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IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR

THE DEGREE OF MASTER OF SCIENCE
IN

AEROSPACE ENGINEERING

JULY 2025





Approval of the thesis:

EXPERIMENTAL AND NUMERICAL INVESTIGATION OF BOUNDARY
LAYER TRANSITION ON AIRFOILS
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ABSTRACT

EXPERIMENTAL AND NUMERICAL INVESTIGATION OF BOUNDARY
LAYER TRANSITION ON AIRFOILS

Kalaycı, Ahmet Çağdaş

M.S., Department of Aerospace Engineering

Supervisor: Prof. Dr. Oğuz Uzol

July 2025, 155 pages

Accurate determination of boundary layer transition location is critical for engineer-

ing applications such as natural laminar flow wing design and wind-turbine blade

optimization. Despite advancements in transition prediction methods, further im-

provements in accuracy remain crucial. This study investigates boundary layer tran-

sition behavior on airfoils through experimental and numerical methods, focusing on

two main geometries: the natural laminar flow airfoil NLF(1)-0416 and the DU00-

W-212 wind-turbine airfoil. The NLF(1)-0416, designed in the early 1980s with 16%

thickness, was previously tested at NASA Langley Low Turbulence Pressure Tunnel

(LTPT) across a Reynolds number range of 1 � 106 to 9 � 106 and Mach numbers

between 0.1 and 0.4, using oil flow visualization and microphone-based transition

detection. In this thesis, boundary layer transition is detected using infrared ther-

mography in the large-scale wind tunnel at the METU Center for Wind Energy Re-

search (RÜZGEM), which features a 2.5 m × 2.5 m test section and accommodates

a full-span model with 0.9 m chord and 2.5 m span, tested under Reynolds numbers

from 1 � 106 to 4 � 106. Numerical simulations using RANS models, along with

linear stability-based predictions using XFOIL, are performed to support the experi-
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mental findings. For the DU00-W-212 airfoil, numerical simulations are conducted,

validated by earlier experiments carried out at RÜZGEM. Comparative analyses be-

tween experimental results, numerical predictions, and existing literature confirm that

infrared thermography effectively captures transition behavior, as current IRT mea-

surements align well with prior datasets. Transition models provide close agreement

with experiments, particularly the SST-LM and GEKO-
 with accurate predictions of

transition locations and aerodynamic coefficients.

Keywords: Transition, boundary-layer, infrared, airfoil, turbulence
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ÖZ

KANAT PROFİLLERİ ÜZERİNDE SINIR TABAKASI GEÇİŞİNİN
DENEYSEL VE SAYISAL İNCELENMESİ

Kalaycı, Ahmet Çağdaş

Yüksek Lisans, Havacılık ve Uzay Mühendisliği Bölümü

Tez Yöneticisi: Prof. Dr. Oğuz Uzol

Temmuz 2025 , 155 sayfa

Sınır tabaka geçiş konumunun doğru belirlenmesi, doğal laminar akışlı kanat tasarımı

ve rüzgar türbini kanat optimizasyonu gibi mühendislik uygulamaları açısından kritik

öneme sahiptir. Geçiş tahmin yöntemlerinde kaydedilen ilerlemelere rağmen, doğ-

ruluk açısından hâlâ iyileştirmelere ihtiyaç duyulmaktadır. Bu çalışma, sınır tabaka

geçiş davranışını deneysel ve sayısal yöntemler aracılığıyla incelemekte olup, iki ana

kanat profili geometrisine odaklanmaktadır: doğal laminar akışlı NLF(1)-0416 kanat

profili ve DU00-W-212 rüzgar türbini kanat profili. 1980’li yılların başında %16 ka-

lınlık oranıyla tasarlanan NLF(1)-0416, daha önce NASA Langley Düşük Türbülanslı

Basınç Tüneli’nde (LTPT) 1�106 ila 9�106 arası Reynolds sayıları ve 0.1 ila 0.4 arası

Mach sayılarında test edilmiş, geçiş verileri yağ akış görselleştirmesi ve mikrofon ta-

banlı geçiş algılama yöntemleriyle elde edilmiştir. Bu tez kapsamında, sınır tabaka

geçişi kızılötesi termografi kullanılarak tespit edilmiştir. Deneyler, Orta Doğu Teknik

Üniversitesi Rüzgar Enerjisi Araştırma Merkezi (RÜZGEM) bünyesindeki büyük öl-

çekli rüzgar tünelinde gerçekleştirilmiştir. Bu tesis, 2.5 m × 2.5 m boyutlarındaki test

kesitinde 0.9 m veter uzunluğu ile 2.5 m açıklığa sahip modelin 1 � 106 ila 4 � 106
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Reynolds sayıları arasında test edilmesine olanak tanımaktadır. Deneysel bulguları

desteklemek amacıyla, geçiş modelleri içeren RANS tabanlı sayısal simülasyonlar ile

XFOIL kullanılarak doğrusal kararlılık temelli tahminler gerçekleştirilmiştir. DU00-

W-212 kanadı için yalnızca sayısal simülasyonlar gerçekleştirilmiş olup, bu çalış-

malar RÜZGEM’de daha önce yapılan deneylerle doğrulanmıştır. Deneysel veriler,

sayısal tahminler ve mevcut literatür arasındaki karşılaştırmalı analizler, güncel IRT

ölçümlerinin önceki veri setleriyle uyumlu olduğunu göstererek kızılötesi termografi-

nin geçiş davranışını etkin bir şekilde yakaladığını doğrulamaktadır. Geçiş modelleri

deneylerle uyum sağlamış; özellikle SST-LM ve GEKO-
 modelleri, geçiş konumları

ile aerodinamik katsayılar için doğru öngörülerde bulunmuştur.

Anahtar Kelimeler: Geçiş, sınır-tabakası, kızılötesi, kanat-profili, türbülans
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CHAPTER 1

INTRODUCTION

1.1 Motivation

The boundary layer transition is a critical phenomenon that has been extensively stud-

ied within a wide range of engineering applications. Particularly for airfoil aerody-

namics, the onset of boundary layer transition directly affects the performance charac-

teristics, including lift, drag, and lift-to-drag ratio. Therefore, determining the transi-

tion position becomes crucial. Especially for aerodynamic design of Natural Laminar

Flow (NLF) airfoils and Laminar Flow Control (LFC) applications, determining the

extent of the laminar region and the transition location is essential [1].

Although numerous studies have been conducted, accurate transition prediction re-

mains challenging due to the complexity of �ow physics and the limitations of exper-

imental and numerical methods. This study aims to contribute to the understanding

of boundary layer transition by conducting an experimental and numerical investiga-

tion of the natural-laminar-�ow NLF(1)-0416 airfoil and DU00-W-212 wind turbine

airfoil. Using infrared thermography (IRT) and state-of-the-art CFD solvers, the on-

set of the transition on airfoils is detected. Transition measurements are performed

using infrared thermography in the large-scale subsonic wind tunnel of METU Cen-

ter for Wind Energy Research (RUZGEM). Two-dimensional steady-state Reynolds-

Averaged Navier-Stokes (RANS) simulations are performed with various available

turbulence and transition models using two different �ow solvers: the open-source

SU2 and the commercial �ow solver ANSYS Fluent. Additionally, results from

XFOIL, a potential �ow solver based on the panel method, are presented. XFOIL

employs the linear stability-basedeN method for transition prediction. The numerical
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prediction results for aerodynamic coef�cients and transition positions are compared

with both existing literature and obtained dataset from the current IRT measurements

at METU-RUZGEM.

1.2 Literature Survey

The �ow regime signi�cantly in�uences both the �ow characteristics and the forces

acting on an immersed body. Hence, determining the exact location where the laminar-

to-turbulent transition occurs is of fundamental importance for many engineering

�ows. The laminar-to-turbulent boundary layer transition, often referred to as the

onset of turbulence, is a critical phenomenon in �uid mechanics that has been the

subject of extensive research for decades.

The �rst experiments investigating laminar and turbulent �ow regimes were con-

ducted by Osborne Reynolds in 1883 [2]. Through his well-known pipe �ow exper-

iments, Reynolds demonstrated the existence of two distinct �ow regimes: laminar

regime, characterized by smooth and orderly �uid motion; and turbulent regime, indi-

cated by chaotic and irregular �uctuations. After his discovery of the similarity princi-

ple, the difference between two completely different �ow regimes gained a numerical

perspective by a non-dimensional Reynolds number (Re), which is the ratio of inertial

forces to viscous forces within a �uid. Accordingly, �ows with Reynolds numbers be-

low the critical threshold remain laminar, while �ows with higher Reynolds numbers

are turbulent.

However, transition from laminar to turbulent regime does not occur exactly at the

critical Reynolds number in an instantaneous manner. Instead, it is a complicated

process affected by several factors such as pressure gradient, surface roughness, free

stream turbulence, and �ow instabilities. In the context of boundary layers, laminar-

to-turbulent transition process is generally started by the ampli�cation of small dis-

turbances, which grow and eventually lead to turbulence. The precise prediction of

the transition location is a critical problem due to non-linear interactions between dis-

turbances and the �ow �eld. The transition from laminar to turbulent boundary layers

was �rst examined for the case of �ow over a �at plate in the early 1920s by Burg-
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ers [3] and Zijnen [4]. Afterwards, the studies conducted by Hansen [5] and Dryden

[6, 7] further enhanced the research. Similarly to internal �ow in pipes, the critical

Reynolds number for the boundary layer �ow over a �at plate at a zero incidence

angle was determined by experimental studies. Near the critical Reynolds number,

the Tollmien-Schlichting waves are produced and the instabilities in the boundary

layer amplify. Experimental results from boundary layer transition studies show that

a common �ow behavior is observed during the transition. When three-dimensional

unstable waves grow, local turbulent spots form, which eventually lead the �ow to

become fully turbulent [8, 9]. This form of boundary layer transition mechanism is

generally referred to as natural transition. It is dominant particularly in the absence

of a pressure gradient (such as �ow on a �at plate) and low free stream turbulence

intensity levels. However, when the free stream turbulence intensity is greater (>1%),

some of the steps of natural transition mechanism are bypassed. The bypass transition

could also be observed due to the effects of surface roughness and pressure gradient

[10].

Following extensive research on the �at plate boundary layer transition, studies have

increasingly focused on more complex geometries, particularly airfoils, due to their

signi�cance in the aviation industry. Airfoils introduce additional complexities, such

as pressure gradients, curvature, and �ow separation effects. Among these, the pres-

sure gradient effect that resulted from surface curvature should be considered thor-

oughly as it might result in �ow separation. The �ow separation is a critical phe-

nomenon that could be solely the reason for the laminar-to-turbulent transition. When

separation occurs due to an adverse pressure gradient in the laminar boundary layer,

the separation-induced transition may occur. When the �ow becomes turbulent after

the transition, the enhanced energy levels cause �ow reattachment to the surface by

impingement of vortices to the airfoil surface [11]. Then, a bubble-shaped structure is

formed called a laminar separation bubble [12]. Laminar separation bubbles were the

fundamental focus of airfoil research during the late twentieth century [13, 14]. Fig-

ure 1.1 demonstrates an example of separated �ow over a surface having a curvature

and the important steps in the separation-induced transition.
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Figure 1.1: The separated �ow structure over a curved surface and a laminar separa-

tion bubble [15].

The separation bubble is formed when the laminar boundary layer separates from the

airfoil because of the adverse pressure gradient which is originated from surface cur-

vature. The separated �ow is strongly unstable and the transition generally begins just

after the separation. The separation-induced transition mechanism usually involves

all stages of the natural transition and is a fundamental phenomenon for airfoils. Fig-

ure 1.2 shows the separation bubble regime over an airfoil from the study conducted

by Yarusevych and Kirk [12].

Figure 1.2: Separation bubble regime over an airfoil [12].

The separation point signi�cantly affects the drag of the airfoil. Hence, the effects of

the Reynolds number and angle of attack on the separation and transition points were

considered over the years. In fact, airfoils operating in the Reynolds number range
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between 10,000 and 500,000 are generally subjected to boundary layer separation,

transition, and reattachment phenomena. These airfoils are of interest for the design

of micro-air vehicles and small wind turbines [16]. As the angle of attack increases,

the separation bubble becomes closer to the leading edge and becomes smaller. Sim-

ilarly, as the Reynolds number increases, the transition point moves toward the lead-

ing edge [13]. If the Reynolds number is increased further, the transition location

moves forward of the point where laminar separation would occur. Then, a turbulent

boundary layer is created just after the laminar boundary layer without separation,

and this prevents a bubble from forming. This critical Reynolds number is dependent

on several factors, including surface roughness, pressure distribution, and free stream

turbulence [14]. Therefore, the formation of laminar separation bubbles is restricted

to certain angle of attack and Reynolds number ranges. In addition, the wake-induced

transition is another mechanism frequently observed in the investigation of airfoils

which can be observed on unsteady turbulent wakes over airfoils originating from the

impingement of turbulent spots on wakes and their propagation to downstream of the

�ow [8, 17].

Considering the origins and mechanisms of transition modes, it is evident that the

boundary layer transition on airfoils depends on a variety of factors. The geometry of

the airfoil, Reynolds number, and Mach number play signi�cant roles in determining

the transition location. An earlier transition to turbulence generally increases skin

friction drag, reducing aerodynamic ef�ciency, while a delayed transition can sig-

ni�cantly decrease drag and improve performance. However, maintaining extensive

laminar �ow is challenging due to practical issues such as manufacturing tolerances,

insect debris, and environmental conditions. For airfoils where the boundary layer

remains laminar for a long distance, the friction drag could be reduced to about 50%

of other airfoils [18].

In fact, airfoils speci�cally designed to maintain laminar boundary layer over a sig-

ni�cant portion of their surface are called Natural Laminar Flow (NLF) airfoils. The

fundamental aim of using natural laminar �ow airfoils is to achieve high aerodynamic

ef�ciency in general aviation by reducing drag and maintaining high lift coef�cients

[19]. Figure 1.3 demonstrates the conventional airfoils used in traditional wings and

the natural laminar airfoil used in the North American Aviation P-51 Mustang and
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their corresponding transition locations [20]. It is clear that the laminar �ow extends

nearly 20% aft from the leading edge for traditional airfoils, whereas for the laminar

�ow wing, the laminar �ow continues more than halfway back along the airfoil before

transition providing less drag for optimum performance.

Figure 1.3: A traditional airfoil (below), The P-51 Mustang's laminar-�ow airfoil

(above) [20].

The development of NLF airfoils involves manipulating the shape of the airfoil to

create favorable pressure gradients to sustain laminar �ow. For this purpose, smooth

and gradual pressure recoveries are designed and surface irregularities are diminished

[21]. However, extensive laminar �ow could not be reached easily in practical appli-

cations. Factors such as surface roughness, insect contamination, and manufacturing

tolerances can disrupt laminar �ow and cause an early transition to turbulence, leading

to increased drag. To overcome these problems, design and optimization techniques

are investigated to reduce the sensitivity of natural laminar �ow airfoils to such im-

perfections and to improve their reliability [22, 23]. Despite these challenges, natural

laminar �ow technology has been successfully applied in the aviation industry. For

instance, the design of the NLF(1)-0115 and NLF(1)-0416 airfoils showed a signif-

icant reduction in drag while maintaining high lift levels [19, 24]. Furthermore, the

practical implementation of NLF airfoils has been demonstrated to have the potential

to improve aerodynamic ef�ciency.
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One example is the SHM-1 airfoil, a 15% thick NLF airfoil designed speci�cally for

lightweight business jets by Honda R&D [25]. The SHM-1 airfoil was developed

to meet performance requirements such as high drag-divergence Mach numbers, low

drag, reliable stall characteristics, and insensitivity to leading-edge contamination.

The 15% thickness of the airfoil also allowed suf�cient fuel storage within the wing

and reduced the need for increased wing area and associated drag penalties. This

design shows the successful integration of NLF technology into practical applica-

tions. Similarly, the Boeing 787 used laminar �ow control to delay the transition on

its nacelles and carefully considered surface irregularities, free stream disturbances,

and other environmental factors [26]. These examples show the importance of re-

search and innovation in NLF airfoil design and transition prediction. Research and

technological advancements continue to solve the problems associated with practical

implementation of more ef�cient and environmentally friendly aircraft designs.

Implementation of Natural Laminar Flow (NLF) airfoils requires correct measure-

ment and prediction of the transition from laminar to turbulent �ow. The ability to

precisely determine the transition location on an airfoil is critical for validating de-

signs, optimizing performance, and ensuring the reliability of NLF and LFC (laminar

�ow control) applications. To achieve this, a variety of transition detection meth-

ods have been developed. These methods range from experimental techniques, such

as smoke-�ow visualization and infrared thermography, to computational approaches

like stability analysis and RANS simulations. Using both experimental and numer-

ical tools, transition phenomenon is investigated and the aerodynamic ef�ciency of

airfoils is aimed to be improved. In the following section, experimental methods

to investigate the laminar-to-turbulent boundary layer transition on airfoils are dis-

cussed.
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1.2.1 Transition Measurement Methods

Measurement of boundary layer transition is an important aspect of aerodynamic

research, as it directly affects the performance and ef�ciency of airfoils. Experi-

mental approaches often involve the use of specialized instrumentation, such as hot-

wire anemometers, surface-mounted pressure sensors, or infrared cameras, to detect

changes in �ow characteristics such as velocity, pressure, or surface temperature.

Traditional transition measurement techniques involve oil �ow visualization and mea-

surements with microphones, pressure sensors, and hot �lm sensors [27, 28, 29]. Oil

�ow visualization, for instance, was one of the oldest and most famous �ow visual-

ization methods. In this method, the surface of the solid body is subjected to a thin

oil layer. The transition position is detected by investigating the behavior of the oil

that shows different characteristics according to the �ow regime [30, 13, 31]. Lam-

inar separation bubbles and the consequent transition on several airfoils were exam-

ined using oil �ow visualization at various Reynolds numbers in the study conducted

by McGranahan et al. [30] at the NASA Langley Low Turbulence Pressure Tunnel

(LTPT). Figure 1.4 from that study shows that the oil accumulation on the surface of

the E387 airfoil, which identi�es the transition from laminar to turbulence.

Figure 1.4: The relationship between the surface oil �ow features and skin friction

distribution with respect to the E387 airfoil arc length coordinate (s/c) [30].
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The study stated that the transition could be illustrated by the skin friction distribution

in a way that close to the transition point, the skin friction coef�cient shows a strong

increase just after a minimum. Another �ow visualization method, smoke-�ow (or

smoke-wire) technique, is frequently used to observe the �ow behavior by adding

materials to the �ow to track the �uid particles. This allows for the introduction of

�ne smoke streak-lines into the �ow �eld through the electrical resistive heating of

a wire [32, 33]. In a recent study, Machado et al. studied the 3D synthetic jet �ow

control and investigated the transitional �ow on NACA 0025 airfoil using smoke-wire

technique [34]. The main advantage of this technique is that it does not introduce any

remarkable disturbances into the �ow. Hence, the smoke wire technique is widely

used for low Reynolds number airfoil �ows [35, 32]. The main drawback of this

method, however, is that the application of this method is usually limited to freestream

velocities of about 5 m/s [36]. On the other hand, the pressure sensors are generally

used for the investigation of transitional �ows. The sensors are used to measure the

pressure distribution on the surface, which shows characteristic behavior when the

�ow regime changes, used to detect transition. This method is based speci�cally on

the pressure gradient effects on the transition [37, 38, 39]. It is known that for airfoil

experiments, position of the peak of Root-mean-square (RMS) of pressure is the zone

of transition [37]. A representative �gure of root-mean-square (RMS) of pressure in

a boundary layer transition on an airfoil from the study conducted by Ozcakmak et

al. [40] is shown in Figure 1.5.

Figure 1.5: Chordwise pressure �uctuations in boundary layer transition [40].
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Furthermore, Popov et al. stated that the maximum curvature of the surface pressure

indicates the transition location, which corresponds to the maximum in the second

derivative of the pressure [38]. However, it is stated that this method does not work

ef�ciently in the vicinity of the leading edge suction peak. Moreover, accurate de-

termination of the transition point requires a large number of pressure measurements

along the airfoil. The transition could also be determined from pressure coef�cient

distribution on the airfoil surface, which is indicated by a small step or plateau on

the Cp curve [41]. Figure 1.6 shows the pressure coef�cient distribution on an air-

foil where the separation, transition, and reattachment positions are clearly shown,

retrieved from the study by Russell et al. [42].

Figure 1.6:Cp distribution on an airfoil with laminar separation bubble [42].

Besides the pressure measurements, transition measurements could be performed us-

ing high-frequency microphones. This method relies on microphones mounted on an

airfoil surface to detect the transition, and it is often used in wind turbine technol-

ogy [40, 43]. The pressure �uctuations on the airfoil surface were measured by these

microphones with a high-frequency response. However, this method requires a suf-

�cient number of microphones along the chord to detect the transition. Furthermore,

background noise and calibration are critical for microphone measurements and need

to be addressed with care [40]. In addition, the transition is highly vulnerable to pres-
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sure gradients. Hence, the surface microphones and surface pressure taps need to be

placed in different spanwise positions on the airfoil.

Hot �lm sensors, on the other hand, are frequently used for transition measurements

[44, 45, 46]. Hot �lm sensors indicate transition by measuring surface tempera-

ture changes between laminar and turbulent regimes. This technique provides high-

frequency range measurements to observe the �ow. Generally, hot �lm sensors are

used for high-speed �ows, such as investigation of the unsteady boundary layer tran-

sition and shock–boundary layer interaction [44], or supercritical airfoils [45]. On

the other hand, studies for low-speed transition investigation are also conducted, such

as for an airfoil of a turbine blade at low Reynolds numbers [46]. However, hot �lm

sensors are attached to the airfoil surface and might interfere with �ow. In addition,

there should be a suf�cient number of sensors to have reliable measurements, and del-

icate preparation of the equipment is required. Furthermore, hot �lm sensors usually

provide low spatial resolution and the �ow might be affected by surface roughness

and environmental heat. In a study conducted by Richter et al. [47], disruption in the

transition line occurred even though the hot �lm sensor carrier foil is delicately kept

to the same contour as the airfoil, which is shown in Figure 1.7. This disruption is

stated to be caused by small changes in the leading edge contour in the hot �lm array

region.

Figure 1.7: A disruption of the transition line due to the hot �lm sensor array, adapted

from Richter et al. [47].
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Similarly, temperature-sensitive paint is another method relying on temperature dif-

ferences used for transition measurements [48, 49, 50]. The temperature-sensitive

paint (TSP) method basically involves applying a special paint that changes color

with temperature variations, which is used to indicate transition regions. The transi-

tion position is detected at the location corresponding to the maximum of the stream-

wise surface temperature gradient [48]. Unlike hot �lm sensors, high-resolution 2D

measurements are possible with TSP, and the equipment used is usually cheaper than

IR cameras. Similarly to hot �lm sensors, this method is also generally used for high

Reynolds number �ows [48, 49]. However, temperature-sensitive paint was also ap-

plied to wing sections at lower Reynolds numbers and effectively identi�ed the tran-

sition location [51]. Although this technique provides full surface data that are not

intrusive, it requires careful calibration and is sensitive to lighting conditions. A TSP

image from the study conducted by Risius et al. [52] is shown in Figure 1.8, where

bright and dark regions correspond to laminar and turbulent regions, respectively. The

red line indicates the transition position, whereas the early transition locations (also

known as turbulent wedges) are caused by pressure taps in the leading edge region.

Figure 1.8: The temperature sensitive paint result image from the study conducted by

Risius et al. [52].
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Among more advanced techniques, the particle image velocimetry (PIV) provides a

detailed analysis of the �ow and facilitates aerodynamic optimization studies. Particle

image velocimetry is frequently used for the detection of the transition on airfoils [53,

54]. McAuliffe and Yaras [54] investigated the laminar separation bubbles and tran-

sition characteristics of the SD7003 airfoil using PIV in the low-Reynolds-number

operating range (40,000 and 65,000). Burgmann et al. investigated the same airfoil at

a lower Reynolds number (20,000), and the �ow �eld was recorded in at least ten suc-

cessive light-sheet planes with two high-speed cameras. However, PIV systems often

require powerful lasers, high-speed cameras, and synchronization equipment that are

expensive and complex to integrate [55, 56]. Hence, particle image velocimetry is a

relatively expensive and complicated technique to investigate the airfoil transition.

The main problem with the conventional transition measurement methods mentioned

is that they can be intrusive to the �ow. Hence, they interfere with the �ow, which

might result in an earlier transition. Furthermore, they can only provide data at spe-

ci�c measurement locations [29]. Infrared Thermography (IRT) is a technique that

became frequently used to investigate boundary layer transition in aerodynamic ap-

plications, as it provides non-intrusive and full-surface data. Earlier studies on IRT in

laminar-to-turbulent transition investigation originated from the search for an alterna-

tive experimental method that does not affect the �ow. The fundamental principle of

IRT relies on the difference between the amount of heat transfer in the laminar and

turbulent boundary layers. The Reynolds analogy, which is a fundamental bridge be-

tween �uid mechanics and heat transfer [57], forms a basis for the description of the

relationship between heat and momentum transfer. The skin friction and heat transfer

coef�cients are linearly dependent, and this relation is generally described using the

non-dimensional Stanton number (St), which is the ratio of non-dimensional Nus-

selt number to the multiplication of Reynolds and Prandtl numbers. Stanton number

indicates the ratio of heat transferred into a �uid to the thermal capacity of the �uid.

St =
Nu

RePr
=

h
�U 1 cp

(1.1)
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In this relation,� denotes the density of the �uid,U1 refers to the free stream velocity,

andcp is the speci�c heat of the �uid. When the Prandtl number is close to unity, the

Stanton number becomes half of the skin-friction coef�cient.

St =
Cf

2
(1.2)

Therefore, a difference between the surface temperatureTw and the �uid temperature

T1 results in a convective heat �uxq00depending on the local skin friction coef�cient

cf ; with the external �ow velocityU1 , the thermal conductivityk and the kinematic

viscosity� of the �uid.

q00= h(Tw � T1 ) =
cf

2
U1

k
�

(Tw � T1 ) (1.3)

Although Reynolds analogy assumes that the Prandtl number is close to unity with no

pressure gradient, Quast [58] and de Luca et al. [59] underlined the Reynolds analogy

between the skin friction coef�cient and heat transfer on airfoils; and stated that in the

downstream of the transition, the surface adopts nearly the temperature of the �uid

due to turbulence, while the temperature will remain nearly unchanged in the laminar

boundary layer, where the wall shear stress is minimum. Being ordered and struc-

tured, laminar boundary layers are subjected to relatively low heat transfer between

the surface and the �uid, whereas turbulent boundary layers, having dissipative and

diffusive characteristics, have remarkably higher heat transfer rates. This results in

evident temperature differences, which could be detected by infrared cameras. When

a model is heated or cooled based on the �ow temperature, the temperature distri-

bution on the surface of the model changes depending on the �ow regime. If the

model is warmed up, the surface temperature of the model becomes higher than the

�ow temperature. When the model is subjected to �ow, turbulent regions would be

colder compared to the laminar regions due to enhanced heat transfer rates between

the surface and the �ow, while laminar regions would still be hot. Therefore, the

temperature contrast between the laminar and turbulent regions enables researchers

to identify the transition position. Another phenomenon to detect the transition by IR

thermography relies on the boundary layer recovery temperature difference between

laminar and turbulent temperature �ows [60]. IRT is very plausible in high speed and

high temperature �ows, but is not applicable for very low �uid-surface temperature

differences [61].
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Astarita and Carlomagno [62] described a detailed explanation of the temperature

calibration of infrared cameras that depend on the surface emissivity and heat �ux.

However, they are not necessarily implemented since a qualitative visualization of the

surface temperature distribution is highly suf�cient to differentiate between the lam-

inar and turbulent boundary layers and to determine the transition [29]. Therefore,

being very simple and providing non-intrusive and spatially detailed surface data, in-

frared thermography (IRT) has emerged as a leading transition measurement method

due to recent developments in fast-response infrared cameras. Unlike traditional tran-

sition detection methods such as oil �ow visualization or hot �lm anemometry, IRT

does not interfere with �ow and provides detailed full-surface data. This feature of

IRT enables to be used in a wide range of applications. Transition location measure-

ments using IRT are typically applied in high-speed �ow scenarios because of the

signi�cant heat transfer rates in supersonic and hypersonic �ows [63, 64]. As it pro-

vides simple and easy implementation for tests, IRT is also frequently used in–�ight

experiments [65]. Nevertheless, a substantial amount of research exists on the transi-

tion measurements for low-speed �ows, mainly in large-scale wind tunnels for airfoils

and wing models [66, 67]. A sample infrared image is shown in Figure 1.9, showing

the transition line on the DU96-W-180 airfoil from the study conducted by Joseph et

al. [66].

Figure 1.9: Sample IRT images of boundary layer transition of DU96-W180 airfoil

at Re = 2 � 106 and� = 8 o (a) no pitot tube, (b) with a Pitot tube inserted into the

boundary layer, adapted from the study conducted by Joseph et al. [66].
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Since an IRT experiment for transition investigation requires a �uid–surface tempera-

ture difference, several methods depending on test conditions and requirements have

been developed to achieve a �nite temperature difference between the �uid and the

surface. Generally, the temperature difference between the �uid and the surface is

on the order of several kelvins [29]. However, when the heating or cooling of the

surface is excessive, the transition position on the surface might be affected, which

may result in unreliable measurements. The �rst method to provide the �uid-surface

temperature difference is using external radiation sources. In this method, a radiation

source is used to heat the model surface. Weiss et al. utilized spotlights [68], and

Simon et al. [69] used an infrared emitter to heat the model to satisfy the temperature

difference. Furthermore, sunlight is also used as a natural heating source, which of-

fers a cheap and ef�cient solution [70]. However, implementation of these methods

should be performed carefully as problems could arise from overheating the surface or

non-uniform temperature distribution over the model surface. Hence, positioning the

heating source should be considered with care. Another method is internal resistance

heating where the resistive materials inserted on the model are used. For example,

Simon et al. [69] used heated foils and Overmeyer et al. [71] used conductive paints

to heat the surface. These materials provide a uniform temperature distribution on the

surface and provide clear boundary layer transition measurements. Speci�cally, car-

bon nanotube materials are chosen because of their high conductivity and �exibility

[72]. However, the cost of these materials restricts their implementation. In addition,

they have intrusive effects on the �ow which might affect the transition line. On the

other hand, for relatively short experiments, surface preheating or precooling appli-

cations are preferred. In these methods, the model surface is warmed up or cooled

down to a certain temperature before the experiment and the temperature difference

between the �uid and the model is maintained during the test [73, 61]. These methods

offer an ef�cient solution where the small temperature differences are suf�cient to ob-

serve the boundary layer transition. However, the main disadvantage of this method

is that it is not reliable in long experiments, as the surface temperature converges to

the environmental temperature rapidly. Moreover, laboratories or wind tunnels where

the in�ow temperatures are controlled are used to obtain the �uid-surface temperature

difference. Having the �uid temperature controlled during the experiment, boundary

layer transition could be examined clearly. This method could also be used for the
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case of atmospheric �ights where the temperature difference between the surface and

the �uid is satis�ed naturally by altitude changes [74].

Another consideration for IRT measurements is surface quality. The surface of the

model to be investigated is critical for IRT, as the emissivity of the surface directly af-

fects the measurements. Therefore, shiny or metallic surfaces are generally avoided in

order to clearly observe the boundary layer transition. Therefore, materials with high

infrared emissivity are generally selected. If the chosen material has low emissivity,

a coating is applied to the model surface, which is almost necessary for metallic sur-

faces [62]. In addition, surface roughness and cleanliness are important factors and

might affect the quality of the measurements. Hence, the surface of the model should

be carefully prepared before the experiments.

In conclusion, experimental investigation of the boundary layer transition plays an im-

portant role in optimizing aerodynamic performance. Transition detection methods

used in traditional and modern techniques aim to obtain correct and high-resolution

data without interfering with the �ow. In particular, its non-intrusive nature and abil-

ity to provide detailed full surface data, IRT is a powerful method in boundary layer

transition investigation. However, validity of IRT measurements depends on several

factors such as surface emissivity, roughness, and cleanliness. Furthermore, although

they offer visual observation of boundary layer transition, limitations and costs of ex-

perimental methods require numerical methods to be used in transition predictions to

increase reliability and validity of results. In the following chapter, numerical models

and methods developed for boundary layer transition prediction and their advantages

and limitations are discussed.
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1.2.2 Numerical Transition Prediction Methods

Computational methods are the fundamental part of modern �uid mechanics and aero-

dynamics research. Due to the duration and cost of the experimental research in

aerodynamics, numerical methods have become a suitable solution to complicated

�ow problems. For this purpose, computational �uid dynamics (CFD) is frequently

used in �uid mechanics problems. Using �nite volume method, CFD solvers solve

Navier-Stokes equations, which de�ne momentum and mass conservation for �uids

in motion, for every control volume. However, analytical solutions of Navier-Stokes

equations are only possible for elementary geometries and �ow conditions, and nu-

merical solutions are required most of the time for real-life problems. Over the years,

numerous CFD models have been developed to model complex cases and overcome

�uid mechanics problems such as boundary layer transition.

Computational approaches for predicting the boundary layer transition are critical

to validate transition experiments and increase the reliability of the research. These

methods for transition prediction are based on empirical correlations, theoretical mod-

els, or direct simulations; and they could be classi�ed into three main categories: lin-

ear stability theory based models, Reynolds-Averaged-Navier-Stokes (RANS) simu-

lations, or more advanced techniques such as Large Eddy Simulation (LES) or Direct

Numerical Solution (DNS). All models have their advantages, and analyze the transi-

tion phenomenon from different perspectives.

Linear stability theory (LST) is a fundamental approach frequently used in boundary

layer transition investigation. LST provides a mathematical perspective to under-

stand the transition process, which is based on the behavior of small perturbations

in the �ow. If the perturbations in the �ow amplify to a certain threshold, laminar-

to-turbulent transition occurs. It is assumed that the �ow is laminar in the �rst, and

small perturbations in the �ow could be de�ned by traveling waves or normal modes.

After introducing perturbations to the basic �ow parameters, the effect of ampli�ed

perturbations on the mean �ow is investigated. This approach neglects the effects of

perturbations on each other and assumes that all perturbations are linearly indepen-

dent. Therefore, the ampli�cation ratio of perturbations could be calculated, and the

frequency of the perturbation with maximum ampli�cation could be determined.
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In this regard, one of the oldest and most well-known transition prediction methods

based on linear stability theory is theeN method proposed by Smith and Van Ingen

[75, 76]. This method integrates the ampli�cation ratios of the perturbations and cal-

culates an ampli�cation factor (N). If the ampli�cation factor exceeds a certain limit,

the �ow becomes turbulent. The critical value for the ampli�cation factor is usually

de�ned by empirical methods or previous research. The main advantage of LST is that

it does not perform averaging of the �ow properties like RANS. Therefore, elimina-

tion of linear disturbance growth is not an issue for LST, making it highly practical for

transition investigations [77] in a wide range of application �elds with different �ow

conditions and geometries. TheeN transition prediction method is frequently used

in 3D compressible boundary layer transition investigations. Theiss and Hein [78]

proposed a surrogate model accounting for two-dimensional Tollmien-Schlichting

waves and stationary cross-�ow instabilities to address the need for a surrogate-based

stability method for 3D compressible �ows. Krumbein [79] developed a transition

prediction method for 3D �nite wing con�gurations using the linear stability, and in-

vestigated theeN database method and a linear stability code considering cross-�ow

and Tollmien-Schlichting waves. A similar approach is implemented for subsonic

�ows developing on swept wings with in�nite span by Arnal and Casalis [80]. Saric

et al. [81] investigated the 3D boundary layer transition on rotating disks as well as

swept wings. Their study underlined the ef�ciency of small surface roughness effects

on cross-�ow instabilities, which affects the position of transition. Similarly, Fischer

et al. [82] used linear stability theory for automatic transition prediction. They cou-

pled a RANS solver with a linear stability theory (LST) solver to include the effect

of transition in the �ow simulations, which showed a practical solution to 3D tran-

sition investigations. In addition, a study conducted by Nie et al. [83] demonstrated

the practical use of LST in high-speed �ows by investigating surrogate models in

stability analysis and transition prediction in hypersonic �ows. Recently, Klauss et

al. [84] stated the importance of boundary layer transition control on drag reduction

in transonic and supersonic �ows; and proposed a discrete adjoint formulation for

the transition position prediction based oneN method. They described an eigenvalue

sensitivity analysis of LST that can be easily coupled with a CFD solver.
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