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ABSTRACT

UNSTEADY AERODYNAMIC CHARACTERISTICS OF SYMMETRIC
AIRFOIL AT LOW REYNOLDS NUMBERS

Giiney, Mertcan
Master of Science, Aerospace Engineering
Supervisor : Prof. Dr. Dilek Funda Kurtulus

July 2023, 132 pages

Reynolds number (Re) has a dominant effect on the aerodynamic characteristics of
airfoils specifically at low Reynolds number flows. In particular, low Reynolds
number flows (Re<100,000) where viscous forces are dominant compared to the
inertial forces, resulting in a laminar boundary layer that is more prone to
separation and transition to turbulence. To understand the boundary layer physics
of the low Re flows, the two-dimensional (2D) unsteady numerical simulations
were conducted on a NACA 0012 airfoil with changing Reynolds numbers from
40,000 to 100,000. Moreover, the numerical simulations also involved varying
angles of attack from 0" to 20° with 1" increments by using different turbulence
models. The results showed that the flow separation occurred earlier at higher
angles of attack and lower Reynolds numbers. The location of the separation point
also affected the aerodynamic characteristics of the airfoil, with earlier separation

resulting in a decrease in lift coefficient and an increase in drag coefficient.

Keywords: NACA 0012, Symmetric Airfoil, Unsteady Aerodynamics, Low

Reynolds Number, Computational Fluid Dynamics



0z

DUSUK REYNOLDS SAYILARINDA SIMETRIK KANAT KESITININ
ZAMANA BAGLI AERODINAMIK OZELLIiKLERI

Giiney, Mertcan
Yiiksek Lisans, Havacilik ve Uzay Miihendisligi
Tez Yoneticisi: Prof. Dr. Dilek Funda Kurtulus

Temmuz 2023, 132 sayfa

Reynolds sayist (Re), ozellikle diisiik Reynolds sayilarinda, kanat kesitlerinin
aerodinamik o6zellikleri iizerinde baskin bir etkiye sahiptir. Ozellikle, atalet
kuvvetlerine kiyasla viskoz kuvvetlerin baskin oldugu diisik Reynolds sayili
akiglar (Re<100.000), ayrilmaya ve tiirbiilansa gegise daha yatkin laminer bir sinir
tabakasi ile sonuglanirlar. Diisiik Re sayisindaki akiglarda sinir tabakasi fizigini
anlamak i¢in, Reynolds sayis1 40.000’den 100.000’¢ degisen NACA 0012 kanat
kesiti tizerinde iki boyutlu (2B) zamana bagli sayisal analizler gerceklestirilmistir.
Buna ek olarak gerceklestirilen sayisal analizler, 1"lik artislarla 0™'den 20™ye kadar
degisen hiicum agilar1 i¢in farkli tiirbiilans modellerini de igermektedir. Sonuglar
akis ayriminin daha diisiik Reynolds sayilarinda ve daha yiiksek hiicum agilarinda
daha erken gerceklestigini gostermektedir. Ayrilma noktasinin konumu, kanat
kesitinin aerodinamik Ozelliklerini etkilemekle birlikte kanat Kkesiti {izerinde
goriinen daha erken ayrilma durumu, kaldirma kuvveti katsayisinda bir azalmaya

ve siiriikleme Kuvveti katsayisinda bir artisa neden olmaktadir.

Anahtar Kelimeler: NACA 0012, Simetrik Kanat Kesiti, Zamana Bagh
Aerodinamik, Diisiik Reynolds Sayisi, Hesaplamali Akiskanlar Dinamigi
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CHAPTER 1

INTRODUCTION

Animals' capacity to fly has always captivated humans, and the natural world
served as an inspiration for the development of aerodynamics. The study of the air
and how objects move through it has been a continuous pursuit for centuries and
has led to the development of a vast array of technologies, from hot air balloons to
supersonic jets. Leonardo da Vinci's written rough drafts and sketches of
conceptual designs and engineering approaches have had a lasting impact on the
aerospace industry. His notes and drawings on flying machines, such as his famous
design for a flying machine with wings made of feathers, have been an inspiration

to generations of engineers and scientists.

Leonardo da Vinci was a master of visualization and understood the importance of
sketches and drawings in understanding complex systems, such as fluid flows. He
came to see that a skillfully drawn flow field, emphasizing the streamlines, might
offer helpful insights into the flow's physical characteristics and assist draw
attention to significant elements that could otherwise be missed (Bakker, 1991).
Leonardo's insights into the visualization of fluid flows have indeed inspired
countless questions and paved the way for further scientific inquiry. Some
examples of that questions developing scientific inquiry are, whether the bounded
streamline that traps fluid is a definite region of flow or not, what is the contraption
of the separation on any solid body, or what happens generally to a given flow

pattern as one alters a certain flow parameter (Ananda & Selig, 2018).



Figure 1.1. Human—powered ornithopter design of Leonardo da Vinci (Harmon &
Hubbard, 2015)

After humans became fascinated with the ability of birds to fly, early aircraft
designs were heavily influenced by the anatomy and flight mechanics of birds. This
led to the development of aircraft with thin airfoils that mimicked the shapes of
bird wings, as well as the use of wing warping as a means of control (Lilienthal,
2000). However, as knowledge of the physics of flight and aerodynamics
increased, the aerospace industry gradually moved away from the early era of
mimicking avian flight and began to develop more sophisticated aircraft designs
based on advanced theoretical models and experimental data. With the expansion
of payload and speed requirements, aircraft design and manufacturing became
more complex, and new technologies and materials were developed to meet these
challenges. This led to a shift away from the simple, organic shapes of early
aircraft, towards more complex and aerodynamically optimized designs that were
better suited to the demands of high—speed and heavy—load flight.



On the other hand, the development of electronics and avionics on a small scale has
indeed made it possible to create bio—inspired flight vehicles in recent years (Raney
& Waszak, 2003). So, the necessity of bringing together the two ends of flight
spectrum (i.e. biological and technological) close together has arisen (McMasters,
2004). One of the main ways this has been accomplished is through the
enhancement of tiny unmanned aerial vehicles (UAVS), micro air vehicles
(MAVs), and flapping-wing MAVs (FWMAVS).

By definition, the most common definition of MAVs is flying machines that are not
larger than 15 cm. However, advances in technology and miniaturization have
made it possible to develop even smaller MAVs that can mimic the flight of
common insects (Platzer et al., 2006). Still, the growth of MAVs is indeed a
challenging task due to the constraints imposed by their tiny and light weight. The
miniaturization of MAVSs requires the integration of various components like
power sources, actuators, and sensors, into a compact and lightweight design,
which can be a significant engineering challenge. Moreover, controlling small-
scale MAVs in flight is also challenging due to the limited control authority and
their aerodynamic properties' remarkable susceptibility to minor disturbances. The
small size of MAVs also implies that they are more vulnerable to disturbances from
the environment, like wind gusts and turbulence, which can affect their stability
and performance. So, a solid understanding of flapping-wing flight's basic
aerodynamic properties at low Reynolds numbers is necessary (Bohorquez et al.,
2010).

The categorization technique helps researchers to understand any physical
phenomena, events, or objects for all scientific researchers. Similarly, emphasizing
MAVs’ and FWMAVs’ areas of usage, pros/cons, and the differences between
commercial air vehicles is a prior condition to understand the aerodynamics of
MAYVs and FWMAVs.



MAVs fall under the category of Small Unmanned Aerial Vehicles (SUAVSs) and
have both hovering and gliding capabilities, just like hummingbirds and other
rotary—wing and fixed—-wing air vehicles (Thomas & Boyer, 2011). Their agility
and high maneuverability allow them to navigate through complex environments
and access hard-to—reach areas. In addition to that, the optical characteristics of
FWMAVs, such as their small size and the capacity to imitate the movements of
insects and birds, provide them with a high degree of contextual camouflage
(Alterbuchner & Hubbard, 2018). The integrated performance characteristics of
FWMAVs are shown in Figure 1.2: (1) possess the best performance, (2) high
maneuverability and agility, and (3) compact mission flexibility. Consequently, one
can say that FWMAVs are the correct answer for design gaps in SUAVs (Grauer &
Hubbard, 2011).

Acrodynamic Perfg
Low Reynolds

Agility - Maneuverability

Figure 1.2. Flapping wing vehicle capabilities (NASA Langley, 2014)



UAVS, in particular, have seen widespread use in military surveillance and
operations, as well as in a growing range of civilian applications such as mapping,
cargo delivery, and land surveying. Moreover, FWMAVs have been developed as a
safer and more agile alternative to traditional UAVs for surveillance and
reconnaissance missions, especially in hazardous environments (Hu & Yang, 2008;
Yang & Esakki, 2021). Due in part to their potential for military and civil
applications, the development of UAVs and FWMAVs has been supported by

strong financial investment in recent years.

The capability of FWMAVs to function in low Reynolds number (Re) flows like
birds and insects has already been noted as one of their major characteristics. This
new and important area of research allows for the development of more
biologically—inspired flight technologies that can be applied to advanced Search
and Rescue (SAR) missions, first-aid crews, and other applications that require
highly maneuverable and efficient flight vehicles (Altenbuchner & Hubbard, 2018).
That’s why, the investigation of low Reynolds number flapping wings has gained
significant attention among aerodynamicists as well as has been supported by
strong financial investment. For example, researchers are exploring various
flapping and body kinematics strategies to enhance the lift, thrust, and stability
performance of flapping—wing flight (McMasters & Henderson, 1980). These
studies' findings may have an impact on the development of flapping-wing aerial
robots, which may find use in military reconnaissance, search-and-rescue

operations, and environmental monitoring.

In addition to that, the low gravity and thin atmosphere on Mars provide unique
challenges and opportunities for the design and operation of FWMAVSs, making
them attractive candidates for aerial exploration and survey missions. The
combination of their small size, agility, and ability to hover makes FWMAVs a
valuable tool for exploring difficult-to—reach areas on the Martian surface. By
further advancing the capabilities of FWMAVs and incorporating new
technologies, it is possible that they could play an important role in future Mars
missions (Kang et al., 2018; Shrestha et al., 2016).



To overcome the challenges facing FWMAYV missions on Mars, researchers must
consider aerodynamics and flight mechanics that function in the low Reynolds
number domain. Moreover, make sure that real products like the Marshee (Figure
1.3) have high lift coefficients and maneuverability because they are critical
parameters for successful operation in the challenging environment of Mars. To
achieve this, the design should consider the flapping wing kinematics, airfoil
geometry, and flow control strategies (Shyy et al., 2013). For example, for
selecting optimized airfoil/wing profiles, using conventional airfoils (which are

designed to best perform at Re>10°) can not be proper for this kind of mission.

Marsbee
* One payload module
e GNC, Data transmission

Rover

¢ Recharge station

¢ Sensor module unit

e Communication to main base

Figure 1.3. Marsbee on Mars (Shyy et al., 2013)



For flapping—wing vehicles, another example can be the Dove (Figure 1.4) (Yang
et al., 2018). Wing design is a crucial part of its design, because not only lift but
also the thrust is generated by pure wing. This situation is dissimilar to
conventional air vehicle designs (both fixed and rotary wing configurations).
Moreover, in clap and throw (Weis—Fogh, 1973), the stall is delayed due to
prolonged leading—edge vortices (LEVs) (Ellington et al., 1996) capturing the wake
of a wing during the return stroke (Dickinson et al., 1999; Birch, 2003) and
rotational forces results from plunging and pitching motion (Sane & Dickinson,
2002; Dickinson et al., 1999) construct new challenges and involve much critical
information about the birds’ and insects’ natural behavior. Therefore, it is valid that
new aerodynamic theories and numerical simulations be developed. So, the
researchers use experiments, simulations, and scaling laws to derive new design

principles and strategies for flapping—wing air vehicles (Kang & Shyy, 2013).

Data link antenna

GPS antenna Bau‘ory

Figure 1.4. Configuration of the Dove (Yang et al., 2018)



Meanwhile, the design of FWMAVSs has been enhancing every day, and their usage
is also evolving. However, the creative idea of humankind about FWMAVs does
not change. Nature still gives fascinating lessons to engineers to understand and
develop new technologies. For example, small reference length scales of birds and
insects with their low—speed result in flights at the order (O) of Re=10%-10° and
103-10%, respectively (Shyy, 2008). Kang & Shyy (2013) stated that small insects
(fruit flies, honeybees) cover the Re=0(10?—10%), but birds like hummingbirds fly
mostly at Re=0(10%). Most of them naturally fly with flapping motion, that’s why,
flapping—-wing configurations must be designed with a more favorable wing design
than fixed-wing MAVs in terms of mitigating the flights of birds and insects. Thus,
engineers and scientists have been also investigating the low flight regime to
understand the flight properties, however, this classification is not of one mind.
Generally, below than Re=0(10°) is admitted for a low Reynolds number flow
regime, but the birds and insects separate this relatively broad Re flow regime with
their nature. In conclusion, Re=0(10*-10°) flow regime also needs to be
investigated wisely with both differences and the common features of Re=0(10%-
10%).

Figure 1.5. Flapping flight mode of Hummingbird (Unsplash, 2021)



By physical definition, low Reynolds number flows are nothing more than a fluid
in which viscous forces predominate over inertial forces. So, boundary layer
physics (e.g. flow separation phenomena, laminar/turbulent zones, reattachment
points, etc.) of the solid body change compared to conventional flight regime (i.e.
high Reynolds number flow regime). In detail, the flows which have low inertial
forces are inclined to changing of the dynamics of the separation points, the
transition to chaos, the sudden appearance of unsteadiness, and the form of stall
unlike the case for high Reynolds number flow (Selig et al., 1996; Counsil &
Boulama, 2013; McGranahan & Selig, 2012; Rossi et al., 2018; Yarusevych et al.,
2009). So, extra alertness is necessary to understand aerodynamic characteristics
and keep the benefits of FWMAVs while using them in previously mentioned

missions within different low Reynolds numbers.

As an example, Figure 1.6 demonstrates the interaction between the maximum
sectional lift-to-drag value and the Reynolds number change and explains the
efficiency declaration. The efficiency of conventional airfoils in terms of
aerodynamics quickly degrades when the Reynolds number lowers, and in that
scenario, even a straightforward flat plate outperforms them. Thus, it is clear that
decreasing an airfoil's Reynolds number results in a loss of efficiency with
reference to the C;/C,; value (McMasters & Henderson, 1980; Mueller, 1999).
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Figure 1.6. Airfoil's maximum sectional C;/C; vs. Re relation (McMasters &
Henderson, 1980; Mueller, 1999)

Low Reynolds number flows can exhibit vortex shedding patterns and the erratic
aerodynamic behavior of flapping wings under stable external conditions. Because
of this, quasi-steady techniques are frequently utilized to examine the flight modes
of flapping wings (Kurtulus, 2015; Kurtulus, 2016; Kurtulus, 2021; Kurtulus,
2022). The steady conditions for investigating the properties of the flapping wing
contribute to not only physical interpretation but also understanding of the vortex
formations and the unsteady aerodynamic behavior of the same wing (Jung & Park,
2005; Calis, 2021; Ansari et al., 2009; Jones et al., 1996; Kurtulus et al., 2004;
Kurtulus et al., 2005; Lua et al., 2007; Kurtulus et al, 2006a; Kurtulus et al., 2006b;
Ashrafi et al., 2012; Kurtulus et al., 2008; Lian et al., 2003). For instance, with
steady external conditions, the C;—o and C;- C,; relationships can be determined
through wind tunnel experiments or computational simulations, and they offer
useful details on the airfoil's non-dimensional aerodynamic coefficients. Using this
knowledge, the airfoil design can be optimized for a particular application, such as

a perching or flapping flight (Platzer et al., 2006).
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One of the essential elements is, as was already mentioned, understanding the
physics of flow separation for low Reynolds number flows. Some of the previous
works resulted that, both numerically and experimentally, airfoil performance is
closely associated with its boundary-layer properties. Schematic streamlines along
the airfoil surface are represented in Figure 1.7. Although it is constructed for a
moderate angle of attack, still gives important information about the Reynolds
number effect. Laminar flow experiences a considerable negative pressure gradient
towards the leading edge for Re=0(10°-10°% flow and a separation bubble is
visible. But after the first out-of-touch receives enough momentum from the
incoming external flow, it reattaches as a turbulent layer (Abbott & von Doenhoff,
1959). This layer tends to separate much less frequently and generally stays
attached until the trailing edge since it has gotten its energy from the incoming
flow. When an airfoil is subjected to a high incidence angle, beginning from the
trailing edge, the turbulent boundary layer splits. Winslow et al. (2018) stated that
it will result in decreasing lift and increasing drag (pressure drag). By migration of
the separation point in the direction of the leading edge of the airfoil due to the
higher incidence angles are introduced to system, the aerodynamic forces
dramatically change (i.e. sharp increase for drag and abrupt reduction for lift). The
term “stall” refers to this occurrence (i.e. trailing edge separation). It is generally

seen in airfoils which are thick and have rounded leading edges.

. Laminar

| Separation Turbulent
Bountary SED'"M on Bubhlel Boundary
layer l SLprralxun

Increasing AoA
e e

Laminar
Seaaranoq

a) 10,000 < Re < 50,000 b) 50,000 < Re < 100,000 ¢) Re > 500,000

Figure 1.7. Illustration emphasizing the properties of conventional airfoils that
separate at various Reynolds number regimes lower than 10° (Winslow et al., 2018)

For Re=0(5x10%-10°) flows, the turbulent layer and separation bubble both

increase in dimension. This naturally results from higher viscous forces and
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contribution to parasitic drag. Still, the layer can attach the surface again, because
gains enough momentum from the freestream. But, the reattachment location goes
relatively backward compared to the high Reynolds number. When there is a
greater incidence angle, reattachment takes place towards the trailing edge and
produces relatively big separation bubbles (Mueller & DeLaurier, 2003). Near the
stall, the flow starts to oscillate between complete separation and reattachment

which results in large variations in pitch moment.

If Re<5x10% without subjecting the system to a high incidence angle, the
separation point (laminar) extends to the trailing edge region. Since the flow has a
larger resistance to flow transition, this should not be shocking (i.e. higher stability
of the boundary layer) (Mueller & DeLaurier, 2003). And with the attack angle
widened, the separation point goes to the leading edge of airfoil like stated in
Figure 1.7, and develops a shear layer. Therefore, a smaller trailing edge separation
is caused by a lower Reynolds number for the same incidence angle, which lowers
the airfoil's aerodynamic efficiency (Tsuchiya et al.,, 2013). This is why
understanding the relationship between Reynolds number and flow separation is so

important in the design of aerodynamic devices.

1.1 Aim of the Research

Many publications exist in literature which explain symmetric and non—symmetric
airfoils at Re=0(10°-10%), but fewer exist on Re=0(10*-10°) flow regimes. In
addition to that, most of the ones who investigate Re=0(10%-10°) flows to focus on
the effect of a design parameter (e.g. airfoil profile, the shape of the trailing edge,
roughness over airfoil surface, etc.) on airfoil performance for fixed Reynolds
number instead of the effect of different Reynolds numbers. Moreover, the detailed
turbulence model comparison studies exist even less while comparing the different
low Reynolds number flows. So, the consistencies between not only numerical but

also the literature's findings from experiments, may arise due to the lack of these
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investigations. That’s why, understanding previous works and expending energy on

new research can indeed be valuable.

As mentioned, there exist many experimental tests in the literature that examine the
performance of airfoils under specific conditions, but these data points are often
isolated and do not provide a thorough comprehension of the behavior of the airfolil
concerning the Reynolds number effect. When it comes to fluid flow behavior and
aerodynamic performance, the Reynolds number is a crucial factor and it is crucial
to have a thorough understanding of how it affects airfoil performance. A single
data point from an experimental test, even if it is well-controlled, may not
accurately reflect the airfoil's behavior under a range of Reynolds numbers or other
conditions. To gain a thorough comprehension of airfoil performance, it is
important to consider a range of experimental data and numerical simulations that
cover a large variety of Reynolds numbers and other relevant parameters. This will
provide a more complete picture of the airfoil's behavior and its sensitivity to
changes in Reynolds number and other conditions (Winslow et al., 2018).

Although it is possible today to carry out numerous experiments to know the
aerodynamic properties of many lifting surfaces for different Reynolds number, the
tests would be prohibitively take time and cost more. However, Computational
Fluid Dynamics (CFD) simulations with recent technology enable the prediction of
aerodynamic characteristics of the airfoils for academia and industry. It is crucial to
note that, unless the most of literature works, the turbulence model selection is also
another key factor in modeling features of flows at Re<10°. Otherwise, the
experimental result differences which have been discussed previously, can not be
well-defined as seen in the literature. Since the experimental findings from Ohtake
et al. (2007) compared by Winslow et al. (2018), Krishnan and Ray (2022), Lan et
al. (2020), Bodavula et al. (2020), Bull et al. (2021), and Zhang et al. (2022), for
the validation of this work also mainly involves comparison with Ohtake et al.

(2007)’s experimental results.
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Finally, the major goal of this work is to provide a detailed CFD investigation of
the NACA 0012 airfoil in a specific Reynolds number domain (Re=4x10*-10%),
with an emphasis on how the choice of turbulence model affects the outcomes.
Consequently, the results of this study will help us understand the NACA 0012
airfoil's aerodynamic behavior in great detail. So, it will be useful for the design
and optimization of MAVSs, and other similar small-scale aerial vehicles for the

improvement of quasi—steady models used in flapping wings.

1.2 Outline

To understand the flow characteristics of the NACA 0012 airfoil in a systematic
manner, this report is divided into five main chapters, including this introduction.
Chapter 2 aims to offer a thorough insight to previous studies and their findings
related to the topic under investigation. It involves detailed analysis and synthesis
of existing literature, highlighting the key results, methodologies, and gaps in
knowledge. This review serves as a foundation for the subsequent methodology

chapter.

Chapter 3 outlines the numerical approach and techniques used in the study. This
includes the numerical methodology employed to simulate the flow, the selection
of turbulence models utilized for the investigation, and the grid refinement and
time refinement studies conducted. Additionally, a thorough comparison will be
made between the obtained results and the available literature data, focusing on

turbulence intensity, turbulence models, and other relevant parameters.

The main focus of the Chapter 4 is to present and analyze the detailed findings of
the study. This includes mean aerodynamic coefficients, pressure distributions, skin
friction coefficients, streamlines, Strouhal numbers, and wake patterns. The results
are reported for various Reynolds numbers between 40,000-100,000 and incidence

angles between 0°—20" with a 1° increment. The aim is to understand the flow
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characteristics within this range and identify any discrepancies compared to

previous research.

Finally, the Chapter 5 summarizes the discussions and findings from the entire
work. It provides insights into the observed discrepancies in previous results and
their implications. In addition to current study’s discussions and findings, possible

future works are also indicated at this chapter.
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CHAPTER 2

LITERATURE REVIEW

Due to their significance to a variety of applications in engineering, like airplanes
and wind turbines, low Re flows have attracted growing attention from researchers
in recent years. This particular work focuses on between Re=40,000-100,000,
which is a relatively low range compared to high-speed flows commonly studied in
the literature. Additionally, this work is distinctive in that it covers the post-stall
features of the flow up to 20° incidence angle in addition to the lower incidence
angle region. This is important because post-stall flows are often highly nonlinear
and difficult to model accurately, making them a significant challenge for many

engineering applications.

Ahuja and Rowley (2010) have shown the behavior of the flat plate between 0°-90°
angles of attack at Re=100 without any turbulence models. Khalid et al. (2017)
have discussed three airfoils which have 8%, 12%, and 16% thickness with
symmetric NACA profile for Re=1,000. More detailed studies for numerous angles
of attack at Re=1,000 are made by Kurtulus (2015, 2016) and the symmetric
airfoils’ wake structures have been split into various modes depending on the
incidence angle of the airfoils. These works are crucial for comprehending the
flow's unsteady features because wakes behind the airfoils and bluff bodies are
unstable at greater incidence angles even under steady external conditions
(Gopinath & Jameson, 2006).

The vortex evolution and shedding phenomena at the wake region of airfoils and
bluff bodies are investigated mainly in terms of pitching and plunging airfoils
because their applications are related to unsteady FWMAVs’ aerodynamics (Shyy
et al., 2013). Kurtulus et al. (2008) made numerical and experimental analyses like

particle image velocimetry (PIV) and laser sheet visualizations for clearing the
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topology of the unstable flapping motion's vortex at Re=1,000. Moreover, Kurtulus
(2018, 2019) investigated computationally both the instantaneous aerodynamic
forces and the vortex topologies of NACA 0012 symmetric airfoil at Re=1,000
with checking different pitching frequencies and mean angles of attack.
Gilinaydinoglu and Kurtulus also (2020) showed that a novel pressure
reconstruction method for PIV (Particle Image Velocimetry) results around NACA
0012 flapping airfoil for the same Reynolds number. Some works of them also

involve comparison between oscillatory and non—oscillatory motions.

Huang et al. (2001) also examined to an impulsively started NACA 0012 airfoil
suction side in terms of vortex shedding by using PIV and particle tracking flow
visualization (PTFV) methods. The work is concluded with complex multi-modes
denoted as types from A to E: They are attached, trailing—edge vortex, separation
vortex, leading—edge vortex, and bluff-body effect. After that, five alternative
modes for a classification of the observed wake formations by using two different
symmetric airfoils (NACA 0002 and NACA 0012) are offered (Kurtulus, 2016).
The results of the airfoils obtained between 0°-180" incidence angles, and different
modes are captured as related to the incidence angle. This classification is based on
the amplitude lift coefficient spectrum, the longitudinal/lateral spacing of the
vortices, and the vortex patterns. Thus, each mode has different aerodynamic

characteristics.

Naeem et al. (2023) expressed the 2% thick NACA 0002 symmetric airfoil’s wake
characteristics between 100-3,000 Reynolds number and found two new modes,
namely Mode 4i and Mode 4/3b. Mode 4i is the alternating single vortex with
vortex pair shedding mode and compared its aerodynamic characteristics with
Mode 4 and Mode 3. Mode 4/3b is another mode that shows the persistent time—
based bifurcations phenomenon. This phenomenon involves changing the flow

sporadically to Mode 3b from the dominant Mode 4.
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For relatively higher Reynolds numbers, the studies by Ohmi et al. (1990, 1991)
are conducted both numerically and experimentally to examine the vortex
formation on NACA 0012 airfoil and an ellipse. He investigated between Re=
1,500-10,000. Similarly, the literature also presents additional vortex features and a
comparison of aerodynamic performance at various Reynolds numbers. Here’s one,
Alam et al. (2010) studied the lift variation of the two-dimensional NACA 0012
profile between 0° and 90° incidence angles and Re=5.3x10°-5x10*, combined with
Strouhal number and a thorough flow structure close to the wake zone. In the
results, it revealed that the stall occurs in lower angle of attack for Re=1.05x10%,
that indicating a difference in aerodynamic characteristics of airfoils between the
ultra—low and relatively higher Reynolds numbers. In addition to that, he linked the

wake patterns with the lift variations which is also related to incidence angle.

Anyoji et al. (2014) performed that two-dimensional NACA 0012 and NACA 0002
profile comparison on Re=23x10°. Counsil and Boulama (2013) also showed
another performance comparison of airfoils from Re=4.8x10* to 2.5x10° below
than 8” angle of attack. Moreover, Selig et al. (1996) conducted experiments on 34
different airfoils within Re=60,000-300,000. However, all these works have not
focused on the high angles of attack characteristics, and produced limited

discussions.

For lower Reynolds number flows, there exist other old experiments on various
airfoils (Selig et al., 1989; Mueller & Batill, 1982). Both experiments stated that
Elmax increases for relatively higher Reynolds number. Moreover, the C;
importantly decreases when the flow experiences Re>10°. Selig et al. (1989) also
demonstrated the polar drag of approximately 60 sailplane-type airfoils, then
concluded that the results insensitive to change of Re when the flow is Re>10°.
However, for Re<10°, the drag polar curve has nonlinear relation for different
Reynolds numbers. Thus, both investigations demonstrated that the shape and

range of Reynolds number had a significant impact on airfoil performance.
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Moreover, Schmitz (1967) made other experiments on three geometries, which are
a thin flat plate, a cambered plate, and an N60 airfoil (12.4% t/c, %4 camber) in
between Re=2x10*-2x10°. He concluded that the flow is more likely to separate
and that thin plates perform better below Re=10°. After the 1980s, the works in
literature that are mentioned until now, and many others, conducted numerous
experiments and simulations. However, the data sets which are mostly below than
Re=10° involve uncertainties and discrepancies (Winslow et al., 2018). For
instance, E387 airfoil at Re=6x10* results vary by 28-68% between different
experimental measurements (Lyon, 1997). However, at Re=2x10° the drag
coefficient difference converges to a 13% error at the work of Lyon (1997), which
is an acceptable margin (Winslow et al., 2018). This contradictoriness results from
measurement methods such as load measurement or wake—momentum deficit
(Selig et al., 1996) which have inadequate sensitivity (Laitone, 1997), and

turbulence levels of the wind tunnel (McAurthur, 2008).

Although the experimental methodology and measurement tools have been
developed last 20 years, the uncertainties for Re<10° continue due to its natural
physics which has been introduced previously. For instance, Zakaria et al. (2018)
show that the experimental results have nearly 40% errors concerning C; around 15
incidence angle around Re=80,000 concerning the outcomes of Ohtake (Ohtake et
al., 2007). Also, Zhang et al. (2022) compared their experimental results with Tan
et al. (2021), Bull et al. (2021), and Ohtake et al. (2007) at Re=100,000. The
differences between the experiments are clearly illustrated in terms of C,. For
instance, the stall angle is found as 12° by Tan et al. (2021) with C_lmax value is
almost 0.9872. However, Bull et al. (2021) found a stall angle of around 10° and
the C, difference is diverging almost 35% as the angle of attack is above 13",

Moreover, the work of Zhang et al. (2022) has totally a lack of information about

the C,.
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CHAPTER 3

METHODOLOGY

The performance and design optimization of airplanes and spacecraft are heavily
reliant on aerodynamics. The mathematical models used in aerodynamics are used
to determine the behavior of air as it flows over the surface of an aircraft or
spacecraft, taking into account various factors like pressure, velocity, turbulence,

and temperature.

Both the boundary layer equations and the Navier-Stokes equations are two of the
most often used mathematical models in aerodynamics. The motion of the fluid is
explained by the Navier-Stokes equations by using the main physical parameters
such as velocity, pressure, and temperature. Meanwhile, the thin layer of fluid
extremely near an object's surface that is affected by the surface's presence is
known as the boundary layer in physical terms, and its modeling properly is highly
important to capture all flow properties.
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3.1  Numerical Methodology

When combined with knowledge about the features of flow turbulence, the
Reynolds-averaged Navier Stokes (RANS) equations are formulated for time-
averaged fluid flow that may be used with approximate time-averaged Navier-
Stokes equation solutions (Medina et al., 2014).

The equation below states that the mean velocity #; and fluctuation velocity u';
make up the total velocity u; (Aftab et al., 2016).

u; =u; + u'i (1)

The conservation of mass and momentum are represented by the equations below,

respectively:
ap a _
e+ o5 (Pu) = 0 2)
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These two equations are known as RANS equations (Batchelor, 2002; Saniei &
Mani, 2014; Versteeg & Malalasekera, 2007) in Cartesian tensor form. Reynolds
stress term is on the second equation’s right side (R;; or —pTu’j) and needs to be
modeled. The Reynolds stress and mean velocity are related according to the
Boussinesq theory (Saniei, 2009; Schmitt, 2007) as follows:

T du; | Ouj 2 9
Rij=_puiuj=#t(%+_]_)_§(pk+uta_z:)5ij 4)

Where u is the molecular viscosity, k represents the kinetic energy of the
turbulence (the total of the diagonal Reynolds stress tensor components) and wu;
indicates the eddy viscosity, and &;; is the Kronecker delta (Mousavi et al., 2017).
There have been developed new and more reliable turbulence models throughout
the history of the aerospace industry in an effort to more accurately depict the

properties of fluids.
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Each of these turbulence models has its own advantages and disadvantages to be
used for the particular flow conditions and the desired level of accuracy. For
example, the computationally efficient Spalart-Allmaras (SA) turbulence model
models turbulence using just one equation and widely used for industrial
applications. In contrast, the SST k-w and k—kl-w are two and three equations
turbulence models that provide improved accuracy for flows with strong turbulence
anisotropy. On the other hand, the Transition (y~—Ree) SST turbulence model is a
combined turbulence model that uses the advantages of not only RANS
methodology but also the large—eddy simulation (LES) methods, and it is usually

used to study complex flows with many different turbulence scales.

In conclusion, turbulence models are essential for forecasting the behavior of low
Reynolds number flows. A particular condition determines the choosing of a
turbulence model and the level of precision needed. For selecting the proper
turbulence model: Spalart-Allmaras, SST k-w, k—kl-® and Transition (y—Reg) SST

turbulence models are investigated in the chapters that follow.
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311 Spalart-Allmaras turbulence model

Although the single equation that forms the basis of the Spalart-Allmaras (SA)
turbulence model, it is reliable and useful in simulating the external flow over an
airfoil with unfavorable boundary layer pressure gradients (Spalart & Allmaras,
1992; Versteeg & Malalasekera, 2007).

SA turbulence model can be effective for cases which have a low Reynolds
number, but the grid resolution should be super fine with non—dimensional distance
perpendicular to the airfoil surface, y*<1 (Fluent, 2015; 2016).

3.1.2 SST k- turbulence model

SST k—w turbulence model bases on a mixture of the Wilcox k—w and the standard
k—e model (Menter, 1994). By inserting e=kw, the conventional k—e becomes k—w
(Versteeg & Malalasekera, 2007). With the freestream independence of the k—¢
model in the distant field, it offers robust solutions in the wall region (Ren & Ou,
2009). This two equations based turbulence model provides more accurate results
compared to the regular k- model (Aftab et al., 2016).

3.1.3 K—kl-m turbulence Model

A turbulence model called k—kl-w is created for transitional flows (Walters &
Cokljat, 2008). The prediction of the transition onset characteristics are advanced.
This turbulence model is based on three equations for modelling turbulent

viscosity.
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3.14 Transition-SST turbulence model

Transition (y—Reg) SST turbulence model is also mainly designed for transitional
flows. Basically, this model has an union of SST k- and intermittency y (the time
fraction at a specific location where the flow is turbulent (Fowler & Howell,
2003)), and transition onset Reynolds number equations. The onset of intermittency

happens at the critical Reynolds number, i.e. Ree, (Langtry & Menter, 2009).

So, this model involves four equations and two of them are analogous to SST k-w.
The last two equations are related to intermittency and transition onset momentum

thickness Reynolds number, Reg, (Menter et al., 2006).

For determining the transition behavior, the mesh shall be modeled as y"<1 (Hau &
von Reynouard, 2006; Mendez et al., 2017). Otherwise, the viscous sub—layer may

not be modeled properly.

3.2  Simulation Setup and Grid Geometry

In this work, the simulations are carried out via a commercial CFD tool, ANSYS
Fluent (v.18.1), which uses the finite-volume approach at the background. Also, the
semi-implicit technique (SIMPLE) approach is used for pressure-linked equations
where SIMPLE stands for Semi—Implicit Method for Pressure Linked Equations.
This method is appropriate for unsteady aerodynamic analysis according to Fertizer
et al. (2020). In essence, the SIMPLE approach resolves the momentum equation to
obtain a steady-state solution for the velocity field. This algorithm basically
updates the velocity field at each iteration, and it converges to a final solution up to
the change in the velocity field between sequential solutions is small enough. To
discover a time-dependent solution for the fluid flow, it is utilized to iteratively

update not only the pressure fields but also the velocity fields at each time step.
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Explicit methods are methods in which the solution is fed by known variables from
the previous time step. The solution is advanced by using only the known variables
and no unknown variables are kept in the calculation. Implicit methods, on the
other hand, keep some variables unknown while the solution marches on. However,
implicit methods are typically more computationally expensive than explicit
methods. As befits the name, the depicted procedure in the above paragraph
represents the semi—implicit methodology. While the velocity component is
explicitly addressed, the momentum equation is implicitly solved as a pressure
correction equation. This semi—implicit method provides a balance between
computational efficiency and solution accuracy, and it is used frequently in
computational fluid dynamics simulations. In addition to that, throughout the
simulations, the spatial and time solutions are accurate as second order in terms of
both space and time which means that the solution is accurate and well-resolved,
even in complex fluid flow problems with adverse pressure gradients and boundary

layer separation.

As a turbulence model Transition (y—Ree) SST is used (Aftab et al., 2016). The
simulations are performed with this model and the results are compared from 0° to
20° angles of attack with 1 increment. For unsteady aerodynamic coefficients, the
time—averaged values are kept between [8s 10s]. The inlet pressure is taken as sea
level (101,325 Pa) and the temperature condition is taken as 288.15 K (15°C). Also,
the convergence threshold is set at in order to ensure accuracy as 1x10°° (Agrawal
et al., 2020). Lastly, the characteristic length is taken as 0.07c (Versteeg &
Malalasekera, 2007).

The unsteady aerodynamic analysis results do not depend on only the solution
setup, but also the chosen grid topology and geometrical properties. So, the grid
topology and geometrical properties must be optimized and assimilated. The airfoil
is chosen as a symmetric NACA 4-digit, NACA 0012, airfoil for this particular

work.

26



NACA-4 digit thickness distribution of airfoils can be found as follows (Abbott &
von Doenhoff, 1959):

Y = +-2£.(0.2969.Vx — 0.1260.x — 0.3516.x2 + 0.2843.x3 — 0.1015.x%) (5)

t
0.2

where X € [0 1]

For NACA-4 digit airfoils, the last two digits directly give this ratio. Specifically,
NACA 0012 represents 12% maximum thickness relative to chord length. In
addition to that, the first digit indicates the maximum camber as %chord and the
second one indicates the chord's tenths of the greatest camber from the leading
edge (Ozdemir & Barlas, 2021).

Moreover, the airfoil grid topology for analysis is constructed in commercial
software, Pointwise. The airfoil's chord length is 0.1m, and to minimize numerical

inaccuracies, this size is multiplied by 100 in the Pointwise tool.

The formulization of non—dimensional aerodynamic coefficients and general

information of the solution setup as follows:

Re = % (6)
= %p:;éc )
Ca= %pjl’léc ®)
Gt ©)

The numerical simulation's parameters are enumerated in Table 3.1. The airfoil
analysis is conducted between Re=[40,000-100,000] with 10,000 increments.
Moreover, the angle of attack value is changed between a=[0—20"] with a 1°
increment. The airfoil is rotated in a clockwise direction around a fixed point,
0.25c¢, to increase the angle of attack. For each configuration inner grid region is
reconstituted so that the wake region keeps constant.
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Table 3.1. Parameters of the Numerical Simulation

Turbulence model Transition (~Ree) SST
Reynolds number range [40,000-100,000] with 10,000 increment
Uw,Velocity range (m/s) [5.86-14.65]

Angles of attack (°) [0°-20°] with 1 degree increment

Turbulence intensity 3%
Characteristic length 0.07c
Temperature (K) 288.15
Pressure (Pa) 101,325
Density (kg/m?3) 1.225
Dynamic viscosity (Pa.s) 1.789x10°

The geometrical representation that limits the numerical simulation is known as the
computational domain (Narsipur et al., 2012). In this work, except for the
structured boundary layer grid topology, the computational domain has two main
sub—domains: inner and outer. The grid for the inner domain is made up of a 1.5¢
wide rectangular area at the downstream and a 3c diameter half-circle zone with its

center at the c/4 position of the airfoil upstream.

By and large, grids can be classed as structured, unstructured, or hybrid depending
on how the grids are connected (Lu et al., 2021), and the choice of the grid type has
a considerable effect on simulation results (Liseikin, 2009). According to Aftosmis
et al. (1995), unstructured topologies are 50 times more expensive than structured
quadrilateral grids with nearly the same precision. On the other hand, unstructured
grids have advantages over structured ones in terms of being more suitable for

complex geometries and having less solution time.

That’s why, hybrid grids have been seen as a compromise between structured and
unstructured grids for taking advantage of the strengths of both types of grids.
Meanwhile the unstructured portion of the domain allows for greater flexibility in
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grid refinement and faster generation times, the boundary layer and wake regions
are captured by structured grids that result in higher fidelity as the results of flow

physics.

’—» Pressureoutlet €—

Velocityinlet
—_—

12 noainssald

D 7
AT ST AVA T AW (
:r:z‘é\%&ﬁé!ﬂﬁﬂv
BOKISKUANS
VJ‘VAVAVAD"A‘
st WAVAVAS
A
'»ﬁuﬁaiéu
A

V4
D

Pay,
TAVAY

o

AKX
R
N N/

J

SATA
A

PAY)
NJ

Bav YA i, (
VAR IATAT X TAT) A ar s VAN

-~
ALY, AL, X AVAYAV
A L AR

Figure 3.1. Grid topology

Moreover, the outer zone of this work is constructed as a rectangular section
downstream of the airfoil with a length of 15c¢ and a 15-c-diameter C-type
structured grid.
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As boundary conditions, the front semi-circle side of the outer domain held
velocity inlet meanwhile the above, below and right sides of the outer domain held
pressure outlet as indicated in Figure 3.1. Also, the airfoil profile must meet the no-
slip criteria since it serves as a "wall" boundary condition. The no-slip criterion
stipulates that the fluid velocity at all fluid-solid barriers must be the same as the
solid boundary (Day, 1990). For viscous flows, it means that at a solid boundary (in
this case, it is an airfoil surface), the fluid will have no velocity concerning the
boundary. Since the solution is prescribed at a given particular location, this is an

example of a Dirichlet boundary condition.
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3.3 Grid and Time Refinement Studies

A numerical solution becomes more precise with grid refinement, so models the
physical problem in an optimized way. Using the additional grids result in increase
in computing time and memory (Khchine & Sriti, 2017). That’s why, the trade—off
work should be made about the grid structure and the aim should be getting
sufficient fine results so that further refinement does not change the result

excessively.

For this work, the grid and time refinement studies are conducted at 10 and 20°
incidence angles at the greatest Reynolds number examined in this research
(Re=100,000). The angles of attack are chosen to be 10° at the linear region's end of
the C; vs o curve and 20° at the maximum degree investigated by Winslow et al.
(2018). Four different mesh domains are created in order to obtain accurate results
with less computational time. They are called: Coarse, Medium 1, Medium 2, and
Fine grids. When the node count is established, it is observed whether the results
dramatically alter if the number of nodes changes (Eleni et al., 2012). Moreover,
the grid refinement is conducted with a constant growth rate of 1.1 (Yousefi et al.,
2014), and the number of boundary layer grides is varied by 20, 25, 25, and 30,
respectively for each grid. Lastly, the aerodynamic coefficients are averaged
between [8s 10s] which is equivalent to a non-dimensional time, t*=tU./c=[1172
1465]. With the getting of aerodynamic results after t*=1172, the initial impulsive
start effects have not been taken into account and only steady/quasi—periodic

solutions are concerned.

_ tUo

tr = (10)

The mean aerodynamic coefficients refer to the time—averaged type of coefficients

and are denoted by a bar sign (7). For instance, the instantaneous lift coefficient is

shown by C; , but the time—averaged mean lift coefficient is shown by C;.
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Another important parameter for grid structure is that y*. The y* parameter
describes how much of a cell's impacts are turbulent compared to laminar, which
indicates a non-dimensional distance perpendicular to the airfoil surface (Salim &
Cheah, 2009). Viscous damping effects lessen the tangential velocity oscillations if
one tries to bring the solution extremely close to the wall. The significant
disparities in mean velocity cause the turbulence to quickly intensify as it moves
away from the near-wall and towards the outer domain. While for wall function
problems y*~30 is suitable, the most desirable value for near—wall modeling is y*
<1 (Gerasimov, 2006).

This y* can be achieved by using the following formulations:

yt = (11)
= - (12)
Tw = 2 PwCrUS (13)
Cr = [2log(Re) — 0.65] 723 (14)

where friction veloicty is denoted by u., and wall shear stress is denoted by t,,.
Although there exists a lot of formulations for the skin friction coefficient, Cy, the

above one is used from Schlichting et al. (1979).

In conclusion, the NACAO0012 airfoil analysis is conducted with 0.001%c first
layer height (Winslow et al., 2018). In-depth discussion of the grid refinement
study and associated aerodynamic findings will be provided in the following
chapters.
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3.31 Grid refinement results

Despite the fact that there are some articles on the NACA 0012 airfoil for different

Reynolds numbers, this effort seeks to refine the initial grid and time on its own

before comparing the outcomes to numerical and experimental values in the

literature. For this purpose, the grid refinement is conducted at specific incidence
angles, namely 10° and 20" for Re=100,000.

Table 3.2. Grid Configurations

Coarse | Mediuml | Medium2 | Fine grid
Nodes around the airfoil 3,000 4,000 4,000 5,000
Total number of elements 206,012 | 301,102 302,114 | 401,053
First cell height above the airfoil | 0.006%c | 0.004%c | 0.001%c | 0.001%c
Number of layers inside the 20 25 25 30
boundary layer
The growth rate 1.1 1.1 1.1 1.1

The grid refinement is conducted with a constant growth rate of 1.1 (Yousefi et al.,

2014). With keeping the growth rate is same; different grid numbers/node numbers

around the airfoil surface, first cell sizes, and boundary layer thickness are

compared. Thus, the results of mean aerodynamic coefficients are compared as in

the following tables.

Table 3.3. Grid Refinement Results at a=10" for Re=100,000

Angle of Attack (a) = 10° Error (%) of 0. = 10°
G Ca Ci/Cq ) Ca C1/Ca
Coarse 0.8381 0.041995 19.9571 1.0124 | 2.6947 | 3.8124
Medium 1 0.8364 0.042604 19.6324 | 0.8075 | 1.2836 | 2.1234
Medium 2 0.8300 0.043094 19.2611 0.0362 | 0.1483 | 0.1919
Fine 0.8297 0.043158 19.2242 - - -
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The reference results are taken from the fine grid, then relatively percentage errors
are calculated for other grides. URANS (Unsteady Reynolds—averaged Navier
Stokes) solutions are tabulated by using time—step, At=0.003s. This time—step value
results from another detailed time—step refinement study which will be discussed in
the following chapter. In short, as shown in Table 3.3., the error numbers
frequently decrease at 10° angle of attack for denser grid types. This outcome was
predicted because with a smaller first layer thickness and a higher total number of
elements, the boundary layer flow characteristic converges to a hypothetically real
physical solution. Numerically, at 10" angle of attack, the Coarse grid has 2.6947%
error in C; and Medium 1 has 0.8075% and 1.2836% errors for C; and Cy,
respectively. The error in C,; decreases higher than 50% which is important to
capture flow fields properly. Moreover, the error values are also dramatically
decreased to 0.0362% and 0.1483% by using Medium 2. That’s why, it is proper to
use Medium 2 instead of Medium 1, and it is easily shown that the Fine grid is
unnecessary. Because similar results can be achieved with lower computational

time cost with Medium 2.

Figure 3.2 illustrates how different grid topologies converge to aerodynamic
coefficients as C; and C; at 10° incidence angle. The convergence is successfully
achieved for each grid topology, and the differences between them are also
revealed by looking first steps of solutions. Coarse and Medium 1 grides (blue and
green lines) show a small bias according to Medium 2 and Fine grids. So, the mean
aerodynamic coefficient errors and time history of each configuration are
consistent. Thus, the selected grid topology is Medium 2 by looking at 10
incidence angle for Re=100,000.
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Figure 3.2. Instantaneous aerodynamic coefficients vs. t* (grid refinement study) at
0=10" for Re=100,000: a) lift coefficient in the time inverval of t"=[0s 50s], b) drag
coefficient in the time inverval of t"'=[0s 50s], c) lift coefficient in the time inverval
of t"=[0s 1465s], d) drag coefficient in the time inverval of t"=[0s 1465s]
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Figure 3.3. Mean aerodynamic coefficients vs. t* (grid refinement study) at a=10
for Re=100,000: a) lift coefficient, b) drag coefficient

Table 3.4. Grid Refinement Results at a=20" for Re=100,000

Angle of Attack (a) = 20° Error (%) of a = 20°

G C4 Ci/Cy C C4 C,/Cy

Coarse 0.7451 0.31580 2.3593 1.3328 | 1.5859 | 0.2477

Medium 1 0.7434 0.31591 2.3532 1.1016 | 1.6213 | 0.5099

Medium 2 0.7432 0.31375 2.3688 1.0744 | 0.9264 | 0.1522

Fine 0.7353 0.31087 2.3652 - - -

Similar trends with different magnitudes on mean aerodynamic coefficient errors
are also valid for 20" angle of attack. The error magnitudes are closer when
comparing incidence angles of 20” versus 10°, though. The inaccuracy of C, for
Medium 2 is still approximately half that of Medium 1, which is primarily due to
the variation in first cell height. Although 0.004%c (Medium 1 first layer height)
satisfies the y*<I, the first layer value from Winslow et al. (2018) gives more

accurate results.
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Figure 3.4. Instantaneous aerodynamic coefficients vs. t* (grid refinement study) at
0=20" for Re=100,000: a) lift coefficient in the time inverval of t"=[1405s 1465s],
b) drag coefficient in the time inverval of t"=[1405s 1465s], c) lift coefficient in the
time inverval of t'=[0s 1465s], d) drag coefficient in the time inverval of t"=[0s

1465s]
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Figure 3.5. Mean aerodynamic coefficients vs. t* (grid refinement study) at a=20
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Figure 3.6. Mean pressure distributions around NACA 0012 with different grids
for Re=100,000: a) 0=10", b) a=20"

The general differences between Medium 2 and Fine Grid are around 1%, so it is
again proper to use Medium 2 instead of Fine grid by investigating 20" angle of
attack in terms of computational time-saving. To sum up, Medium 1 and
Medium 2 have almost the same grid numbers with different configurations. It
means that computational time for both grid topologies will be similar, but the
both errors of C, and C, for 10° and C, value for 20" are dramatically decreased

by using Medium 2 configuration.
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Additionally, adding more elements (Fine grid) does not significantly alter the
acrodynamic coefficients. That’s why, Medium 2 is the most suitable one among

the existing grid configurations.

3.3.2 Time refinement results

To determine the optimized time step, five different time steps are used with
Medium 2 grid topology. In the first stage, although computational time is the

highest the lowest time step (i.e. At=0.0025s) is assumed as the reference one.

Table 3.5. Time Refinement Results at a=10" for Re=100,000

Angle of Attack (o) = 10° Error (%) of a = 10°

G Cq C/Cy G C4 C,/Cy

At=0.02s 0.8396 | 0.043058 | 19.4993 | 1.1444 | 0.0905 | 1.2363

At=0.01s 0.8399 | 0.043114 | 19.4809 | 1.1805 | 0.0394 | 1.1406

At=0.005s 0.8349 | 0.043092 | 19.3765 | 0.5782 | 0.0116 | 0.5897

At=0.003s 0.8300 | 0.043094 | 19.2611 | 0.0120 | 0.0069 | 0.0005

At=0.0025s | 0.8301 | 0.043097 | 19.2612 — - -

Figure 3.7 represents how the behavior of aerodynamic coefficients changes with
time for different time steps. Although the all time steps are converging around
t*=500, their initial response of them is also examined. As seen in Figure 3.7
At=0.02s (blue line) converges worst than the others in the first phase of
simulation. Moreover, lowering time steps results in better convergence
characteristics for all time steps, and the simulations converge faster to their unique
steady values. It is an expected result, but computational time is also needed to be
considered for optimization. That’s why, the mean values are investigated for two

angles of attack (10" and 20") briefly.
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Figure 3.7. Instantaneous aerodynamic coefficients vs. t* (time refinement study) at
a=10° for Re=100,000: a) lift coefficient in the time inverval of t*=[0s 200s], b)
drag coefficient in the time inverval of t*=[0s 200s], c) lift coefficient in the time
inverval of t*=[0s 1465s], d) drag coefficient in the time inverval of t*=[0s 1465s]
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As seen in Table 3.5 in the first stage, because the unstable effects are not
introduced at the relatively lower incidence angles, the mean drag coefficients do
not change appreciably with different time steps at 10” angle of attack. And, there
exists a non—linear trend between the aerodynamic coefficients. It means that one
can not directly say that the lower time step converges to the reference value in
“magnitude”, but the error value shows converging characteristics with the lower

time step as expected.
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Figure 3.8. Mean aerodynamic coefficients vs. t* (time refinement study) at a=10"
for Re=100,000: a) lift coefficient, b) drag coefficient

In addition, the C, value has already converged under a 0.1% error with t=0.02s,
and its absolute value is quite small numerically, thus the numerical errors listed in
Table 3.5 are not confusing. At 20° angle of attack, the time—step has proportional
relation for C; both magnitude and error as shown in Table 3.6. However, C; shows
unexpected behaviour for 20° angle of attack. Decreasing the time step gives more
error up to At=0.003s relatively At=0.0025s. In addition to that, the error
magnitudes of mean aerodynamic coefficients are higher than 12% and 15% for C;
and C, respectively. In order to clarify this situation, in this section a literature
comparison (Table 3.7) which is referenced by experimental results is also added.
Although the numerical solutions of Winslow et al. (2018) with TURNS2D
(Transonic Unsteady Rotor Navier—Stokes 2D) converge better (6.7137% error) for
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C, than this work with At=0.003s (9.4243% error), there exists a huge difference in
C, between the results of At=0.003s and TURNS2D. This work with At=0.003s

converges better than TURNS2D with almost 6 times lesser error.

Moreover, according to experimental data from Ohtake et al. (2007), which are
displayed in Table 3.7, At=0.003s offers a smaller inaccuracy than At=0.005s.
However, the At=0.0025s time—step clearly gives out—of-tolerance results for both
C, and C,. That’s why, the At=0.003s time-step is preferred instead of At=0.005s
and At=0.0025s.
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Figure 3.9. Instantaneous aerodynamic coefficients vs. t* (time refinement study) at
0=20" for Re=100,000: a) lift coefficient in the time inverval of t"=[0s 1465s], b)
drag coefficient in the time inverval of t'=[0s 1465s], c) lift coefficient in the time
inverval of t"=[1405s 1465s], d) drag coefficient in the time inverval of t"=[1405s
1465s]
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Figure 3.10. Mean aerodynamic coefficients vs. t* (time refinement study) at a=20"
for Re=100,000: a) lift coefficient, b) drag coefficient
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Figure 3.11. Mean pressure distributions around NACA 0012 with different time
steps for Re=100,000: a) 0=10", b) 0=20"
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Table 3.6. Time Refinement Results at a=20" for Re=100,000

Angle of Attack (a) = 20° Error (%) of a = 20°
C, Cy C,/Cy C, Cy C,/Cy
At=0.02s 0.7889 | 0.29126 | 2.7085 | 12.1296 | 21.3299 11.6948
At=0.01s 0.7714 | 0.29483 | 2.6165 | 14.0766 | 20.3657 7.8974
At=0.005s 0.7614 | 0.29939 | 2.5443 | 15.1548 | 19.1340 4.9207
At=0.003s 0.7432 | 0.31375 | 2.3688 | 17.2187 | 15.2554 2.3095
At=0.0025s | 0.8978 | 0.37023 | 2.4248 — — -

Until now there exists necessary information for selecting At=0.003s time step.

The At=0.0025s or lesser time steps are not considered in this situation. Because

below than At=0.003s time step, the mean aerodynamic coefficients diverge from

the experimental results. In other words, the time step and error of mean

aerodynamic coefficients behave like parabolic characteristics and At=0.003s looks

local maximum point.

Table 3.7. Time Step Comparison Results with Literature Data at o=20" for

Re=100,000
Angle of Attack (a) = 20° Error (%) of a = 20°
C, Cy C,/Cy C, Cy C,/Cy
At=0.005s 0.7614 | 0.29939 | 2.5443 | 12.1525 | 4.1338 | 16.9888
At=0.003s 0.7432 | 0.31375 | 2.3688 | 9.4228 | 0.4642 | 8.9186
At=0.0025s 0.8978 | 0.37023 | 2.4248 | 32.1849 | 18.5494 | 11.5019
TURNS2D
) 0.7248 | 0.3005 | 2.4119 | 6.7137 | 2.5392 | 7.5169
(Winslow et al., 2018)
EXPERIMENTAL
0.6792 | 0.3123 | 2.1748 - - —
(Ohtake et al., 2007)
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Figure 3.12. Mean aerodynamic coefficients vs. a for detailed time step comparison
for Re=100,000: a) lift coefficient, b) drag coefficient

Still, the detail time-step and angle of attack sweep studies are conducted to ensure
for selection the correct time step, because the correct time step is one of the major
parameters to get better solutions for unsteady aerodynamic simulations.

Figure 3.12 shows how different time steps change the mean aerodynamic
coefficients in the post-stall region as detailed version. With changing the time
step, solutions are not almost changed up to 14° angle of attack. This shows that
time step selection becomes more important for unsteady/unattached flows than
relatively lower angles of attack. For At=0.001s, the slope of mean aerodynamic
coefficients and angles of attack starts to increase just after 14°, and is clearly
divergent with increasing angles of attack. For At=0.0025s, this pattern is similar,

but the slope changes after an angle of attack of 18°.
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3.4  Turbulence Intensity Selection

Another measure for aerodynamic study is turbulence intensity (Tu), which
expresses the proportion of the intensity of velocity variations (root-mean-square)
to mean freestream velocity. High-performance wind tunnels can achieve very low
turbulence levels, usually under 1%; for general wind tunnels and low-speed flow
typical values are between 2% and 7%; for high-speed flow inside of complex
geometries such that exchangers and rotating types of machinery, typical values
between 10% and 20%.

Moreover, since the flow is unstable for rotating types of machinery and external
high incidence angles flow over an airfoil, the turbulence intensity changes
continuously (Wang et al., 2011). Also, for airfoils at Re=10%-10°, increasing T,
may enhance their dynamic performance of them (Hoffman, 1991; Mish et al.,
2001; Gilling et al., 2009; Mckeough et al., 1980). Moreoever, for very low Re
flows stall and separation bubbles may disappear by increasing turbulence intensity
(Huang & Lin, 1995), which are not the scope of this work. However, it is obvious
that for predicting airfoil performance in detail, the turbulence intensity effect also
needs to be well-defined. For the turbulence intensity calculation the following
formula may be used. In this formula, U,, means the freestream velocity, the u’ and

v’ stand in for the fluctuating velocities in x and y directions, respectively.

vurz4vr?

Uo

Tu =

(15)
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Figure 3.13. Turbulence intensity effect on mean acrodynamic coefficients vs. a for
Re=100,000: a) lift coefficient, b) drag coefficient

Although the solutions of this effort converge to experimental findings of Ohtake et
al. (2007) better than previous numerical study of Winslow et al. (2018) in terms of
mean aerodynamic coefficients, it is important to understand how turbulence
instensity changes the characteristics. Angle of attack sweep study is conducted for
fixed Reynolds number (Re=100,000) between 10" and 20° angles of attack. There
is no huge differences for C; as presented in Figure 3.13(b), but turbulence
intensity lower than 3% results show more divergence characteristics from Ohtake
et al. (2007) in terms of C,.
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3.5  Comparison of Turbulence Models

As explained previously, choosing the right turbulence model is another crucial
step to effectively represent the flow. For the turbulence models, the accuracy-
versus-computational-time trade-off is particularly important, because the different
turbulence models which are described previously directly use different
mathematical approaches to capture real flow physics. With the increase in
equations of turbulence modeling, the solutions are converging to real values
better. But, even at each iteration one needs to solve more equations/unknowns, so
computational time becomes longer for each iteration. That’s why, the most of
literature work is also conducted with Spallart Allmaras or k—w SST turbulence

models rather than Transition—SST turbulence model.

For this work, the turbulence model selection is not just conducted at specific
angles of attack as in grid and time refinement study, because it may mislead for
stall and post—stall characteristics. That’s why, unsteady simulations are conducted
between [0° 20°] angles of attack with 1° increment at Re=4x10* and 1x10°. These

Reynolds numbers are selected because this work covers Re=4x10*-1x10°.

Re=4.8x10%-2.5x10° regimes for NACA 0012 and SD 7003 airfoils with k—kl—w, k-
o SST, and Transition-SST turbulence models were covered by Counsil and
Boulama (2012, 2013) and Genc et al. (2008). Moreover, Genc et al. (2008) used
the k—kl-e and Transition-SST turbulence models at Re=2x10° for NACA 2415
and investigated the leading edge slat mechanism effect, the solutions were
compared with previous experimental results then it is validated that k—kl-o model
also can predict accurately lift slope and stall characteristics. On the other hand, the
the lift slope prediction capability of the k—w SST turbulence model is lacking.
Although Counsil and Boulama (2012, 2013) showed the solutions until 8°, Genc et
al. (2008) made his analyses until the 20° angle of attack.

On the other hand, Winslow et al. (2018) used Spallart—Allmaras turbulence model
in his TURNS2D tool and compared the outcomes of Ohtake et al. (2007). The

49



solutions for different airfoils show sufficient similarity with experimental results
between Re=10*-10°. Without a large-Edddy or a detached Eddy simulation, the

results of Winslow et al. (2018) stayed limited for near stall conditions.

In short, there exist some publications about the validity of different turbulence
models, their effects on airfoil/wing performance, or how they successfully capture
the transition mechanism. Some of them are discussed in previous chapters of this
work in detail, however, there is still a need of analysing different turbulence
models for this particular work. Unsteady aerodynamics analysis results directly
depend on input parameters, and non—existence work which has exactly the same
simulation inputs as this work in literature, so it is better to investigate each
turbulence model. According to the error in magnitude and trend of mean
aerodynamic coefficients, the proper turbulence model is selected and detailed

solutions will be discussed using it.

0.4

—6—SA
SST k-w
——k-kl-w
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Figure 3.14. Mean aerodynamic coefficients vs. o for turbulence model comparison
for Re=100,000: a) lift coefficient, b) drag coefficient
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Figure 3.15. Mean aerodynamic coefficients vs. o for turbulence model comparison
for Re=40,000: a) lift coefficient, b) drag coefficient

For both Reynolds numbers, the turbulence models showed mostly common
features. Likewise, Carmichael (1981) and Choudhry et al. (2015) mentioned, lift
and drag are well approximated by SA turbulence model, but flow physics are not.
The Cp distributions also show differences between other turbulence models for
not only leading—edge portion of airfoil surface but also clearly full suction part
distribution. The discrepancies also grow as the incidence angle and Reynolds
number are reduced. Additionally, in the quasi-linear C; vs o region, although the
SA turbulence model gives a better approximation than TURNS2D still
underestimates lift to a 6° angle of attack. The term "quasi" is used because, in
contrast to the high Reynolds numbers, the lower Reynolds numbers also entail the
separation bubble on the airfoil’s top surface at lower incidence angles (even below
8"). Therefore, the transition point on the airfoil surface is altered as a separation
bubble goes up between the trailing edge and the leading edge, and this naturally
affects the mean aerodynamic coefficient value.

51



-0.7 5 ;
05! 47 SST k-w
: 3l ——k-kl-w ]
—Transition (y-Re ) SST
0.3} 2l e |
) )
0.1} A7
0 L
At
0 1!
0.3 : 2 ‘ ‘ ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
x/c x/c
(a) (b)
2 -2
15" 1 1.5+
1 1
R
0.5} 1 -0.5 |
o) )
0 0l
0.5 1 0.5
1 1!
1.5+ : - - - - 15 . . i 1 i
0 02 04 06 038 1 0 02 04 06 038 1
xlc xlc
(c) (d)

Figure 3.16. Mean pressure distributions around NACA 0012 with different
turbulence models for Re=40,000 and Re=100,000: a) a=10" and Re=40,000, b)
0=10" and Re=100,000, c) 0=20" and Re=40,000, d) a=20" and Re=100,000

The SA turbulence model predicts better quasi—linear C; vs a region for lower Re.
The variation in C, relative to the experimental result is almost dissipating
for Re=40,000. However, this time C, gives lower value than other turbulence
model results, up to 8” angle of attack. Additionally, the SA model predicts a stall
angle of 9° for Re=40,000, which is 1" lower than the findings of the experimental
and Transition-SST model. This outcome has been similar to the k—-»—SST and the
k—kl-w turbulence models. In other words, they both estimate stall angle 1° lower
than experimental and Transition—SST turbulence model results. Still, all of these
turbulence models predict stall angle better than TURNS2D (7° stall angle

prediction for Re=40,000 flow). In conclusion, although the results of this work
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predict mean aerodynamic coefficients better than previous study up to stall region,
one of the turbulence model, i.e. Transition—SST, gives more accurate results than
other models as expected. So, for both C; and C,, the experimental results may be

validated with high fidelity by using the Transition—SST turbulence model.

For stall region, Winslow et al. (2018) finds the stall angle 1° and 2" before than
experimental outcomes of Ohtake et al. (2007). The SA turbulence model
overpredicts the eddy viscosity and it results in dissipation at high rates in the flow.
If the solutions want to be improved by using SA turbulence model, detached Eddy
simulation or large—eddy simulation should be introduced to the existence model
(Winslow et al., 2018). Although k—w»-SST and k—kl-w turbulence models exactly
capture the stall angle, the SA turbulence model predicts stall angle 1° after
experimental results for Re=100,000. Moreover, for the SA turbulence model,
Elmax diverges up to approximately 25% concerning experimental results which is
dissatisfactory. In addition to that, except the Transition—SST turbulence model, all
models fail to capture stall angle for Re=40,000, and up to now, there is no
significant observation about the differences between k-»—SST and k—kl-w
turbulence models. In conclusion, by putting together the experimental data of
Ohtake et al. (2007), Transition-SST is a special turbulence model that can forecast

the flow's stall characteristics.

For the post-stall region, the consistency between k-w—-SST and k—kl-omega
turbulence models continues, also the general trend of mean aerodynamic
coefficients concerning the incidence angle is similar to the Transition-SST
turbulence model. But, the mean aerodynamic coefficient errors are less in
magnitude for the Transition—-SST turbulence model, and especially at high
incidence angles, pressure distributions of Transition—SST turbulence model show
different dispositions for both Reynolds numbers. Results are remarkably similar to
earlier numerical studies for C, values at high incidence angles, and the trend may
also be maintained by utilizing discussed Transition-SST turbulence model.

However, as mentioned before, there exists almost constant bias relative to
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experimental study. This bias is acceptable by looking at other studies in the

literature and will be thoroughly covered.

In conclusion, by investigating quasi—linear, stall, and post—stall regions, the most
confidential turbulence model is observed as the Transition—SST turbulence model.
This was an expected result because the mathematical equations which are running
in the background of this model are more sophisticated than the other models.
Traditional turbulence models based on one and two equations miss transition and
produce inaccurate findings at low Reynolds numbers (Rumsey & Spalart, 2009
Wang et al.,, 2012). As opposed to that, four—equation-based Transition—-SST
turbulence model covers not only instantanenous and mean flow properties, but
also the separation bubble position, transition mechanism, the wake features, and
reattachment of the shear layer (Menter et al., 2006; Council & Boulama, 2012).

Lastly, the results of Transition—SST turbulence model show that not only reliable
estimation of the mean aerodynamic coefficients for all angles of attack but
involves some differences in terms of pressure distribution over airfoil surface for
10" and 20° incidence angles. The validation study for both non—dimensional forces
and pressure distribution is necessary to complete the discussion, before making

comments about the detailed results.
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3.6  Validation Study

Since the NACA profiles are commercial, there exist numerous published
numerical and experimental findings. That’s why, the validation study is conducted
both the computational study of Winslow et al. (2018) and the experimental study
of Ohtake et al. (2007). As stated previously, these two works are well known in
the literature and cited/validated by many types of research; so are selected for
detailed comparison. However, the literature's more experiamental and numerical

findings are also compared with this work in this part.

The numerical simulations are conducted via TURNS2D (Transonic Unsteady
Rotor Navier—Stokes 2D) by Winslow et al. (2018). This internal-developed fluid
dynamics solver (Srinivasan & Baeder, 1992) runs the Spalart-Allmaras (SA)
turbulence model as laminar-turbulent transition model (Medida & Baeder, 2011).
That’s why, the numerical solutions are expected to have more accurate flow
transition physics forecasting than FLUENT’s SA model. Thus, the results are
expected to be more reliable than a common commercial tool (i.e. FLUENT)

within the same circumstances.

Firstly, results were compared at specific incidence angles (10° and 207) for
Re=100,000 as is explained in Time refinement result section. Then, the angle of
attack sweep study was carried out for Re=100,000 to see whether detailed time
step selection changes solutions or not. For the angle of attack sweep study, the
angles were chosen between 10 and 20° are selected, because unsteady behavior
and separation are dominant for incidence angles. In this part, the validation is
taken a step further, and independent studies/tools are shown together with this
work. But first, the chosen configuration comparison, in same angles of attack (10°

and 20") is tabulated as follows:
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Table 3.8. Aerodynamic Coefficients Comparison with Literature Data at =10 for
Re=100,000

Angle of Attack (a) = 10° Error (%) of o = 10°

G Cq C,/Cy G C, | C/Cy

Medium 2 0.8300 | 0.043094 | 19.2611 | 3,6254 | 5,6404 | 9,8198

TURNS2D
(Winslow et al., 2018)

0.8055 | 0.042300 | 19.0425 | 0,5618 | 7.3790 | 8.5734

Experimental
(Ohtake et al., 2007)

0.8010 | 0.045670 | 17.5388 — - _

Both Table 3.8 and Table 3.9 show that TURNS2D gives relatively lower errors,
for both angles of attack, in terms of C; than this work. However, Figure 3.14
shows more realistic results for C; to understand the big picture. The general C;
trend is dissimilar for TURNS2D by comparing the experimental findings of
Ohtake et al. (2007). This is not valid for only above 10" angles of attack, but also
the quasi-linear region of C; vs a graph. However, this situation is not the case for
the present work, so this work declares better numerical solutions than TURNS2D
in terms of C; vs o characteristics of NACA 0012 2D profile for Re=100,000.
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Table 3.9. Aerodynamic Coefficients Comparison with Literature Data at a=20" for
Re=100,000

Angle of Attack (a) = 20° Error (%) of a = 20°

G C4 C,/Cy G Cq C,/Cy

Medium 2 0.7432 | 0.31375 | 2.3688 | 9.4243 | 0.4642 | 10.5672

TURNS2D
(Winslow et al., 2018)

0.7248 | 0.3005 | 2.4119 | 6.7137 | 3.7784 | 10.904

Experimental
(Ohtake et al., 2007)

0.6792 | 0.3123 | 2.1748 — - _

Xfoil
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Exp (Ohtake et al., 2007)
—&—Turns2d (Winslow et al., 2018)

0.8

0.6

S 0.4+

0.2

0%

-0.2

0 5 1‘0 1‘5 20 0 5 1‘0 1‘5 20
of°] af°]
(@) (b)

Figure 3.17. Mean aerodynamic coefficients vs. o comparison with different
simulation methods for Re=100,000: a) lift coefficient, b) drag coefficient

The mean aerodynamic coefficients are compared in the results above concerning
the angle of attack for both Xfoil, steady, and unsteady solutions (Figure 3.17). For
validation study, unsteady outcomes are compared with TURNS2D and
experimental findings. However, the Xfoil and steady solutions have also some

characteristics which deserved to be emphasize.
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Figure 3.18. Mean aerodynamic coefficients vs. a comparison with literature for
Re=100,000: a) lift coefficient, b) drag coefficient
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Figure 3.19. Mean aerodynamic coefficients vs. o comparison with literature for
Re=40,000: a) lift coefficient, b) drag coefficient

As mentioned previously, the C; vs o characteristics is not purely linear for solutions of
TURNS2D, especially after 2° angle of attack there exists a breakdown that does not
be observed as much as for the experimental study. Although the Xfoil shows a similar
trend just after 1° angle of attack, unsteady results show a directly coherent results with
the experiment. Moreover, the overestimation in C; of TURNS2D shows more
divergence characteristics for Xfoil solutions. This trend is similar to previous works
which have compared Xfoil and experimental results (Yu et al., 2012; Aftab et al.,
2016).
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Figure 3.20. Mean pressure distributions around NACA 0012 with literature comparison
for Re=100,000 and Re=50,000: a) a=8", b) a=10", ¢) 0=16", d) 0=10"
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The error values in C, of this work are better than previous numerical solutions, i.e.
TURNS2D study, but the general trend is similar according to different incidence
angles for Re=100,000. The bias relative to the experimental C, is almost fixed
from 10” to 20" angle of attack, and this may results from the differences between
experimental-numerical approaches. Apart from that, the general trend and
magnitude of mean aerodynamic coefficients are closer to experimental results than
TURNS2D for Re=100,000.

The mean aerodynamic coefficients and surface pressure distributions at varied
incidence angles are both the subject of the validation inquiry. The study's
conclusions show that the information previously present in the literature is
equivalent to the mean pressure distributions throughout the airfoil's surface at
various incidence angles and Reynolds numbers. Additionally, the study intends to
comprehend how well models and data from the literature already in existence can
reflect flow characteristics, particularly around the stall angle and post-stall region.
Most of the works in the literature focused on design parameters rather than
capturing the flow's properties themselves. The simulation's outcomes are closer to
those of well-known studies (Ohtake et al., 2007; Winslow et al., 2018). Overall,
the validation study in this research project seems to be comprehensive and aimed
to assess the accuracy of the simulation results thoroughly.
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CHAPTER 4

RESULTS

NACA 0012 airfoil has been solved from Re=40,000 to Re=100,000 with an
increment of 10,000 for investigating the unsteady aerodynamics around the airfoil
by observing the mean aerodynamic coefficients, mean pressure distributions,
mean streamlines, mean skin friction coefficients, and mean Strouhal numbers. In
addition to that, instantaneous aerodynamic coefficients and wake patterns are also
observed to complete the discussion. Additionally, 1° increment between 0° and 20
of incidence angles are used to calculate the findings. This enables us to see the
NACA 0012 airfoil's aerodynamic properties for the pre-stall and post-stall regions
in more depth. To sum up, the main goal of the investigation is to ascertain how
Reynolds number and incidence angle impact the aerodynamic behavior of the
NACA 0012 airfoil between Re=40,000 —100,000.
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4.1  Aerodynamic Coefficients

Figure 4.1 shows the averaged aerodynamic coefficients for various incidence
angles. The incidence angles are increased by 1°. As stated previously,
aerodynamic coefficients are averaged between [8s 10s] which is equivalent to a
non-dimensional time, t*=tU./c=[1172 1465]. With the getting of aerodynamic
results after t*=1172, the initial impulsive start effects have not been taken into

account and only steady/quasi—periodic solutions are concerned.
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Figure 4.1. Mean aerodynamic coefficients vs. a comparison for different Reynolds
numbers: a) mean lift coefficient, b) mean drag coefficient, ¢c) mean lift to drag
coefficient
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Figure 4.2. Mean aerodynamic coefficients vs. Reynolds number comparison for

different angles of attack (quasi—linear region): a) mean lift coefficient, b) mean
drag coefficient, ¢) mean lift to drag coefficient
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4.1.1 Influence of angle of attack

The mean lift coefficient and incidence angle have a positive connection up to the
stall angle (Figure 4.1). This relationship is not entirely linear, though. Especially
for relatively lower Reynolds numbers, this non—linear behavior is increasing. The
existence of bubbles on the upper airfoil surface in various places for different

incidence angles may be the cause of this outcome (Ohtake et al., 2007).

The upper airfoil surface has a separation bubble that moves from the trailing edge
to the leading edge of the airfoil for very low incidence angles. As a result, the
point of flow transition is altered. Second, while the airfoil approaches the stall
angle, a characteristic trailing edge separation bubble occurs until the top surface
fully separates. These two different phenomena may explain the existence of
different slopes when investigating the flow from 0 to stall angle of attack (i.e.
non-linear/quasi-linear C; vs a relation). Furthermore, as predicted, the drag

coefficient's relationship with incidence angle is positively linear.

To better understand how the NACA 0012 airfoil performs aerodynamically, the
C,/C, vs. angle of attack is represented (Figure 4.1c). Around the 5°—6° angles of
attack, C;/C; has maximum values for each Reynolds number, but after these
angles of attack, the mean drag coefficient starts to rise, so that C;/C, starts to
decrease. Finally, for higher incidence angles, the C,/C, converges to a value that

is essentially unaffected by the Reynolds number.
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Figure 4.4. Lift slope at different incidence angles for different Reynolds numbers
The above figure represents how the slope of the mean lift coefficient with respect
to the angle of attack changes relative to angle of attack for different Reynolds
numbers. In general, up to the stall angle, the lift variation with respect to the
incidence angle is decreasing. The main reason behind it may come from the
existence of separation bubble becoming more dominant with increasing incidence
angles. However, for very low Reynolds numbers (i.e. Re=40,000 and 60,000), the
lift slope shows an increasing trend up to 4° and 3 incidence angles, respectively.
Moreover, up to the 4° angle of attack, all flows have slopes close to the 2z, but the
Reynolds number has an important effect especially at a very low incidence angle
(i.e.0).

Since except for the 0" angle of attack, the slopes are calculated via the central
difference method, the sign change is observed between the 1° incidence angle
below than stall angle and the stall angle. For instance, Re=100,000 has a stall
angle of 11°, and the black line represents that rapid decrease occur between 10—
11° angles of attack. Similarly, the green line shows this trend between 9°-10°

angles of attack for 10° stall angle, and the blue line indicates between 8°-9" angles
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of attack for 9° stall angle. However, the magenda line for Re=80,000 gives almost
zero lift slope for at the stall angle, because the stall behavior is very smooth

relative to the other Reynolds number flows.

4.1.2 Influence of Reynolds number

The airfoil's aerodynamic features are significantly influenced by Reynolds
number, particularly at low Reynolds numbers. Figure 4.1 tells that for quasi—linear
regions the drag coefficient falls as Reynolds number rises. This is valid, because
for lower Reynolds numbers at an incidence angle, higher drag indicates early
onset of flow separation. Also, with rising Reynolds numbers, the lift coefficient
increases and stall angle delays. Moreover, the maximum mean lift coefficient,
Ci,,,4 Tises with higher Reynolds numbers. Specifically, the stall angles are 11,
10°, 10", and 9° for Re=100,000; 80,000; 60,000, and 40,000, and corresponding
Elmax values are also 0.8341, 0.8159, 0.7543, and 0.7014, respectively.

At that point, it is important to review what is going on as its physics. Physically,
inertial to viscous force ratio is defined as the Reynolds number. This reveals that
the viscous forces prevail at low Reynolds number and the flow is more laminar.
So, meanwhile the velocity flows are nearly linear for laminar flows (linear means
that the velocity is zero at the top surface of airfoil and linearly increases to the
value of the 0.99 x freestream flow velocity), because incoming flow and the
boundary layer flow interact more in turbulent flows, the boundary layers are more
parabolic. Thus, turbulent flows have a faster velocity profile in their boundary
layers, so they have more energy (greater velocity at the same distance from the
airfoil’s surface). This increased energy has the effect of making turbulent
boundary layers more resilient to negative pressure gradients, which causes delays

in boundary layer separation and stall.

According to Figure 4.2, the Reynolds number barely affects the lift coefficient, but

Figure 4.2(a) still shows that positive relationships between €, and Reynolds
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number in quasi—linear region. However, the more dominant point is about drag
coefficient. The relationship between Reynolds number and C, is inverse. It is
indicating the early onset of flow separation for relatively lower Reynolds numbers

that is not preferred.
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Figure 4.5. Lift slope at a=0" for different Reynolds numbers: a) original form, b)
comparison with curve fitted version

As stated previously, the Reynolds number has an important effect on lift slope
with respect to the incidence angle. From the thin airfoil theory, the 2z line can be
seen in Figure 4.5. For very low Reynolds number flows, the slope is under this
threshold value, but with greater Reynolds number, the slope is passing over it.
That’s why, a curve may be fitted and formulated as a dependent variable of the

Reynolds number for a fixed incidence angle (i.e. 0=0") as follows:

Ata=0" Cla: ~1.28x10°Re? + 0.0002704 Re —5.938 (16)

where 40,000 < Re < 100,000
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4.2 Pressure Distributions
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Figure 4.6. Mean pressure distributions around NACA 0012 with different
Reynolds numbers: a) a=10", b) a=12", ¢) a=16", d) a=20"
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4.2.1 Influence of angle of attack

In Figure 4.6, pressure distributions around the NACA 0012 airfoil are obtained
and displayed for various Reynolds numbers for near-stall and post-stall incidence
angles. Because the airfoil exhibits post-stall characteristics and lift diminishes,
lower and upper surfaces are less different when the incidence angle increases.
Moreover, the upper surface pressure distribution becomes flatter with rising
incidence angles between 10°—20" angles of attack, which means that separation
covers all surfaces and kills the pressure gradient.

4.2.2 Influence of Reynolds number

According to the discussion of the mean aerodynamic coefficient, after the
matching stall angles, the discrepancies between the aerodynamic coefficients for
different Reynolds number flows are reducing. The pressure distributions support
this outcome by showing how the Reynolds effect has been diminished up to 16°
angle of attack. One of the main related discussions behind it may be oscillatory
behavior for instantaneous C, values for the angles of attack above 16
Additionally, this leads to a transformation of the vortex mode from one of
continuous vortex shedding to one of alternating vortex shedding (Kurtulus, 2015;
2016). Since these specific angles of attack also depend on Reynolds number, the
result part will be continued and supported by skin friction coefficients,
streamlines, Strouhal numbers, instantaneous behavior of aerodynamic coefficients,

and wake patterns analyses.
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4.3 Skin Friction Coefficients

The boundary layer on the airfoil thickens significantly in low Reynolds number
flows as a result of viscous factors, therefore flow separation is possible even at
small incidence angles. Therefore, the work of flow separation is very important in

this kind of analysis where the Reynolds number is low.

The flow separation points experience no attachment between the flow and the
airfoil surface. In other words, skin friction values become zero at these locations,
making it possible to pinpoint the locations of flow separation by examining the

skin friction coefficient values.

Flow separation points may vary due to different incidence angles and Reynolds
numbers. Figure 4.7-Figure 4.14 provide summary of the various Reynolds values
at angles of attack of 10°, 12°, 16°, and 20°. Red dots and letters are used on airfoil

profiles to indicate the separation positions where the skin friction coefficient is 0.
S1: first separation point

R1: first reattachment point

S2: second separation point

R2: second reattachment point
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Figure 4.7. Mean skin friction coefficient and separation point on NACA 0012 at
a=10" for Reynolds numbers 40,000 and 60,000: a) Re=40,000 (left column), b)
Re=60,000 (right column)
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Figure 4.8. Mean skin friction coefficient and separation point on NACA 0012 at
a=10" for Reynolds numbers 80,000 and 100,000: a) Re=80,000 (left column), b)

Re=100,000 (right column)
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Figure 4.12. Mean skin friction coefficient and separation point on NACA 0012 at
a=16" for Reynolds numbers 80,000 and 100,000: a) Re=80,000 (left column), b)
Re=100,000 (right column)
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4.3.1 Influence of angle of attack

The angle of attack and the flow's unsteadiness are strongly associated, and as
incidence angle rises, the airfoil's top surface becomes more turbulent. For
instance, Re=40,000 flow stalls at 9° angle of attack, that’s why it has already fully
de-attached the upper surface at 10° incidence angle (Figure 4.7(a)). However, with
an increasing the incidence angle, the magnitude of unsteadiness is also getting
higher. So, the thickness of the recirculation of mean streamlines is getting higher.
To more properly comprehend the impact of the incidence angle, specifically
Re=60,000 flow may also be investigated. At 10° angle of attack, there exist two
separation and reattachment points on the airfoil’s top surface for Re=60,000 flow,
but the flow experiences fully turbulent characteristics with increasing only 1° more
angle of attack. The S1, R1, S2, and R2 points immediately went away, and only

leading/trailing edge separation points are seen at 11° angle of attack.

4.3.2 Influence of Reynolds number

Re=40,000 flow has fully de-attached streamline topology at 10° angle of attack,
but the other flows have two different separation regions on their upper surfaces. It
results from that lower Reynolds number flows tend to separate than relatively
higher ones. Additionally, as the Reynolds number rises, R1 and S2 points move to
the leading and trailing edges of the airfoil, respectively. For instance, the S2 point
sits between 0.4-0.6 x/c for Re=60,000 at 10° angle of attack, around 0.6 x/c for
Re=80,000, and finally 0.6-0.8 x/c for Re=100,000.
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4.4 Streamlines

Streamlines are provided for a range of incidence angles to help one understand
how low Reynolds number flows are prone to experience the separation bubbles
even at extremely low incidence angles. The “arrow” in the figures shows the
recirculation zones that are attached to the top surface of the airfoil. The “ ™ sign
represents the stall angle for the corresponding Reynolds number. The first angle
that is represented after the stall angle showed with several “arrow” lines. This
indicates that deattached flow occurs over the airfoil's top surface at the lowest

angle.

44.1 Influence of angle of attack

The mean velocity streamline figures show that much of the information about the
flow itself. It is evident that for each Reynolds number, a separation bubble exists
in the trailing edge of the airfoil even at 0° incidence angle. By extending the
incidence angle, this zone reaches the leading edge of the airfoil. This phenomena
may be one of the key causes for the absence of a completely linear lift-to-
incidence angle trend for low Reynolds number flow. Moreover, there are two
unique recirculation zones that are present right before the stall angle: one is the
separation bubble that extends to the leading edge of the airfoil, and the other is the

traditional trailing edge separation bubble.

Further analysis revealed that, only 1" above the stall angle, the flow is totally
deattached. This outcome is to be expected because the system is subjected to
additional instability due to the higher incidence angle. Lastly, it may be said that
as the magnitude of the unsteadiness rises, a higher incidence angle helps the

recirculation zones grow.
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Figure 4.15. Mean velocity streamlines at different angles of attack for Re=40,000

85



——Re=40,000

0.8 D
0.6
G 04 =
0.2 —
00
02 5 10 15 20

af°]

Figure 4.16. Mean lift coefficient vs. angle of attack for Re=40,000

The mean lift coefficient vs. angle of attack is represented with four different
incidence angles streamlines. The red error bar indicates how the instantaneous lift
coefficient oscillates around the mean value. The maximum and minimum values
are the upper and lower boundary of the error bar. As unsteady behavior dominates
with rising the incidence angle, the error bounds are also expanding. The first
oscillation angle for Re=40,000 is 17" angle of attack. Before this value, the
streamlines show that there is no second counter-rotating vortex on the top surface
of the airfoil (0=16"). With increasing the angle of attack, the second counter-
rotating vortex propagates toward to leading edge, and this may result in higher
amplitude oscillations as seen in red error bars. Lastly, since the stall angle is 9,
the a=10" streamlines show that the upper surface is totally deattached and the lift

decreases.
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Figure 4.17. Mean velocity streamlines at different angles of attack for Re=60,000
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Figure 4.18. Mean lift coefficient vs. angle of attack for Re=60,000

Similar comments as in Re=40,000 flow are also applicable for Re=60,000 in terms
of the relation between oscillatory lift behavior (red error bars) and the existence of
a second counter-rotating vortex on the top surface of the airfoil. However, the
threshold angle of attack value is changed. The oscillatory motion in the
aerodynamic coefficient exists at 18" angle of attack which is 1° more than the
previous case. Lastly, since the stall angle is 10°, the streamlines do not show fully
deattached flow. The separation bubble and conventional trailing edge separation
bubble look very big in dimension, but there still exists attached flow on the middle
chord of the top surface of the airfoil.
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Figure 4.19. Mean velocity streamlines at different angles of attack for Re=80,000
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Figure 4.20. Mean lift coefficient vs. angle of attack for Re=80,000

By increasing the Reynolds number to 80,000, the mentioned results seem more
obvious. Firstly, the angle where oscillatory motion starts is now 18" which is 1°
higher than Re=60,000. And, the amplitude of oscillation decreases at the same
incidence angles (i.e. 19° and 20°) for higher Reynolds numbers. The 18" does not
produce any oscillatory motion, so the second counter-rotating vortex is again not
on the top surface of the airfoil. Moreover, the stall angle is again 10° for
Re=80,000, but the separation bubble and conventional trailing edge separation
bubble decreases in size.
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Figure 4.21. Mean velocity streamlines at different angles of attack for Re=100,000
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Figure 4.22. Mean lift coefficient vs. angle of attack for Re=100,000

The same comments in Re=80,000 are directly applicable for Re=100,000. By
rising the Reynolds number the angle where the oscillatory motion starts does not
change, however, the magnitude of quasi-periodic motion is decreasing. For
instance, the 19°incidence angle is seen as having almost non-oscillatory motion by
looking at the red error bounds which were not applicable for Re=80,000.
Moreover, as observed for Re=80,000, the bubbles’ sizes are still decreasing for
Re=100,000 at 10° incidence angle. This results in getting a higher lift coefficient
for higher Reynolds numbers thanks to the clear pressure distribution over the

airfoil surface. Lastly, the stall angle is rising to 11" for Re=100,000.
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4.4.2 Influence of Reynolds number

Figure 4.23-Figure 4.30 indicates the streamlines at a fixed incidence angle for
each Reynolds number. Because viscous forces rather than substantially greater
Reynolds number flows are more prevalent in this situation, the separation bubble
is largest for the lowest Reynolds number (e.g. Figure 4.24). This is also valid for
the pre-stall region where two distinct recirculation zones are observed (Figure
4.25 and Figure 4.26). Additionally, the Reynolds number effect is more visible at
10" and 11" angles of attack. The stall angle is 9° for Re=40,000, that’s why the
streamlines show unattached flow at 10°, meanwhile, rest of the Reynolds numbers
still have attached zones, and the size of attached regions over the airfoil surface
increases with increasing Reynolds number (Figure 4.27). At the 11° incidence
angle, the Re=60,000 and Re=80,000 flows exhibit the same result, and they start
to have unattached flows. However, the streamlines showed a slight difference
between them, and Re=80,000 flow shows more stable characteristics than
Re=60,000. Figure 4.1(a) shows that Re=80,000 has more gentle post-stall
characteristics than Re=60,000 at between 10°-11" angles of attack so this small

difference is consistent with mean aerodynamic coefficient behavior.
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Figure 4.24. Mean velocity streamlines at a=4" for different Reynolds numbers
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Figure 4.26. Mean velocity streamlines at a=9° for different Reynolds numbers
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Figure 4.28. Mean velocity streamlines at a=11" for different Reynolds numbers
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Figure 4.30. Mean velocity streamlines at a=20" for different Reynolds numbers
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4.5  Strouhal Number Analysis

Strouhal number (St) is a non-dimensional variable, similar to Reynolds number,
that aids in determining whether or not the flow is creating a vortex. Taylor et al.
(2003) worked on the 42 species of birds, insects, and bats in cruise flight in terms
of the flapping frequencies and amplitudes, then came to the conclusion that their
group’'s Strouhal numbers were typically between 0.2 and 0.4. The Reynolds
number of their flight regime can be seen lower bounds of this particular work, and
the results of relatively lower Reynolds number solutions of this study should be
similar to Taylor et al. (2003)’s results, and because of the higher Reynolds number

solutions, it is possible to comprehend the Reynolds number effect in this section.
Strouhal number (St):

St = fA/U 17)
f = vortex shedding frequency in Hertz
A = characteristic length
U = flight speed

Characteristic length definition may be varied for different problems. For the airfoil

case, it is taken as the length of chord.

There is a correlation between the shedding vortex frequency, the Reynolds
number, and the Strouhal number: (Chang et al., 2022)

Re « % (18)

Non-dimensional parameters in aerodynamics facilitate the scientists’ work to
compare or categorize materials/problems. For example, Taylor et al. (2003)
showed that the flight performances of different animals can be compared by
investigating their Strouhal numbers. Moreover, thanks to Strouhal number has no
dimension; the size, type, weight, etc. of the animals are not even important when

compare them with their Strouhal numbers.
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Physically, the Strouhal number is a measurement of the proportion of inertial
forces resulting from local acceleration or unsteady flow to those resulting from
changes in flow velocity between different points. For low Strouhal numbers (St
<< 0.2), the fluid quickly sweeps past the body, and the flow is dominated by
convective acceleration. At high Strouhal numbers (St >> 0.3), the fluid cannot
keep up with the oscillations of the body, and the flow is dominated by local
acceleration. At intermediate Strouhal numbers (0.2 < St < 0.3), the shedding of
vortices downstream of a bluff body occurs, creating a repeating pattern of eddies

that can be seen as a series of alternating vortices.

Mathematically, any continuously monitored time series curve can be described as
an endless superposition of sine waves with various frequencies. Alternatively, the
NACA 0012 airfoil with numerous incidence angles and Reynolds numbers is
investigated by using Fast Fourier Transform (FFT) algorithm based on the lift
coefficients for this particular work. The frequency properties of vortex shedding
are evident in the frequency domain, making it easier to understand the fluctuation
law of the vortex (Chang et al., 2022). Moreover, Strouhal number analyses are
also constructed between non-dimensional time, t*=tUad/c=[1172 1465] to avoid
the initial errors of the computations. To see better, the maximum frequencies of

the lift coefficient amplitude spectrums are labeled in the figures.

Reynolds number is taken between 40,000-100,000 with 20,000 increments. The
angles of attack are taken above the 16 angle of attack because Strouhal number
analysis is related to vorticity, and none of the solutions give any oscillatory
motion in aerodynamic coefficients, or Mode 2 wake pattern below than 17° angle

of attack. The following chapters will go into greater detail about these topics.
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45.1 Influence of angle of attack

For very low incidence angles, the Strouhal number analysis is not necessary,
because the flow is not generating a vortex. That’s why it is crucial to understand
which angle of attack regime is valid for discussion. The first positive Strouhal
number exists at 17° incidence angle for Re=40,000, and the peak value of Strouhal
number is decreasing with increasing the incidence angle. This behavior is similar

for the all Reynolds number flows and literature data (Chang et al., 2022).

To comprehend how the maximum Strouhal number is affected by incidence angle
as a percentage, it is better to use Re=40,000 because there exist four Strouhal
numbers for it. For Re=40,000, the maximum Strouhal numbers are 0.226, 0.217,
0.208, and 0.199 at 17°, 18", 19°, and 20° angles of attack, respectively. So, the
corresponding decrement percentages are 3.98%, 4.15%, and 4.33%. It implies that
when the incidence angle increases, the Strouhal number decrement trend also
rises. Moreover, the amplitude of the lift coefficient increases with a higher

incidence angle, because unsteadiness is increasing with the incidence angle.
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Figure 4.31. a) Strouhal number vs. o comparison for different Reynolds numbers,
b) Strouhal number vs. Re comparison for different angles of attack
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45.2 Influence of Reynolds number

Figure 4.31(b) showed that the Reynolds number and the Strouhal number have a
roughly linear connection at a=19" and 0=20". The following formulas are derived

by linear curve fitting such that:
Ata=19": St = 3.33x107°Re + 0.0784 ; 40,000 < Re < 100,000 (19)

At a=20": St = 3.285x107°Re + 0.0703 ; 40,000 < Re < 100,000 (20)
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Figure 4.32. Strouhal number vs. Reynolds number relation with curve fitted
comparison: a) a=19°, b) 0=20"

Increasing of Reynolds number results in a higher Strouhal number. This pattern
resembles the data from the available literature of Yarusevych et al. (2009) and
Jiang and Cheng (2017). Moreover, the higher Reynolds number flow experiences
a non-zero Strouhal number at a relatively higher incidence angle. For instance,
Re=40,000 flow sees that the first non-zero Strouhal number at 17 incidence angle,
but Re=60,000, Re=80,000, and Re=100,000 flow see that 18", 19", and 19" angles
of attack, respectively. It is still crucial to understand how Strouhal number
numerically evolves and how the instantaneous lift coefficient responds to it, even
though the incidence angle and Reynolds number effect may currently be
investigated. Figure 4.33—Figure 4.37 are plotted to see how the Reynolds number
changes the Strouhal number between 16°-20° angles of attack.
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Table 4.1. Strouhal Numbers (St)

o=17° 0=18° 0=19° 0=20°
Re=40,000 0.226 0.217 0.208 0.199
Re=60,000 - 0.280 0.280 0.271
Re=80,000 - — 0.352 0.334
Re=100,000 - — 0.406 0.397
0.2 0.02
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Figure 4.33. a) Amplitude spectrum of C; versus Strouhal number at a=16" for
different Reynolds numbers, b) Amplitude spectrum of C; versus Strouhal number
at a=16"for different Reynolds numbers (closer look)
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Figure 4.34. a) Instantaneous lift coefficient C;, b) Amplitude spectrum of C; versus
Strouhal number at 0=17" for different Reynolds numbers
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Figure 4.35. a) Instantaneous lift coefficient C;, b) Amplitude spectrum of C; versus
Strouhal number at a=18" for different Reynolds numbers
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Figure 4.36. a) Instantaneous lift coefficient C;, b) Amplitude spectrum of C; versus
Strouhal number at 0=19° for different Reynolds numbers
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Figure 4.37. a) Instantaneous lift coefficient C;, b) Amplitude spectrum of C; versus
Strouhal number at a=20" for different Reynolds numbers

Figure 4.33 represents that no oscillatory motion exists at the 16” incidence angle,
but at the 17° incidence angle it starts immediately, and St=0.226 (Figure 4.34). In
addition to that, the Strouhal number decreases to 0.217 at an 18" incidence angle
for Re=40,000 and Re=60,000 flow experiences the Strouhal number as 0.280. If
further angles of attack are investigated, all Reynolds number flows start to
experience oscillatory motion, in other words, instability of the flow is high enough
for shedding even for Re=100,000 (Figure 4.36 and Figure 4.37).

At 19” angle of attack, maximum Strouhal numbers are 0.208, 0.280, 0.352, and
0.406 for Re=40,000, 60,000, 80,000, and 100,000 respectively. In other words, the
increment percentages are 34.62%, 25.71%, and 15.34%, it is brought on by the
Reynolds number effect, which is more pronounced for flows with lower Reynolds
numbers. Similarly, at 20° angle of attack, the increment percentages are 36.18%,
23.25%, and 18.86%.
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4.6  Vortex Shedding Patterns of the Airfoil

The objective of this chapter is to present a study on the unstable vortex shedding
patterns of the NACA 0012 airfoil at high and diverse incidence angles for various

Reynolds values. As seen in previous chapters, the post-process for the Reynolds
effect is done with Re=40,000, 60,000, 80,000, and 100,000. From the previous
analysis, it concluded that the oscillations start at 17° incidence angle just for
Re=40,000.

0.02
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5 ——Re=100,000
D
B o.01
£
E 0.005
0
0 024 048 072 096 1.2
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(a) (b)

Figure 4.38. a) Instantaneous wake patterns, b) Amplitude spectrum of C; versus
Strouhal number at o=16" for different Reynolds numbers
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Figure 4.39. a) Instantaneous wake patterns, b) Amplitude spectrum of C; versus
Strouhal number at o=17" for different Reynolds numbers

Therefore, to observe the gradual change 16  angle of attack is also shown.
Moreover, the Strouhal number distribution is also added to the corresponding
figures, so it will be more clear to visualize the relationship between the Strouhal
number and wakefield structure.

106



4.6.1 Influence of angle of attack

All Reynolds number flows have no oscillatory motion until the 17" incidence
angle. For all Reynolds number flows, continuous vortex shedding is illustrated
together with the 16° at this angle (Figure 4.38(a)). However, with a 1" increase in
the incidence angle, the alternating vortex shedding patterns are shown just for
Re=40,000. The rest of the flows face separation but do not produce enough drag
for generating oscillations at the wakefield. Moreover, by looking Strouhal number
distribution, it is apparent that there is a spike of Strouhal number at the 17
incidence angle for Re=40,000 which is not valid at the 16" angle of attack for all
flows (Figure 4.38(b) and Figure 4.39(b)). This trend also continues for 18°, 19,
and 20° angles of attack. At 18", the alternating vortex shedding patterns are also
seen for Re=60,000 with a peak value of Strouhal number as 0.280. Finally, after
19° angle of attack, all flows exhibit vortex shedding. Throughout the angle of
attack increment, vortex shedding density has increased for shaded ones. For
instance, Re=40,000 flow has a relatively denser CCW (red) vortex at 18" angle of
attack than 17° (see Figure 4.39 and Figure 4.40).
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Figure 4.40. a) Instantaneous wake patterns, b) Amplitude spectrum of C; versus
Strouhal number at a=18" for different Reynolds numbers
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Figure 4.41. a) Instantaneous wake patterns, b) Amplitude spectrum of C; versus
Strouhal number at a=19° for different Reynolds numbers
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4.6.2 Influence of Reynolds number

A higher Reynolds number means that inertial forces are dominant to viscous
forces, in other words, the higher Reynolds number flows have more resistance to
separation and drag formation. That’s why, the mean drag coefficient is also lower
for relatively high Re flows (Figure 4.1.(b)). The figures in this section also support
this result. For instance, at 17" and 18 angles of attack, there is no oscillatory
motion for Re=80,000 and 100,000 (Figure 4.39(a) and Figure 4.40(a)).
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Figure 4.42. a) Instantaneous wake patterns, b) Amplitude spectrum of C; versus
Strouhal number at a=20" for different Reynolds numbers

Meanwhile, the flows of Re=40,000 and 60,000 already started to shed. Moreover,
at just backward airfoil’s trailing edge, the lower Reynolds number flows have
more visible vorticity patterns, but the formation of vortices for relatively high ones

is not too much mature.
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CHAPTER 5

CONCLUSION

This study examines how Reynolds number and incidence angle affect the two-
dimensional NACA 0012 airfoil's unsteady aerodynamic properties between
Re=40,000-100,000. This work will offer insightful knowledge into the NACA
0012 airfoil's aerodynamic behavior at low Reynolds numbers and can be used to
optimize the design of airfoils for specific uses, like small unmanned aerial

vehicles or micro air vehicles.

Firstly, the numerical simulations of different Reynolds number flows are
conducted via ANSYS FLUENT commercial tool in the two-dimensional domain
for incidence angles from 0° to 20° with an increment of 1° per simulation. Low
Reynolds numbers can produce extremely turbulent flow around an airfoil, which
can cause a separation bubble to form on the surface of the airfoil. It can make it
difficult to accurately capture the flow behavior in numerical simulations.
Therefore, it is conducted detailed mesh and time refinement studies to optimize
the simulation setup and ensure that it accurately simulates the flow behavior.
Moreover, some simulation parameters such that turbulence intensity and
turbulence model are also investigated closely. Although all turbulence models
predict experimental results in a better way than previous numerical studies, the
Transition-SST turbulence model which has 4 equations is selected rather than
Spalart-Allmaras (1 equation), SST k-w (2 equations), and k—kl-w turbulence

models (3 equations).

Transition-SST has the highest computational time than other turbulence models,
however not only the mean aerodynamic coefficients but also mean pressure
distributions show more correct results by using it. For instance, the Spalart-

Allmaras turbulence model predicts stall angles as 12° and 8" which are 1° higher
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and 1" lower than the previous experimental results for Re=100,000 and
Re=40,000. But the Transition-SST turbulence model predicts stall angles directly
what experimental results tell. Moreover, not only the “quasi” linear region of (;
versus o graph but also the post-stall region have consistent with the previous
experimental results than other numerical studies. This work thus provides more
trustworthy results than earlier efforts, despite the fact that the validation process in
both this study and previous studies was greatly complicated by the flow behavior
at low Reynolds numbers.

Generally, the results of the simulation study were then used to analyze various
aerodynamic parameters which are lift coefficients, drag coefficients, pressure
distributions, mean velocity streamlines, skin friction coefficients, Strouhal
number, and wakefield vortex patterns. The effect of the Reynolds number on each
of these parameters was carefully considered, and the results were demonstrated in
figures to provide a clear understanding of the significance of the Reynolds number
on unsteady aerodynamic behavior.

It is clear that for a given Reynolds number, the mean drag coefficients rise
gradually with increasing incidence angle up to stall angle, then they accelerate
incrementally from stall angle to 20° angle of attack. Meanwhile, the mean lift
coefficients show decreasing trend after the stall angle. However, the decrease in
mean lift coefficient after the stall angle does not dramatically. In other words, the
post-stall characteristics are gentle for each Reynolds number between Re=40,000
and Re=100,000.

It may be said that a higher Reynolds number results in a higher mean lift
coefficient and lower mean drag coefficient for a fixed angle of attack which is less
than the stall angle. Because of this, the C;/C, increases as the Reynolds numbers
rise. In other words, the aerodynamic performance of the NACA 0012 airfoil is
getting better for higher Reynolds numbers. Meanwhile, the angle which has the
maximum C,/C, is almost independent of the Reynolds number. The maximum

C,/C, value is seen around the 6° incidence angle. This point may be seen in the
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maximum aerodynamic performance of the NACA 0012 airfoil for almost each
Reynolds number. And, the effect of the Reynolds number is more dominant on the
mean drag coefficient than the mean lift coefficient (Figure 4.2). Lastly, higher
Reynolds number flows enable us to experience a stall a little bit late than lower
Reynolds number flows. Numerically, the stall angles are observed as increasing
from 9" to 11° incidence angle for Reynolds number 40,000 to 100,000,

respectively.

Moreover, the mean lift slope with respect to the incidence angle is investigated in
detail. For lower Reynolds numbers, the lift slope starts from lower values and
increases up to 4° for Re=40,000 and 3 for Re=60,000. Then, the lowest two
Reynolds number flows’ mean lift slope is also decreasing like higher Reynolds
numbers up to the stall angles. This is an expected result, because the existence of
the separation bubbles are increasing with incidence angles, and the mean lift
values are getting higher with lower increments. Also, the theoretical lift slope is
represented with all Reynolds numbers at a fixed angle of attack (i.e. 0°). The
relation is obvious that the Reynolds number has a positive effect on the lift change

with respect to the incidence angle (Figure 4.5).

The mean skin friction coefficient is another crucial parameter that provides details
regarding the location of separation points where C; equals zero. In general, even
for 0 incidence angle, all flow conditions in this effort experience separation
bubbles on the upper airfoil surface. With the increasing incidence angle, the
bubble moves forward and splits into two different bubble forms before reaching
the stall angle. For a fixed incidence angle, the Reynolds number plays a damping
role in terms of the size of the bubble. For instance, at 10" incidence angle, while
the Re=40,000 flow already sees unattached flow, the higher Reynolds number
flows still have attached flow on the mid part of the top surface of the airfoil. Since
the higher Reynolds number indicates low viscous forces, this is an expected result.
In addition to that, the reattachment point location differences due to various

Reynolds numbers are observed at 20° angle of attack. The reattachment locations
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are quite close to the trailing edge due to the high incidence angle, and there has
been no detection of a second separation-reattachment bubble zone on the airfoil's
top surface. However, the location of the reattachment point (R1) still goes a little
more toward to leading edge with decreasing Reynolds number (Figure 4.13 and
Figure 4.14).

The mean lift coefficient variation with respect to the angle of attack is also
represented for each Reynolds number. The oscillatory properties of the
instantaneous lift coefficient can be seen by red error bounds for each Reynolds
number flow (Figure 4.16, Figure 4.18, Figure 4.20, and Figure 4.22). The main
discussion in these figures is about understanding how streamlines and oscillatory
motion of aerodynamic coefficients are related. It is revealed that for the incidence
angles where the instantaneous lift coefficient starts quasi-periodic motion, the
second counter-rotating vortex is attached to the airfoil’s upper surface. By
increasing the incidence angle, the amplitude magnitude of oscillatory behavior is
also increasing, and the second vortex contact location propagates to the leading
edge. In other words, for the non-oscillatory motion, the streamlines show directly
deattached flow on the upper surface of the airfoil with one and a big clockwise

rotating vortex.

Furthermore, the Strouhal number (St) and its relation between the different
Reynolds numbers and different incidence angles are discussed. When there exists
no oscillatory motion in instantaneous aerodynamic coefficients the Strouhal
number equals zero. In other words, the Strouhal number explains whether the flow
has vorticity or not. For instance, the first incidence angle (i.e. critical angle of
attack) where the oscillatory movement starts is 17° for Re=40,000, and 18°, 19,
19° for Re=60,000, Re=80,000, and Re=100,000 respectively. This can be
commented such that the lower viscous flow needs to get more unsteady conditions
to shed vortices and it reaches that by rising the incidence angle. Moreover, the

existence of Strouhal number observations stated that the Strouhal number has an
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almost linear relation with the Reynolds number for a fixed incidence angle but

inverse relation with the incidence angle (Figure 4.31).

Lastly, the Strouhal number behavior is explained by showing the instantaneous lift
coefficient and instantaneous wake patterns. To show the correlation between wake
patterns, instantaneous lift coefficient, and St number is important to understand all
pictures for the post-stall region of the NACA 0012 airfoil. For instance, the
experimental results have a small lift increment between 18° and 19° incidence
angles for Re=100,000, 16" and 17" angles of attack for Re=40,000 (Figure 3.14
and Figure 3.15). These increments may result from the starting of Mode 2 wake
structures at these corresponding incidence angles. So, it may be concluded that the
mean lift coefficient shows a more noticeable change than the mean drag

coefficient at those critical incidence angles.

Future research can analyze the NACA 0012 airfoil for low Reynolds number
flows in terms of the mean aerodynamic coefficient comparison and post-stall
characteristics of the airfoil discussions by directly repeating this study with three—
dimensional (3D) analyses. On top of that, the new geometrical implementations
can be done to the NACA 0012 airfoil’s commercial profile to understand whether

the aerodynamic results which are discussed in this study are being changed or not.
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