANSYS, Inc [34]. 

The 𝑘 − 𝜔 − 𝛾 transition model uses two transport equations for the turbulence variables; 

turbulence transport equations for the specific dissipation rate and turbulent kinetic 

energy [35]. The other transport equation is for transition and named as intermittency 

equation. The intermittency function is used to switch between laminar and turbulent flow 

regions based on the local flow conditions. These equations are solved numerically in the 

simulation to calculate the turbulent viscosity, which is used to determine the turbulent 

stresses in the flow. The 𝑘 − 𝜔 − 𝛾  transition model involves the following set of 

equations: 

 

The transport equation for intermittency (𝛾) is described below: 

𝜕(𝜌𝛾)

𝜕𝑡
+

𝜕(𝜌𝑈𝑗𝛾)

𝜕𝑥𝑗
= 𝑃𝛾 − 𝐸𝛾 +

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝛾
)

𝜕𝛾

𝜕𝑥𝑗
]                          (3.16) 

𝑃𝛾 = 𝐹𝑙𝑒𝑛𝑔𝑡ℎ  𝜌 𝑆 𝛾(1 − 𝛾) 𝐹𝑜𝑛𝑠𝑒𝑡                                 (3.17) 

𝐸𝛾 = 𝑐𝑎2 𝜌 Ω 𝛾 𝐹𝑡𝑢𝑟𝑏  (𝑐𝑒2𝛾 − 1)                                     (3.18) 

𝐹𝑙𝑒𝑛𝑔𝑡ℎ = 100,    𝑐𝑒2 = 50,    𝑐𝑎2 = 0.06,   𝜎𝛾 = 1.0                (3.19) 

In above equations, 𝑃𝛾 is defined as transition source term and 𝐸𝛾 is defined as destruction 

or re-laminarization source term. In 𝑃𝛾 equation, 𝑆 is strain rate magnitude and 𝐹𝑜𝑛𝑠𝑒𝑡 is 

for triggering the intermittency production. In 𝐸𝛾 equation, Ω is defined as the magnitude 

of absolute vorticity rate and 𝐹𝑡𝑢𝑟𝑏  is used to disable the destruction or re-laminarization 

source outside of a laminar boundary layer or in the viscous sublayer. The constants are 

described in Equation 3.19. 

The transport equation for the turbulent kinetic energy (𝑘) is: 



 

 48 

𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌𝑢𝑗𝑘)

𝜕𝑥𝑗
= �̃�𝑘 + 𝑃𝑘

𝑙𝑖𝑚 − �̃�𝑘 +
𝜕

𝜕𝑥𝑗
[(𝜇 + 𝜎𝑘𝜇𝑡)

𝜕𝑘

𝜕𝑥𝑗
]               (3.20)  

�̃�𝑘 = 𝛾𝑃𝑘                                                             (3.21) 

�̃�𝑘 = max(𝛾, 0.1) ∙ 𝐷𝑘                                                  (3.22) 

𝜇𝑡 =  𝜌 
𝑎1∙𝑘

max(𝑎1∙ 𝜔,𝐹2∙𝑆)
                                                    (3.23) 

𝑃𝑘 = 𝜇𝑡 𝑆 Ω                                                           (3.24) 

𝑃𝑘
𝑙𝑖𝑚 = 5𝐶𝑘 max(𝛾 − 0.2, 0) (1 − 𝛾)𝐹𝑜𝑛

𝑙𝑖𝑚 max(3𝐶𝑆𝐸𝑃 𝜇 − 𝜇𝑡, 0) 𝑆 Ω          (3.25) 

𝐹𝑜𝑛
𝑙𝑖𝑚 = min (max (

𝑅𝑒𝑉

2.2∙ 𝑅𝑒𝜃𝑐
𝑙𝑖𝑚 − 1, 0) , 3)                                 (3.26)  

𝑅𝑒𝜃𝑐
𝑙𝑖𝑚 = 1100                                                       (3.27) 

𝐶𝑘 = 1.0,  𝐶𝑆𝐸𝑃 = 1.0                                                (3.28) 

The 𝑃𝑘  and 𝐷𝑘  are the production and destruction terms for energy equation in the 

original SST turbulence model and 𝛾 is the intermittency. The 𝑃𝑘
𝑙𝑖𝑚 term is for proper 

generation of k at transition points for arbitrary low Tu levels. In 𝑃𝑘
𝑙𝑖𝑚 term, the 𝑅𝑒𝜃𝑐

𝑙𝑖𝑚  

value limits the term and ensures that the term is only activated for high Reynolds 

numbers or separating flows, where 𝑅𝑒𝑉 becomes larger than this limit. Also, 𝜎𝑘 is the 

turbulent Prandtl number for 𝑘 and 𝜇𝑡 is turbulence viscosity.  

 

The transport equation for the specific dissipation rate (omega) is: 

𝜕(𝜌𝜔)

𝜕𝑡
+

𝜕(𝜌𝑢𝑗𝜔)

𝜕𝑥𝑗
= 𝛼

𝑃𝑘

𝜈𝑡
− 𝐷𝜔 + 𝐶𝑑𝜔 +

𝜕

𝜕𝑥𝑗
((𝜇 + 𝜎𝜔 𝜇𝑡)

𝜕𝜔

𝜕𝑥𝑗
)               (3.29) 

In this equation 𝐶𝑑𝜔 is additional cross diffusion term for turbulent dissipation rate and 

𝐷𝜔 is the destructive term for turbulent dissipation rate.  

 



 

 49 

The 𝑘 − 𝜔 − 𝛾  transition model has been calibrated against a wide range of external 

aeronautical and turbomachinery applications. Because 𝑘 − 𝜔 − 𝛾  transition model 

requires three transport equations to solve, it has an advantage in terms of computational 

cost. However, this model is specifically designed for wall-bounded flows and is not 

suitable for predicting transition in free shear flows. The model will predict free shear 

flows as fully turbulent. Thus, the 𝑘 − 𝜔 − 𝛾  transition model is useful for classical 

boundary layer flows and reduces the computational effort in these types of problems.  

 

3.1.2.1.3.  Transition 𝒌 − 𝒌𝒍 − 𝝎 Model 

The 𝑘 − 𝑘𝑙 − 𝜔 model is an extension of the standard 𝑘 − 𝜔 model and is specifically 

designed to handle flow transition from laminar to turbulent [36]. In this model, the 

turbulence is modeled using two equations, one for the turbulent kinetic energy and one 

for the specific turbulent dissipation rate. The additional "𝑘𝑙" in the model name stands 

for "k-laminar" and refers to an additional variable included in the model to account for 

the laminar to turbulent transition process.  

 

The equations for the 𝑘 − 𝑘𝑙 − 𝜔 model are: 

𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌𝑢𝑗𝑘)

𝜕𝑥𝑗
= 𝑃𝑘 − 휀 +

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
]                       (3.30)     

𝑘 is turbulent kinetic energy, 𝑃𝑘 is the production of turbulence kinetic energy due to 

mean velocity gradients, 휀 is the dissipation rate of turbulence kinetic energy, 𝜎𝑘 is the 

turbulent Prandtl number for 𝑘. 

 

𝜕(𝜌𝜔)

𝜕𝑡
+

𝜕(𝜌𝑢𝑗𝜔)

𝜕𝑥𝑗
= 𝐶𝜔1𝑃𝑘 − 𝐶𝜔2𝜌

𝜔2

𝑘
+

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝜔
)

𝜕𝜔

𝜕𝑥𝑗
]           (3.31) 

𝜔  is the specific turbulent dissipation rate, 𝐶𝜔1  and 𝐶𝜔2  are constants and 𝜎𝜔  is the 

turbulent Prandtl number for 𝜔. 

The 𝑘 − 𝑘𝑙 − 𝜔 model also includes an additional equation for the variable 𝑘𝑙, which is 

used to model the laminar-to-turbulent transition process. The equation for 𝑘𝑙 is: 
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𝜕(𝜌𝑘𝑙)

𝜕𝑡
+

𝜕(𝜌𝑢𝑗𝑘𝑙)

𝜕𝑥𝑗
= max[0, 𝑅] − 𝛽𝑘𝑙𝜔𝑘𝑙𝑘𝑙 +

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘𝑙
)

𝜕𝑘𝑙

𝜕𝑥𝑗
]         (3.32) 

 

𝑘𝑙 is the fraction of the flow that is still laminar, 𝑅 is the rate of change of the turbulence 

kinetic energy, 𝛽𝑘𝑙 is a constant, 𝜔𝑘𝑙 is the specific turbulent dissipation rate calculated 

using the laminar viscosity, 𝜎𝑘𝑙 is the turbulent Prandtl number for 𝑘𝑙. 

 

3.1.2.1.4.  Transition SST Model 

The Transition SST model also known as the 𝛾 – 𝑅𝑒𝜃 model is a four equation model 

developed by Langtry and Menter [37]. It is based on the coupling of modified 𝑘 − 𝜔 

SST turbulence model transport equations with two other transition related transport 

equations, one for the intermittency and one for the transition onset criteria, in terms of 

momentum-thickness Reynolds number.  

 

The transport equation for intermittency is described below: 

𝜕(𝜌𝛾)

𝜕𝑡
+

𝜕(𝜌𝑈𝑗𝛾)

𝜕𝑥𝑗
= 𝑃𝛾 − 𝐸𝛾 +

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑓
)

𝜕𝛾

𝜕𝑥𝑗
]                          (3.33) 

𝑃𝛾 = 𝐹𝑙𝑒𝑛𝑔𝑡ℎ 𝑐𝑎1 𝜌 𝑆 [𝛾 𝐹𝑜𝑛𝑠𝑒𝑡]0.5(1 − 𝑐𝑒1𝛾)                          (3.34) 

𝐸𝛾 = 𝑐𝑎2 𝜌 Ω 𝛾 𝐹𝑡𝑢𝑟𝑏 (𝑐𝑒2𝛾 − 1)                                     (3.35) 

𝑐𝑎1 = 2 ,    𝑐𝑒1 = 1.0,    𝑐𝑒2 = 50 ,    𝑐𝑎2 = 0.06 ,    𝜎𝑓 = 1.0               (3.36) 

 

In above equations, 𝑃𝛾  is the transition source term and 𝐸𝛾  is destruction or re-

laminarization source term. In 𝑃𝛾 equation, S is the strain rate magnitude. This term is 

designed to be equal to zero in the laminar boundary layer upstream of transition and 

active everywhere the local vorticity Reynolds number exceeds the local transition onset 

criteria. The transition length function (𝐹𝑙𝑒𝑛𝑔𝑡ℎ) regulates the magnitude of this source 

term. The presence of density and strain rate ensures that the source term has the correct 

units. The 𝑐𝑒1 is constant to limit the maximum value of intermittency and the  𝐹𝑜𝑛𝑠𝑒𝑡 is 

used to trigger the intermittency production.  
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In 𝐸𝛾 equation, vorticity magnitude (Ω) ensures that in the laminar boundary layer, the 

intermittency is close to zero which helps in re-laminarization prediction. The constant 

𝑐𝑎2 controls the strength of the destruction term and ensures that this term is smaller than 

the transition source term 𝑃𝛾. The constant 𝑐𝑒2 controls the lower limit of intermittency, 

where the term changes sign. 𝐹𝑡𝑢𝑟𝑏  is used to disable the destruction/relaminarization 

source outside of a laminar boundary layer or in the viscous sublayer. The constants are 

described in Equation 3.36. 

 

The Reynolds momentum-thickness equation (𝑅𝑒𝜃𝑡) is described below: 

𝜕(𝜌𝑅𝑒𝜃𝑡)

𝜕𝑡
+

𝜕(𝜌𝑢𝑗𝑅𝑒𝜃𝑡̅̅ ̅̅ ̅̅ ̅)

𝜕𝑥𝑗
= 𝑃𝜃𝑡 +

𝜕

𝜕𝑥𝑗
[𝜎𝜃𝑡(𝜇 + 𝜇𝑡)

𝜕𝑅𝑒𝜃𝑡̅̅ ̅̅ ̅̅ ̅

𝜕𝑥𝑗
]                      (3.37) 

𝑃𝜃𝑡 =  𝑐𝜃𝑡
𝜌

𝑡
(𝑅𝑒𝜃𝑡  −  𝑅𝑒𝜃𝑡

̅̅ ̅̅ ̅̅ )(1.0 − 𝐹𝜃𝑡)                            (3.37) 

𝑡 =
500 𝜇

𝜌 𝑈2                                                        (3.38) 

𝑐𝜃𝑡 = 0.03,   𝜎𝜃𝑡 = 0.03                                       (3.39) 

In this equation, 𝑃𝜃𝑡 is designed to force the transported scalar 𝑅𝑒𝜃𝑡 to match the local 

value of 𝑅𝑒𝜃𝑡 calculated from an empirical correlation t is a time scale, which is present 

for dimensional reasons. The blending function 𝐹𝜃𝑡 is used to turn off the source term in 

the boundary layer. The constants are described in Equation 3.39. 

Modified 𝑘 − 𝜔 SST transport equation for turbulence kinetic energy is as follows: 

𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌𝑢𝑗𝑘)

𝜕𝑥𝑗
= �̃�𝑘 − �̃�𝑘 +

𝜕

𝜕𝑥𝑗
[(𝜇 + 𝜎𝑘𝜇𝑡)

𝜕𝑘

𝜕𝑥𝑗
]                     (3.40) 

�̃�𝑘 =  𝛾𝑒𝑓𝑓 𝑃𝑘                                                                (3.41) 

�̃�𝑘 = min(max(𝛾𝑒𝑓𝑓, 0.1) , 1.0) 𝐷𝑘                                          (3.42) 

𝛾𝑒𝑓𝑓 = (𝛾, 𝛾𝑠𝑒𝑝)                                                              (3.43) 

𝛾𝑠𝑒𝑝 = 𝑚𝑖𝑛 (𝑠1 max [0, (
𝑅𝑒𝑣

3.235 𝑅𝑒𝜃𝑐
) − 1] 𝐹𝑟𝑒𝑎𝑡𝑡𝑎𝑐ℎ ,2) 𝐹𝜃𝑡                          (3.44) 
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𝑠1 = 2                                                                     (3.45) 

𝐹𝑟𝑒𝑎𝑡𝑡𝑎𝑐ℎ =  𝑒−(
𝑅𝑇
20

)
4

                                                        (3.46) 

The �̃�𝑘  and �̃�𝑘  are the production and destruction terms for energy equation in the 

original SST turbulence model and 𝛾𝑒𝑓𝑓  is the effective intermittency. The effective 

intermittency is equal to the intermittency from the transport equation everywhere except 

in the laminar separation bubble where it is allowed to increase beyond one. For a laminar 

separation the vorticity Reynolds number (𝑅𝑒𝑣)  significantly exceeds the critical 

momentum thickness Reynolds number  (𝑅𝑒𝜃𝑐). As a result, the ratio between the two 

(when 𝑅𝑒𝑣 >  𝑅𝑒𝜃𝑐) can be thought of as a measure of the size of the laminar separation. 

The size of the separation bubble can be controlled with the constant 𝑠1 . 𝐹𝑟𝑒𝑎𝑡𝑡𝑎𝑐ℎ 

disables the modification once the viscosity ratio is large enough to cause reattachment. 

𝐹𝜃𝑡 is the blending function and confines the modification to boundary layer type flows. 

Also, 𝑅𝑇 represents viscosity ratio and 𝜇𝑡 is turbulence viscosity.  

 

Modified 𝑘 − 𝜔 SST transport equation for specific turbulent dissipation rate as follows: 

𝜕(𝜌𝜔)

𝜕𝑡
+

𝜕(𝜌𝑢𝑗𝜔)

𝜕𝑥𝑗
= 𝛼

𝑃𝑘

𝜈𝑡
− 𝐷𝜔 + 𝐶𝑑𝜔 +

𝜕

𝜕𝑥𝑗
[(𝜇 + 𝜎𝑘𝜇𝑡)

𝜕𝜔

𝜕𝑥𝑗
]                   (3.47) 

In this equation 𝐷𝜔  is the destructive term for turbulent dissipation rate and 𝐶𝑑𝜔  is 

additional cross diffusion term for turbulent dissipation rate.  

 

The Transition SST (Shear Stress Transport) model is commonly used in computational 

fluid dynamics (CFD) simulations for a wide range of applications, especially in 

engineering and industrial fields where transitional flows are encountered. 

Overall, the Transition SST model is a robust transition model that can be applied to a 

wide range of transitional flow problems, making it a popular transition model choice in 

many engineering and industrial applications. 
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3.1.2.2.  Strategy for Turbulence Models 

In this thesis, for numerical part, 𝑘 −  휀 turbulence model was first used to show the 

difference between a standard turbulence model and turbulence models which have 

transition related transport equations. For transition models, in many test cases, 𝑘 − 𝜔 −

𝛾  transition model, transition 𝑘 − 𝑘𝑙 − 𝜔  model and Transition SST model produce 

similar results. However, because the  𝑘 − 𝜔 − 𝛾 and Transition SST model combined 

with robust SST turbulence model and Transition SST model solves two additional 

transport equations, Transition SST model is used in Section 3.3.2 of the thesis. The 

discrepancies in turbulence models are also investigated in Section 4.2.1 for this specific 

problem. 

 

3.2.  Numerical Determination of Separation, Transition and Reattachment Points 

In order to compare the test results with the CFD analysis results, the separation, transition 

on set and reattachment points should also be determined for the CFD analysis results. It 

is possible to determine these points with number of methods like flow patterns, pressure 

distributions and velocity profiles. In this thesis, skin friction coefficient, intermittency 

and turbulence intensity values were used as is generally the case in the literature. In the 

following sections, some important definitions are given to define the separation, 

transition and reattachment points. 

 

3.2.1.  Separation and Reattachment Point Determination Method 

Skin friction 

Skin friction is a result of the interaction between the fluid and the surface of the object, 

which occurs within the boundary layer. In the below equation, 𝐶𝑓 is the skin friction 

coefficient, 𝜌∞ is the density of the free stream, 𝑉∞ is the free stream speed, 𝜏𝑤 is the 

absolute wall shear stress on the surface,  
1

2
𝜌∞𝑉∞ = 𝑞∞ is the dynamic pressure of free 

stream. In this thesis, wall shear stress magnitude will be used in skin friction relation as 

shown below: 

𝐶𝑓 =
|𝜏𝑤|

1

2
𝜌∞𝑉∞

2                                                        (3.48) 
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From the above equation, if the wall shear stress increases skin friction coefficient also 

increases. Since the wall shear stress of the turbulent boundary layer is greater than that 

of the laminar boundary layer, the turbulent surface friction values will be greater than 

laminar surface friction values.  

 

The flow within the laminar separation bubble recirculates, causing the flow at the wall 

surface within the bubble to occur in the opposite direction of the freestream. Therefore, 

the wall shear stress in laminar separation bubble becomes negative as shown                 

Figure 3.3 [51], [52]. Due to this situation, the separation and reattachment points will 

correspond to the points where the shear stress is zero, and therefore the 𝐶𝑓 values are 

zero at those points as shown Figure 3.4. Thus, in this thesis, location of separation and 

reattachment points will be determined where skin friction values are zero in skin friction 

– chordwise position graph, respectively. 

 

 

Figure 3.3. Laminar separation bubble and shear stress [51] 
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Figure 3.4. Sample skin friction – chordwise position graph (S: Separation, R: 

Reattachment) [56] 

  

3.2.2.  Transition onset Point Determination Method 

Turbulence Intensity (Tu) and Turbulence Kinetic Energy(k) 

Turbulence intensity is a measure of the turbulence in a fluid flow. Turbulence intensity 

is calculated by taking the ratio of the root-mean-square velocity fluctuations to the mean 

velocity of the flow. It is often used in conjunction with other flow parameters, such as 

Reynolds number and turbulence kinetic energy, to fully characterize the turbulent 

behavior of a fluid flow. 

The relationship between turbulence intensity and turbulence kinetic energy can be 

expressed mathematically using the following equations: 

𝑇𝑢 =
𝑉𝑅𝑀𝑆

𝑉𝑚𝑒𝑎𝑛
100% =

√
1

3
(𝑢𝑖

′2
+𝑢𝑗

′2
+𝑢𝑘

′ 2
)

√𝑢𝑖
2+𝑢𝑗

2+𝑢𝑘
2

× 100%                            (3.49) 

𝑇𝑢 is turbulence intensity, 𝑉𝑅𝑀𝑆 is the root-mean-square velocity fluctuations and 𝑉𝑚𝑒𝑎𝑛 

is the mean velocity of the flow. 

𝑘 =
1

2
(𝑢𝑖

′2
+ 𝑢𝑗

′2
+ 𝑢𝑘

′ 2
)                                          (3.50) 

𝑘 is turbulence kinetic energy, 𝑢𝑖
′, 𝑢𝑗

′, and 𝑢𝑘
′  are the velocity fluctuations in the x, y, and 

z directions, respectively. 
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The turbulence kinetic energy can also be related to the turbulence intensity using the 

following equation: 

𝑘 =
3

2
(

𝑇𝑢

100%
)

2

𝑉𝑚𝑒𝑎𝑛
2                                               (3.51) 

Above equation shows that the turbulence kinetic energy is proportional to the square of 

the turbulence intensity and the mean velocity of the flow. The turbulence kinetic energy 

is an important parameter in fluid mechanics because it represents the energy associated 

with the turbulent fluctuations in the flow.  

A sudden increase in turbulent kinetic energy indicates the occurrence of transition [50]. 

Then it maintains at a high level and gradually weakens till the trailing edge due to the 

inverse pressure gradient. Because of the relationship between turbulence kinetic energy 

and turbulence intensity, a similar logic can be applied to turbulence intensity. As a result 

of CFD analysis, the transition can be determined by finding the chordwise position where 

the turbulence intensity values obtained from the top surface of the airfoil starts to 

increase dramatically. 

 

Intermittency 

The intermittency factor ranges from 0 to 1, with a value of 0 indicating a laminar region 

and a value of 1 indicating a fully turbulent regime [53]. The results for intermittency are 

given for intermittency related transition models in Section 4.2.1. 

 

In this study, as a result of CFD analysis, the transition onset point was determined by 

finding the chordwise position where the intermittency starts to increase [54]. In order to 

see clearly the transition onset point, intermittency data was taken over an offset that 

follows the airfoil surface at a height of 0.7 mm as the same approach was applied in 

reference [55]. The representation is shown in Figure 3.5 for AoA = 0° & Re = 5×105 

case for transition SST model. In this intermittency contour graph, the white line 

represents the offset line from which the intermittency values are taken.  
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Figure 3.5. The off-set line representation for turbulence intermittency 

 

In this thesis, while the transition onset point is found numerically, it is based on 

intermittency as described above. However, the results obtained with intermittency and 

turbulence intensity are very close to each other. 

 

3.3.  Computational Fluid Dynamics Study 

In this section, pre-process of CFD analyses are examined in detail. Pointwise program 

for mesh generation, fluid simulation software ANSYS Fluent for solution, open source 

ParaView software for post processing, MATLAB software for both pre and post 

processing studies was used in numerical studies. 

 

3.3.1.  Geometry and Boundary Conditions 

The type of airfoil for which CFD analysis is performed is the NREL’s S809 airfoil. 

Airfoil coordinate data was taken from [41] and scaled to have the desired chord length. 

The coordinates of the S809 airfoil, which are used as geometry input in CFD analysis, 

are given in Appendix A1. The geometry is shown in the Figure 3.6.  
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Figure 3.6. S809 airfoil geometry 

 

As seen in the Figure 3.7, O-type domain is used for an optimal cell count compared to 

other type of domains and is therefore being computationally cost effective [38]. The 

computational domain radius is adjusted to be 20 times the characteristic length so that it 

is large enough to minimize the effects of flow between the airfoil model and the 

boundaries. As boundary conditions, velocity inlet boundary condition, pressure outlet 

boundary condition and wall boundary condition are used for inlet, outlet and airfoil wall 

respectively and are shown in Figure 3.7. While performing CFD analysis of each case, 

velocity and pressure as boundary conditions, density and viscosity values as material 

properties were taken from Table 2.3. In addition, the model surface was modeled with 

no-slip condition, simulations were carried out in steady state.  

 

Figure 3.7. Boundary Conditions, not to scale 
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3.3.2.  Mesh Independency Study and Mesh Properties 

Grid sensitivity analyzes were performed to obtain grid size independent results before 

using the mesh for numerical simulation. In this thesis, seven different fluid domain grids 

are examined to decide the optimum grid size with acceptable accuracy.  

Angle of attack 0° and Reynolds number 5×105 were determined as the base case of the 

thesis. Mesh independency studies were made on this main case given in Table 3.1. 

Moreover, transition SST was used as the turbulence model for this mesh sensitivity 

study. 

Table 3.1. Mesh independency case properties 

AoA (°) 0 

Re_desired 500000 

Re_actual 500208 

Velocity (m/s) 18.8 

Mach 0.055 

Pressure (Pa) 91741 

Density (kg/m3) 1.06 

Dynamic Viscosity (Pa.s) 1.81724E-05 

 

In Table 3.2, mesh properties are given from coarse to fine mesh structure. Change of the 

mesh structure is achieved by increasing the surface division number of the airfoil model 

and decreasing the cell thickness growth rate, while the first layer thickness is constant. 

In addition, for boundary layer grid modelling, the first point of the surface is chosen such 

that the y+ value is 1.0.  

Table 3.2. Mesh size properties for different meshes 

Meshes 
Total Cell 

Number 

Surface 

Division 

Growth 

Rate 

First Layer 

Thichness (m) 

Desired 

Yplus 

1 7448 50 1.15 

3.71979E-05 1 

2 11248 75 1.15 

3 22648 150 1.15 

4 45448 300 1.15 

5 106786 500 1.1 

6 160286 750 1.1 

7 320786 1500 1.1 
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The view of the examined mesh 1, 2, 3, 4, 5, 6, 7 from the same point of view is given in 

Figure 3.8. As clearly seen from these photos, the mesh fineness increases from mesh 1 

to 7. 

 

a) Detail view of mesh 1 

 

b) Detail view of mesh 2 

 

c) Detail view of mesh 3 

 

d) Detail view of mesh 4 

 

e) Detail view of mesh 5 

 

f) Detail view of mesh 6 

 

g) Detail view of mesh 7 

 

Figure 3.8. Detail view of meshes 

 

The mesh independency study is conducted for separation point, transition onset point, 

reattachment point and velocity magnitude for a chosen probe location. For determining 

these points, as explained in detail in the Section 3.2, skin friction and intermittency 

values are needed. Thus, these values are plotted against chordwise position of top of the 

airfoil as shown in Figure 3.9 and Figure 3.10 which represents the skin friction 

coefficient and intermittency for mentioned meshes respectively.   
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As the total cell number increases, the results in the following graphs converge. 

Particularly, it can be observed that the results are approximately the same for mesh 5, 

mesh 6, and mesh 7. 

 

Figure 3.9. Skin friction coefficient vs chordwise position for different meshes for base 

case (AoA = 0 & Re = 5×105) 

 

 

Figure 3.10. Intermittency vs chordwise position for different meshes for base case 

(AoA = 0 & Re = 5×105) 
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As shown Figure 3.11, it can be observed that for all mesh structures, y+ values are below 

1 in critical regions. 

 

Figure 3.11. Yplus vs chordwise position for different meshes for base case (AoA = 0 

& Re = 5×105) 

 

In Figure 3.12, graphs of chordwise position of separation, transition, reattachment points 

are given for different mesh numbers. There is also the velocity magnitude at a point with 

coordinates [0.2700 m, 0.03825 m] with respect to the leading edge as origin is presented 

for different meshes. As seen in the graph below, there is not a significant change in the 

values for mesh 5 and beyond. Therefore, based on the mesh independence study, it has 

been decided to use mesh 5 as it is advantageous in terms of computational cost.  

 



 

 63 

 

Figure 3.12. Mesh independency graphs 

 

In Figure 3.13 general view of the selected mesh 5 are given. In Figure 3.14 detailed 

views of LE and TE of the mesh 5 are given. 

 

Figure 3.13. General view of selected mesh 5 
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a) LE view of selected mesh 5 

 

b) TE view of selected mesh 5 

Figure 3.14. LE and TE view of selected mesh 5 

 

After conducting the mesh independency study for the angle of attack 0° and Reynolds 

number 5×105 base case, meshes created for other cases created with similar mesh 

properties. Case selection for CFD analysis explained in detail in the Section 2.6. 

As given in the Table 3.3 surface division number and growth rate properties for all cases 

are the same as for mesh 5. Therefore, the total mesh numbers for each case could be 

different. But the mesh qualities do not differ much for each case. However, since the 

Reynolds number and angle of attack for the cases are different, mesh structures with 

different first layer thicknesses emerged for the same desired y+ value. Therefore, the 

total mesh numbers for each case could be different. But the mesh qualities do not differ 

much for each case.  

Table 3.3. Mesh size properties for different cases 

Case 
Total Cell 

Number 

Surface 

Division 

Growth 

Rate 

First Layer 

Thichness (m) 

Desired 

Yplus 

3 106786 

500 1.1 

3.71979E-05 

1 

5 107784 3.18571E-05 

7 109780 2.70883E-05 

9 106786 3.71979E-05 

10 106786 3.66766E-05 

11 106786 3.66981E-05 

12 106786 3.72544E-05 
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4. RESULTS AND DISCUSSIONS 

4.1.  Experimental Results 

The results of the experimental studies, are given in this part. The wind tunnel, wing 

model, IR camera, experimental setup and test matrix details were already explained in 

Section 2. 

In Figure 4.1, a sample image taken from the FLIR C2 camera used as IR thermography 

tool is shared. In this image, the incoming hot flow moves from right to left, in other 

words from LE to TE of the airfoil model. On the right of the image there is a colorbar 

expressing the surface temperature in °C. Generally, dark colors represent cold areas and 

light colors represent warm areas. 

 

Figure 4.1. General layout in IR thermography images 
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4.1.1.  Effects of Reynolds Number at Constant Angle of Attack 

In this section, the results of the experimental studies to examine the effect of the change 

of the Reynolds number for the fixed 0° angle attack on the chordwise position of the 

separation, transition and reattachment points on the airfoil are given. In Table 4.1, there 

are temperature, pressure, density, viscosity information recorded in the tunnel datalog 

for each case during the experiment. The data was used as input for CFD analysis, as 

mentioned in the Section 2.6. 

Table 4.1. Test conditions for constant angle of attack cases 

Case AoA (°) Re_desired Re_actual Velocity (m/s) 

1 0 400000 395860 14.8 

2 0 450000 465313 17.5 

3 0 500000 500208 18.8 

4 0 550000 545235 20.5 

5 0 600000 594042 22.3 

6 0 650000 653603 24.6 

7 0 700000 714120 26.9 

8 0 750000 743644 28.1 

 

In Figure 4.2, IR images taken at 50000 intervals from 400000 to 750000 Reynolds 

numbers for 0° angle of attack are represented. As can be seen from the IR photographs, 

as the Reynolds number increases, the hot and cold areas become clearer, but it is difficult 

to see a noticeable change in the locations of these areas. For this reason, the airfoil 

surface temperature in the chordwise direction and its derivative with respect to 

chordwise position for Re = 5×105, 6×105 and 7×105 are given in the Figure 4.3, Figure 

4.4 and Figure 4.5. In figures, the blue line represents the airfoil surface temperature in 

the chordwise direction, and the red line represents the derivative of temperature with 

respect to chordwise position. In these graphs, the points where the temperature gradient 

is minimum, maximum and local maximum temperature are also indicated.  

As a note, the flow direction is from right to left in Figure 4.2, while in the Figure 4.3, 

Figure 4.4 and Figure 4.5 the flow is from left to right in order to make comparison readily 

with the CFD results. In Figure 4.3, the square marker represents the separation point, the 

round marker represents the transition on set point, and the triangular marker represents 

the reattachment point. 
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Additionally, the wedge-shaped light-colored area seen in all cases in Figure 4.2 is formed 

by the turbulator effect created by the mounting screws. 

 

Figure 4.2. IR images for AoA = 0 cases 

 

 

Figure 4.3. Chordwise temperature values for AoA = 0° & Re = 5×105 case 
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Figure 4.4. Chordwise temperature values for AoA = 0° & Re = 6×105 case 

 

 

Figure 4.5. Chordwise temperature values for AoA = 0° & Re = 7×105 case 

 

Figure 4.3, Figure 4.4 and Figure 4.5 represent the selected cases, i.e., 5×105, 6×105 and 

7×105 Reynolds number cases for 0° angle of attack. For all cases, the separation, 

transition and reattachment point values obtained from the graphs above are given in the 

Table 4.2. 
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Table 4.2. Experimental results for AoA = 0 cases  

Case Re_desired Separation (m) Transition (m) Reattachment (m) 

1 400000 ** ** ** 

2 450000 0.206 0.283 0.338 

3 500000 0.217 0.272 0.305 

4 550000 0.217 0.272 0.294 

5 600000 0.217 0.272 0.294 

6 650000 0.217 0.272 0.294 

7 700000 0.217 0.261 0.294 

8 750000 0.217 0.261 0.294 

 

For the first case, since the velocity was very low for the 400000 Reynolds number, there 

was no significant change in the temperature gradient, so this case can be considered as 

one in which separation and transition did not occur.  In cases with a Reynolds number 

of 450000 and larger, there are significant changes in temperature and its derivative. An 

increase in the Reynolds number by the order of 50000 does not cause a significant change 

in the position of the separation and reattachment point, but causes a little change in the 

position of the transition point. The expected result is that the position of the transition 

point gradually approaches the LE of the airfoil with the increase of the Reynolds number. 

The reason for the undetectably small change could be that the velocity variation is not 

significantly high. 

 

4.1.2.  Effects of Angle of Attack at Constant Reynolds Number 

In this section, the results of the experimental studies to examine the effect of the change 

of the angle of attack for the fixed 5×105 Reynolds number on the chordwise position of 

the separation, transition and reattachment points on the airfoil are given. Similar with 

the previous section, in Table 4.3, there are temperature, pressure, density, viscosity 

information recorded in the tunnel datalog for each case during the experiment.  
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Table 4.3. Test conditions for constant Reynolds number cases 

Case AoA (°) Re_desired Re_actual Velocity (m/s) 

9 0 500000 500208 18.8 

10 3 500000 499401 18.3 

11 6 500000 501544 18.5 

12 9 500000 497443 18.6 

13 12 500000 503703 18.9 

 

In Figure 4.6, IR images taken at 3° intervals from 0° to 12° angle of attacks for 5×105 

Reynolds number are represented. During the tests, the environment to which the wing is 

exposed is highly transient. As a result, experiment conditions, incoming air temperature 

and airfoil surface temperature distributions are different for different angles of attack. 

This situation can be understood from scales of the colorbars in Figure 4.6. However, it 

is possible to examine each case in terms of separation and transition point position in its 

own temperature range.  

 

Figure 4.6. IR images for Re = 5×105 cases 

 

As can be seen from the above IR photographs, as the angle of attack increases, it is 

difficult to see a noticeable change in the locations of hot and cold areas. Therefore, again 

the airfoil surface temperature in the chordwise direction and its derivative with respect 

to chordwise position for the cases are given in the Figure 4.7, Figure 4.8 and Figure 4.9. 

In these graphs, the points where the temperature gradient is minimum, maximum and 

local maximum temperature can be clearly seen. 

Nevertheless, since the entire surface of the airfoil color is light yellow, that is, warm, it 

can be predicted from the IR image that the 12° angle of attack case is directly in turbulent 

flow.  
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As a note, the flow direction is from right to left in Figure 4.6, while in the Figure 4.7, 

Figure 4.8 and Figure 4.9 the flow is from left to right in order to make comparison readily 

with the CFD results. 

 

Figure 4.7. Chordwise temperature values for AoA = 3° & Re = 5×105 case 

 

 

Figure 4.8. Chordwise temperature values for AoA = 6° & Re = 5×105 case 
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Figure 4.9. Chordwise temperature values for AoA = 9° & Re = 5×105 case 

 

Figure 4.3, Figure 4.7, Figure 4.8 and Figure 4.9 represent the selected cases, i.e., 0°, 3°, 

6°, 9° angle of attack for 5×105 Reynolds number. For all cases, the separation, transition 

and reattachment point values obtained from the graphs above are given in the Table 4.4. 

Table 4.4. Experimental results for Re = 5×105 cases 

Case AoA (°) Separation (m) Transition (m) Reattachment (m) 

9 0 0.217 0.272 0.305 

10 3 0.206 0.270 0.305 

11 6 0.206 0.261 0.327 

12 9 0.217 0.250 0.338 

13 12 ** ** ** 

As expected, it can be considered that there is no separation bubble and it can be said that 

turbulent flow occurs immediately after LE of the airfoil, as there is no significant change 

in temperature gradient in the case of 12° angle of attack.  

Re = 5×105 and 0°, 3°, 6°, 9° angle of attack cases were examined and it was found that 

the chordwise position of the transition point approaches the LE of the airfoil respectively 

as the angle of attack is increased. However, it is difficult to say that there is a change 

trend for the separation point. On the other hand, as the angle of attack increases, the 

reattachment point chordwise location gets closer to the TE of the airfoil indicating that 

separation bubble expands. 
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4.1.3.  Effects of Transition Strip  

In this section, the results of the experiments performed by adding the transition strip with 

constant angle of attack and different Reynolds number cases are given. In aerodynamic 

experiments, a transition strip refers to a small strip or tape that is attached to the surface 

of an airfoil. The purpose of using a transition strip is to simulate the natural transition of 

the boundary layer that occurs in real-world conditions. In certain aerodynamic testing 

scenarios, maintaining a laminar boundary layer flow is desired to study specific flow 

characteristics or to achieve better performance. However, in many practical applications, 

the boundary layer transitions to turbulent flow due to various factors such as surface 

roughness, pressure gradients, or disturbances. 

In this thesis, a paper-thick zigzag tape was used as the transition strip and was mounted 

approximately 8 cm from the LE of the airfoil. The length of the tape is 13 cm and the 

width is 1 cm.  

 

Figure 4.10. IR images for AoA = 0 cases at different Reynolds numbers with 

transition strip 
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In Figure 4.10, IR images taken at 50000 intervals from 400000 to 750000 Reynolds 

numbers for 0° angle of attack with transition strip are presented. As the Reynolds number 

increases, the hot and cold areas on the surface of the wing appear more clearly. 

The effect of the transition strip also increases with Reynolds number. The transition strip 

acts as a vortex generator, accelerating the transition process, making the flow 

immediately turbulent. 

In order to observe the effect of the transition strip in more detail, the non-tape mounted 

and mounted cases are given in Figure 4.11 and Figure 4.12 for Reynolds number 5×105 

and 7×105, respectively. As clearly seen in the IR images below in the area where the 

transition strip is installed, the transition was triggered, and the flow became turbulent. 

Due to the rapid onset of turbulence in the area where the transition strip is installed, the 

incoming airflow heated the airfoil more, resulting in that particular area appearing 

yellow in color. As the Reynolds number increases, this effect becomes more pronounced, 

and as observed in Figure 4.12, color differences are visually more apparent. 

 

Figure 4.11. IR images for AoA = 0° & Re = 5×105 case with transition strip 
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Figure 4.12. IR images for AoA = 0° & Re = 7×105 case with transition strip 

 

The visual effects of the transition strip are given in Figure 4.11 and Figure 4.12, and their 

numerical values are provided in Figure 4.13 and Figure 4.14, respectively. 

 

 

Figure 4.13. Transition strip effect for AoA = 0° & Re = 5×105 case 
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Figure 4.14. Transition strip effect for AoA = 0° & Re = 7×105 case 

 

The numerical impact of the transition strip can be observed in the temperature and 

temperature derivative graphs above. The solid lines in the graphs represent the data 

obtained from the area without the transition strip, while the dashed lines represent the 

data obtained from the area with the transition strip installed. In the area without the 

transition strip, the separation, transition, and reattachment points are clearly observed in 

the temperature and temperature derivative. However, in the area with the transition strip 

installed, due to the rapid onset of turbulent flow, these points are not clearly visible. 
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4.2.  Numerical Results 

The results of the numerical studies are given in this part. Theorical background of CFD, 

governing equations, turbulence and transition models are presented in Section 3.1. Pre-

process of CFD and preliminary analyzes including mesh independency are also given in 

Section 3. In this section, turbulence model studies, the CFD analysis of the experimental 

cases and the results obtained from the post-processing will be discussed. 

 

4.2.1.  Turbulence Model Study 

In this section, turbulence models embedded in ANSYS Fluent software are examined for 

the angle of attack 0° and Reynolds number 5×105 main case. The equations of the 

transition and turbulence models are provided in detail in Section 3.1.2. Here, 𝑘 − 𝜔 − 𝛾 

transition, transition 𝑘 − 𝑘𝑙 − 𝜔 and transition SST models are used as transition flow 

models, which is the main focus. The standard 𝑘 − 휀  model was used as reference 

turbulence model. 

Figure 4.15 presents the variation of the skin friction coefficient with respect to the 

chordwise position of the airfoil. The detection of separation and reattachment points 

from the skin friction coefficient graph is explained in Section 3.2.1. According to the 

graph, transition models effectively capture the separation and reattachment points, while 

the 𝑘 − 휀 turbulence model provides inconsistent results. 

In Figure 4.16 and Figure 4.17, the variation of turbulence intensity and intermittency 

values with respect to the chordwise position of the airfoil is presented. The detection of 

transition from the turbulence intensity and intermittency graphs is explained in Section 

3.2.2. In the numerical simulations conducted in this thesis, the transition onset point was 

determined using the intermittency value. However, since the Fluent program does not 

provide the intermittency value for the 𝑘 − 휀 turbulence model and the transition 𝑘 −

𝑘𝑙 − 𝜔 model, the turbulence intensity graph is also included. The Transition SST and 

𝑘 − 𝜔 − 𝛾 models were compared for both turbulence intensity and intermittency, and it 

was observed that they yielded similar results for the transition points. Both models 

provided results for turbulence intensity and intermittency, and the transition points were 

found to be very close using both methods. 
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Figure 4.15. Skin friction coefficient vs chordwise position for different turbulence 

models for AoA = 0° & Re = 5×105 case 

 

 

Figure 4.16. Turbulence intensity vs chordwise position for different turbulence models 

for AoA = 0° & Re = 5×105 case 
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Figure 4.17. Intermittency vs chordwise position for different turbulence models for 

AoA = 0° & Re = 5×105 case 

 

Note that, 𝑘 − 휀 turbulence model cannot predict separation and transition flow observed 

in the graphs above. In Figure 4.15, Figure 4.16 and Figure 4.17 skin friction coefficient, 

turbulence intensity and intermittency value changes with chordwise position are given 

for different turbulence models, respectively. In Table 4.5, the numerical results of these 

graphs are provided. 

Table 4.5. Model selection for AoA = 0° & Re = 5×105 case 

Transition Models Separation (m) Transition (m) Reattachment (m) 

𝑘 − 𝜔 − 𝛾  Transition 
0.230 0.250 0.276 

Transition 𝑘 − 𝑘𝑙 − 𝜔 0.230 0.245 0.281 

Transition SST 0.227 0.250 0.290 

 

The positions of the separation, transition and reattachment points on the chord of the 

airfoil model are given for the models in the table above. It can be noted that the transition 

models yield similar results for the separation, transition and reattachment points. 

In this thesis, it was decided to continue CFD analyses with the transition SST model for 

comparison with the experimental results, as it utilizes four equations. 
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4.2.2.  Effects of Reynolds Number at Constant Angle of Attack 

In this section, the results of the numerical studies to examine the effect of the change of 

the Reynolds number for the fixed 0° angle attack on the chordwise position of the 

separation, transition and reattachment points on the airfoil are given. The CFD analysis 

performed with the Transition SST model and numerical results are given in Table 4.6.   

 

Table 4.6. CFD results for constant angle of attack cases  

Test Conditions Transition SST 

Case AoA (°) Re_desired Re_actual Separation (m) Transition (m) Reattachment (m) 

3 0 500000 500208 0.227 0.250 0.290 

5 0 600000 594042 0.227 0.250 0.283 

7 0 700000 714120 0.227 0.250 0.279 

 

In Figure 4.18 and Figure 4.19 skin friction coefficient and intermittency values are given 

on the airfoil in the chordwise direction, respectively. In the graphs, the blue color line 

represents 5×105, the green color line represents 6×105, and the pink color represents 

7×105 Reynolds number for 0° angle of attack.  

 

 

Figure 4.18. Skin friction coefficient vs chordwise position for constant angle of attack 

cases 
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The detection of separation and reattachment points from the skin friction coefficient 

graph is explained in Section 3.2.1. It can be observed from Figure 4.18 and the data in 

Table 4.6 that the separation points are quite close for Reynolds numbers 5×105, 6×105, 

7×105 for 0° angle of attack. On the other hand, it can be said that the reattachment point 

approaches the LE of the airfoil. From these results, it can be inferred that the size of the 

separation bubble increases as the velocity increases. 

 

 

Figure 4.19. Intermittency vs chordwise position for constant angle of attack cases 

 

The detection of transition from the intermittency graphs is explained in Section 3.2.2. It 

can be observed from Figure 4.19 that the separation points are quite close for Reynolds 

numbers 5×105, 6×105, 7×105 for 0° angle of attack. 
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4.2.3.  Effects of Angle of Attack at Constant Reynolds Number 

In this section, the results of the numerical studies to examine the effect of the change of 

the angle of attack for the fixed 5×105 Reynolds number on the chordwise position of the 

separation, transition and reattachment points on the airfoil are given. The CFD analysis 

performed with the Transition SST model and numerical results are given in Table 4.7.   

 

Table 4.7. CFD results for constant Reynolds number cases 

Test Conditions Transition SST 

Case AoA (°) Re_desired Re_actual Separation (m) Transition (m) Reattachment (m) 

9 0 500000 500208 0.227 0.250 0.290 

10 3 500000 499401 0.224 0.243 0.282 

11 6 500000 501544 0.223 0.236 0.274 

12 9 500000 497443 0.195 0.227 0.269 

 

In Figure 4.20 and Figure 4.21 skin friction coefficient and turbulent intensity values are 

given on the airfoil in the chordwise direction, respectively. In the graphs, the blue color 

line represents 0°, the green color line represents 3°, the pink color represents 6° and the 

turquoise color line represents 9° angle of attack for 5×105 Reynolds number. 

 

Figure 4.20. Skin friction coefficient vs chordwise position for constant Reynolds 

number cases 
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The detection of separation and reattachment points from the skin friction coefficient 

graph is explained in Section 3.2.1. From the skin friction graph above and the data in 

Table 4.7, it can be observed that as the angle increases from 0° to 6°, the separation point 

slightly approaches the LE of the airfoil. However, at 9° angle of attack, the separation 

point has approached the LE of the airfoil with a larger increase. The same conclusions 

apply to the reattachment point as well. 

 

 

Figure 4.21. Intermittency vs chordwise position for constant Reynolds number cases 

 

The detection of transition from the intermittency graphs is explained in Section 3.2.2. 

As seen in Figure 4.21, the transition onset point approaches the LE of the airfoil slightly 

as the angle of attack increases. 
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4.3.  Comparison of Experimental and Numerical Results 

In this section, the experimental and numerical results, which are the most important 

results of the thesis, are summarized in the Table 4.8.  

Table 4.8. Experimental vs numerical results 

Test Conditions Experimental Results CFD Transition SST Results 

Case AoA Re_desired 
Separation 

(m) 

Transition 

(m) 

Reattachment 

(m) 

Separation 

(m) 

Transition 

(m) 

Reattachment 

(m) 

3 0 500000 0.217 0.272 0.305 0.227 0.250 0.290 

5 0 600000 0.217 0.272 0.294 0.227 0.250 0.283 

7 0 700000 0.217 0.261 0.294 0.227 0.250 0.279 

9 0 500000 0.217 0.272 0.305 0.227 0.250 0.290 

10 3 500000 0.206 0.270 0.305 0.224 0.243 0.282 

11 6 500000 0.206 0.261 0.327 0.223 0.236 0.274 

12 9 500000 0.217 0.250 0.338 0.195 0.227 0.269 

 

For constant 0° angle of attack, different Reynolds number cases, it is clearly seen from 

Figure 4.22  the separation point does not change much according to the Reynolds number 

at constant angle of attack. The chordwise position of the separation point is 0.21 m in 

the experimental results, while it is 0.22 m in the CFD results. Experimental and numeric 

studies are consistent for the separation point for constant angle of attack, different 

Reynolds number cases. 

For constant 0° angle of attack, different Reynolds number cases the chordwise position 

of the transition onset point is 0.25 m in the numerical results. Here, again, no significant 

change was observed at the transition onset point according to the Reynolds number. On 

the other hand, for the same cases, the chordwise position of the transition onset point is 

approximately 0.27 m in the experimental results. Although there is a difference of about 

0.02 m between the experimental and numeric results in these cases, it follows the same 

trend. Only for case AoA = 0° & Re = 7×105 transition was observed to be 0.26 with little 

decrease in test results. 

For constant 0° angle of attack, different Reynolds number cases the reattachment point 

slightly approached the LE of airfoil as the velocity increased. In these cases, 

experimental and numeric results are also quite compatible. 
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The low magnitude of Reynolds number in this case had a minimal impact on the 

chordwise position of the separation bubble and transition onset point at 0° fixed angle of 

attack. 

 

Figure 4.22. Experimental and numerical results for constant angle of attack cases 

 

 

Figure 4.23. Experimental and numerical results for constant Reynolds number cases 
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For 5×105 constant Reynolds number, different angle of attack cases, as seen in the Figure 

4.23 separation point gets closer to LE of airfoil as the angle of attack increases in the 

numerical results. In the experimental results, for the same conditions, it seems that the 

separation point moves slightly away from the LE for 9° angle of attack, and this result 

is not very logical. This result is most likely an error due to the measurement during the 

experiment and this small difference is within the uncertainty limits of the IR camera. 

The numerical results are more reasonable and it can be said that the separation point gets 

closer to the LE of airfoil slightly as the angle of attack increases at a constant speed. 

For 5×105 constant Reynolds number, different angle of attack cases, it is clearly observed 

in both experimental and numeric results that the transition onset point approaches LE of 

airfoil as the angle increases. The average difference between the transition onset points 

in the experimental and numerical results is approximately 0.2 m and the variations with 

respect to the angle of attack are also consistent with each other. 

For 5×105 constant Reynolds number, different angle of attack cases, numeric and 

experimental studies yielded slightly different results for the reattachment point. As the 

angle of attack increases, it is expected that the separation bubble, and so the reattachment 

point, will shift towards LE of the airfoil [56]. Therefore, it can be said that numerical 

results are more reliable in this case. The reason for the inconsistency in the results of IR 

thermography may be attributed to the methodology [9] used, which might have been 

specifically designed for different Reynolds numbers and not applicable to different 

angles of attack. 
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5. CONCLUSION 

5.1.  General Conclusions 

Within the scope of this thesis, transition flow determination experiments were performed 

using infrared thermography method. Numerical studies were also carried out, different 

mesh and turbulence models were used in the analysis. The results of the experimental 

and numerical studies, which are the two complementary parts of this thesis, are 

mentioned in detail in the Section 4. 

 

The conclusions reached in the experimental part of this study are:  

• IR images were obtained where the areas of separation, transition, and 

reattachment on the airfoil model could be distinguished using an infrared camera. 

The infrared images were post-processed to convert them into numerical data, and 

the chordwise positions of the separation, transition, and reattachment points were 

determined. The proof was provided that the IR thermography method can be 

effectively utilized in similar scenarios. 

• As the Reynolds number changes within the range of 5×105, 6×105, 7×105 at AoA 

= 0°; the change in the separation point could not be observed, the transition onset 

point approached slightly towards the LE of the airfoil, and the reattachment point 

also approached the LE. 

• As the angle of attach changes within the range of 0°, 3°, 6°, 9° at Re = 5×105; the 

chordwise position of the transition onset point approached the LE of the airfoil. 

 

The conclusions reached in the numerical part of this study are:  

• The CFD results enabled the identification of separation and reattachment points 

along with the corresponding skin friction values. When defining the transition 

onset, the intermittency parameter was used, but similar results were obtained 

when using turbulence intensity. 

• Standard 𝑘 − 휀 turbulence model cannot predict separation, transition onset and 

reattachment points. 
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• 𝑘 − 𝜔 − 𝑔𝑎𝑚𝑚𝑎  transition, transition 𝑘 − 𝑘𝑙 − 𝜔  and transition SST models 

provided very close results in determining the chordwise positions of the 

separation, transition, and reattachment points. 

• As the Reynolds number changes within the range of 5×105, 6×105, 7×105 at AoA 

= 0°; the chordwise position of the separation and transition onset points did not 

change on the airfoil, while the reattachment point approached the LE of the airfoil 

• As the angle of attach changes within the range of 0°, 3°, 6° at Re = 5×105; the 

chordwise position of the separation and transition onset point slightly approaches 

the LE of the airfoil. 

• As the angle of attach changes between the range of 6° and 9° at Re = 5×105; the 

chordwise position of the separation and transition onset point has approached the 

LE of the airfoil with a larger increase. 

 

In general, experimental and numerical results are compatible. Especially the change 

trends of the transition onset points are quite compatible. For the constant angle of attack 

cases, since the order of Reynolds number magnitude does not change much, the 

chordwise position of the transition onset point also does not change. But the chordwise 

position of the transition onset point approaches LE of airfoil as the angle of attack 

increases in the constant Reynolds number cases. 
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5.2.  Recommendations for Further Research 

Additional studies are required in order to improve the results obtained within the scope 

of the thesis and increase their accuracy. First of all, to increase the accuracy of infrared 

thermography experiments, tests can be performed with a high-tech camera with a higher 

IR resolution.  

The experiments included in this study were performed in test section 2 of METUWIND 

with a maximum speed of 26 m/s. For this reason, 5×105, 6×105 and 7×105 Reynolds 

numbers could be tested in this study. Since the orders of these Reynolds numbers are not 

very high, the effect of the Reynolds number on the variation of separation, transition and 

reattachment points could not be observed. To examine the effect of Reynolds number 

over a wider range, a new test set-up can be established in test section 1 of METUWIND 

with a maximum speed of 80 m/s. The set-up to be used in test section 1 must have 

structural durability at high speeds. 

Another note is that the angle sweep can be performed at more frequent intervals, such as 

1°. Thus, it can be observed more clearly at which angle the flow completely separates. 
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APPENDICES 

APPENDIX A – S809 Coordinates 

 

45 0  0.009585 -0.08073 

44.82914 0.021915  0.047025 -0.15647 

44.33355 0.106785  0.05436 -0.16758 

43.55298 0.2682  0.10791 -0.23697 

42.52829 0.49608  0.419085 -0.51746 

41.28696 0.766485  1.04535 -0.91796 

39.83819 1.05561  1.9044 -1.36211 

38.18048 1.3626  2.964465 -1.83695 

36.33615 1.69947  4.20417 -2.33654 

34.33689 2.06883  5.584995 -2.83869 

32.21784 2.46924  7.094385 -3.31785 

30.01788 2.895885  8.71821 -3.76052 

27.7799 3.33963  10.43613 -4.15989 

25.55235 3.784275  12.21471 -4.49573 

23.39244 4.19706  14.03856 -4.73765 

21.34094 4.47264  15.90165 -4.86815 

19.28075 4.5792  17.78981 -4.8605 

17.21754 4.5828  19.72229 -4.70484 

15.1767 4.50315  21.6864 -4.38062 

13.18365 4.351635  23.75676 -3.8957 

11.26112 4.13586  25.9295 -3.32906 

9.43092 3.863295  28.17414 -2.72898 

7.713405 3.540915  30.45348 -2.13485 

6.12783 3.1761  32.7245 -1.5795 

4.691835 2.776365  34.93944 -1.08918 

3.421575 2.35008  37.04783 -0.68234 

2.332035 1.90584  38.99835 -0.36918 

1.43595 1.453455  40.74143 -0.15134 

0.74655 1.00305  42.23133 -0.02192 

0.27117 0.567675  43.42887 0.033435 

0.02961 0.167535  44.30151 0.034875 

0.00918 0.08739  44.82635 0.01305 

0 -0.0009  45 0 

 



 

 96 

APPENDIX B – Experimental Test Matrix 
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APPENDIX C – Imaging Specifications of FLIR C2 IR Camera 

 

  


