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Abstract

As Horizontal-Axis Wind Turbines (HAWTs) have developed rapidly over recent
decades, wind energy has grown rapidly in many parts of the world. This development
was preceded by the efforts of scientists and inventors worldwide. This has resulted
in HAWTs becoming a mature invention from the perspective of aerodynamics, aeroe-

lasticity, durability, control, and power engineering.

Competitors to these classical solutions are Vertical-Axis Wind Turbines (VAWTS).
The most well-known example is the Darrieus turbine, patented in 1926, which shows
that this is by no means a new concept for harvesting wind energy. From the off-
shore application perspective, this type of turbine offers several significant advantages.
These include a low-lying center of gravity, accessibility of a massive generator at the
waterline, independence from wind direction, a shorter aerodynamic wake enabling
denser turbine placement within a wind farm, and a subjectively lower visual impact
on the landscape. However, their maximum power coefficient is lower compared
to Horizontal-Axis Wind Turbines. In this context, due to still-imperfect modelling ap-
proaches for VAWTS, there remains considerable potential to improve their efficiency

and generated power.

This dissertation focuses on the analysis of phenomena occurring in the blade
boundary layer of Vertical-Axis Wind Turbines and their impact on aerodynamic loads,

wake characteristics, and the turbine power coefficient.

The influence of the laminar-turbulent transition location and laminar separa-
tion bubbles on the aerodynamic characteristics of turbine blades was investigated.
The study was conducted under wind-tunnel conditions representative of the TU Delft
facility, characterized by low Reynolds numbers (up to 200,000) and low turbulence in-
tensity levels (up to 0.5%). Aerodynamic forces obtained under such laboratory-scale
conditions differ significantly from those occurring in real flow conditions around
full-scale turbine blades. The effect of zigzag tapes is also considered, as their use
is common in wind-turbine experiments due to their ability to control flow separation

and suppress laminar separation bubbles.

To analyze boundary-layer phenomena on turbine blades at low Reynolds num-

bers, computational fluid mechanics methods were employed, in particular the Un-
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steady Reynolds-Averaged Navier-Stokes (URANS) approach. The study focused on the
v — Reg turbulence model for simulating laminar-turbulent transition in the boundary
layer. The obtained results were compared with wind-tunnel measurements available
in the literature, as well as with experimental data generated within the framework

of the journal publications.

The results obtained during this doctoral thesis provide a foundation for the devel-
opment of numerous simulation methods for Vertical-Axis Wind Turbines. They pro-
vide insight into turbine behavior at low Reynolds numbers and under varying turbu-

lence levels, reflecting conditions encountered in experimental wind tunnel studies.

The dissertation is constituted by a series of publications, of which the author

of the doctoral thesis is a co-author.

Keywords:
Vertical-Axis Wind Turbine, Computation Fluid Dynamics, aerodynamics, laminar-to-

turbulent transition, laminar separation bubble
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Streszczenie

W wyniku gwattownego rozwoju turbin wiatrowych o poziomej osi obrotu
(Horizontal-Axis Wind Turbines - HAWT) w ciagu ostatnich dekad, energetyka wia-
trowa doznata szybkiego wzrostu w wielu miejscach na swiecie. Ten rozwoj poprzedzit
wysitek naukowcdédw 1 wynalazcow na catym swiecie. Wskutek tego sitownie wiatrowe
o poziomej osi obrotu staly sie dojrzalym wynalazkiem z punktu widzenia aerody-

namiki, aeroelastycznosci, wytrzymatosci, sterowania czy elektroenergetyki.

Konkurentami dla tych klasycznych rozwiazan sa sitownie o pionowej osi obrotu
(Vertical-Axis Wind Turbines - VAWT). Najbardziej znanym przyktadem jest wia-
trak typu Darrieusa opatentowany w 1926 roku - nie jest to zatem nowy pomyst
na pozyskiwanie energii wiatrowej. 7 punktu widzenia zastosowan offshore, ten typ
turbin ma wiele istotnych zalet. Charakteryzuje sie on nisko polozonym $rodkiem
ciezkosci, dostepnoscia masywnego generatora z poziomu lustra wody, niezaleznos-
cig od kierunku wiatru, krétszym sladem aerodynamicznym pozwalajacym na gest-
sze usytuowanie turbin na farmie czy subiektywnie mniejszym wplywem na krajobraz.
Jednak, ich maksymalny wspdtczynnik mocy jest nizszy w poréwnaniu z turbinami
0 poziomej osi obrotu. Tutaj, ze wzgledu na wciaz niedoskonate metody modelowania
tych turbin, jest nadal przestrzen do poprawy ich sprawnosci i generowanych mocy.

Ponizsza praca skupia sie na analizie zjawisk wystepujacych w warstwie przyscien-
nej topat turbin wiatrowych o pionowej osi obrotu oraz ich wptywu na obcigzenia aero-

dynamiczne, slad aerodynamiczny oraz wspdtczynnik mocy turbin.

Przeanalizowano wpltyw potozenia przejécia laminarno-turbulentnego oraz babla
laminarnego na charakterystyke aerodynamiczna topat turbin. Badania przeprowad-
zono dla warunkéw wystepujacych w tunelu aerodynamicznym w TU Delft, takich
jak niska liczba Reynoldsa (do 200 000) oraz niskie wartosci intensywnosci turbulencji
(do 0,5%). Sity aerodynamiczne uzyskiwane w takich warunkach, tj. w skali labora-
toryjnej, réznig sie znaczaco w poréwnaniu z rzeczywistymi warunkami przeptywu
wokot topat petnoskalowych urzadzen. Rozwazany jest rowniez wpltyw tasm turbu-
lizacyjnych (zigzag), ktérych stosowanie jest popularne we wszystkich eksperymentach
badajacych prace turbin wiatrowych ze wzgledu na mozliwos$¢ kontroli oderwania i re-

dukcji babli laminarnych.
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Do analizy zjawisk w warstwie przysciennej fopaty w zakresie niskich liczb Re wyko-
rzystano metody numeryczne mechaniki ptynéw, w szczegélnosci metode Unsteady
Reynolds-Averaged Navier-Stokes (URANS). Skupiono sie na modelu turbulencji v— Rey
modelujacego zjawisko przejscia w warstwie przysciennej. Otrzymane wyniki porow-
nano zwynikami badan tunelowych dostepnych wliteraturze i przeprowadzonych w ra-

mach prac nad artykutami.

Wyniki otrzymane w toku pracy doktorskiej sa fundamentem do rozwoju wielu
metod symulacji turbin wiatrowych o pionowej osi obrotu. Daja obraz zachowania sie
turbin w zakresach niskich liczb Reynoldsa oraz przy réznych poziomach turbulencji,

co odpowiada warunkom spotykanym w tunelach aerodynamicznych.

Praca sklada si¢ z cyklu artykuléow, ktorego autor pracy doktorskiej

jest wspolautorem.

Stowa kluczowe:
turbina wiatrowa o pionowej osi obrotu, obliczeniowa mechanika ptynow, aerodynamika,

przejscie laminarno-turbulentne, bgbel laminarny
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1 Introduction

1.1 Problem background and motivation

In 2024, wind energy plays a significant role in global electricity generation, con-
tributing 8% of the global power mix (Global Energy Review 2025, 2025). The combined
share of solar PV and wind generation in the European Union surpassed that of coal

and gas for the first time, indicating an upward trend in wind energy growth.

The global transition towards renewable energy sources has underscored the crit-
ical need for innovative and efficient technologies in harnessing wind energy

(Kumar et al., 2018).

Veers et al. (2019) differentiate three grand challenges in wind energy research.
In addition to improving the understanding of atmospheric flow physics and the in-
tegration of wind power plants into the future electricity grid, they demonstrate that

the aerodynamics of wind turbines still have to be addressed.

While traditional Horizontal-Axis Wind Turbines (HAWTSs) are recognized for their
high-quality wind harnessing capabilities, they often present significant chal-
lenges related to installation, maintenance, and scalability in certain environments

(Shires, 2013).

Due to these challenges, Vertical-Axis Wind Turbines (VAWTs) have garnered signif-
icant attention for their unique advantages, including omnidirectional wind capture
and a lower center of gravity, which enhance stability and reduce structural stress.
Next to operation without a yaw system, VAWTs have a smaller physical footprint
and lower noise emissions. However, their broader adoption is often hindered by chal-
lenges, including limited self-starting capabilities and reduced aerodynamic efficiency

at lower Re numbers (Abdolahifar & Zanj, 2024).

Different types of VAWTs can be distinguished. The basic solution is a Darrieus
turbine, invented by Georges Darrieus in 1926 (Darrieus, 1926) with bent blades.

However, this thesis focuses generally on Darrieus turbine subtype — Darrieus

H-Shape (or H-Darrieus) wind turbines, lift-driven ones with straight vertical blades



(Figure 1.1). This kind of turbine has been tested various times in wind tunnel condi-

tions (Tescione et al., 2014, Castelein et al., 2015).

Figure 1.1: Silhouette of the H-type Darrieus wind turbine. Source: Figure 1 (Michna & Ro-
gowski, 2022)

The second most common Vertical-Axis Wind Turbine is the Savonius turbine,
invented in 1924 (Savonius, 1929). The simple construction and high torque have
to be put to the advantage of these devices. Nevertheless, they are drag-driven tur-

bines, which makes their power coefficient low (Michna & Rogowski, 2023).

Other combined solutions of vertical-axis wind turbines, like X-Rotor
(Giri Ajay et al., 2024), exist with potential that has to be investigated. The VAWTs also
have the potential to be used in offshore applications as floating devices. The detailed

review is prepared by Ghigo et al. (2024).

VAWTs present a compelling alternative, particularly for offshore applications
where harsh environmental conditions and complex logistics can hinder the deploy-
ment of traditional HAWTs. Their design enables easier maintenance and lower oper-

ational costs, making them ideal for offshore wind farms.

Also, the small VAWTs are suitable for urban environments and applications
along highways, where tight space constraints and low wind conditions present

unique challenges.



The motivation for this doctoral thesis stems from the necessity to bridge the exist-
ing knowledge gap regarding the performance under various conditions, optimization,
and primarily scalability of VAWTs. The next section will provide a detailed description
of this gap.



1.2 Research gaps

The thesis motivation can be described by defining the research gaps, defined as ar-
eas within existing knowledge that have not yet been fully explored. These gaps repre-

sent missing pieces in the scientific literature, underscoring the novelty of this work.

Below is listed all the research gaps for this thesis, followed by detailed descriptions.

Q The aerodynamic performance of thick airfoils in the low Reynolds number

range has not been investigated experimentally and numerically sufficiently.

Low Reynolds number flows are a critical area of study due to their relevance in var-
ious modern aerodynamic applications. These flows are typically observed in devices
such as micro air vehicles (MAVs) and small-scale wind turbines, including Vertical-
Axis Wind Turbines (VAWTSs). MAVs operate in environments requiring low-speed cruis-
ing and are characterized by low weight and small size, leading to Reynolds num-
bers typically ranging from tens of thousands to several hundred thousand (Mueller
& Delaurier, 2003). In the case of VAWTs, low Reynolds numbers are encountered

in the wind tunnel experiments as the turbines are scaled to laboratory size.

Figure 1.2: Relative velocity (orange) can be estimated using vector calculation from turbine
rotation (green) and free-stream velocity (red).



For VAWTs, the Re is defined by the chord-based Reynolds number:

Rec - relcp/,u (11>

where V,.; is the relative velocity of the blade to the wind, p is the air density,
and p is the dynamic viscosity of air. For the VAWT model used in the Tescione et al.
(2014) experiment, the chord-based Reynolds number varies from 1.3 x 10° to 2.1 x 10°
during rotation. This is due to the variation in relative velocity. In the case of an undis-
turbed and uniform flow, the relative velocity can be estimated using simple geometry

and vector analysis (see Figure 1.2).

Based on turbine rotation and free-stream velocity, the relative blade velocity can

be defined as a function of blade azimuth 6:

V2,(0) = W R? + V2 + 2wRV, cos § (1.2)
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Based on these calculations, the mean chord-based Reynolds number is approximately

1.6 x 10° in the case of Tescione et al. (2014) experiment.

In a different case with a turbine with a 1 m diameter investigated by Bianchini
et al. (2017), the range of Reynolds number is smaller than 1 x 10% and even drops
to 3 x 10* for the lowest tip speed ratio. It is important to highlight that the Reynolds
numbers are typically much lower for small turbines than those for larger wind tur-
bines (Giri Ajay et al., 2024).

Itis crucial to underscore that these conditions are not typically encountered in tra-
ditional aviation (Castelein et al., 2015, Rogowski et al., 2020). This is because the low
Reynolds number flows are characterized by unique aerodynamic phenomena that dif-

fer significantly from conventional high Reynolds number flows.

As articulated by Winslow et al. (2018), under conditions of low Reynolds numbers,

the boundary layer exhibits a laminar state over a larger area of the airfoil surface,



thereby increasing its vulnerability to separation induced by an adverse pressure gra-
dient. This separated shear layer has significant potential to evolve into a turbulent

one and subsequently reattach, forming a laminar separation bubble (LSB).

There are a few experimental aerodynamic force measurements of the NACA 0018
airfoil used in the Tescione et al. (2014) experiment. However, Timmer (2008) reported
significant differences in lift characteristics between the experiments performed over
time for Reynolds numbers below 300,000, partly due to the sensitivity to flow condi-
tions in the wind tunnel. The author suggested that the difference between his newer
and historical data in the Jacobs and Sherman (1937) report might stem from high tur-

bulence levels in the wind tunnel in 1937, affecting transition characteristics.

The problem is understanding the airfoil behaviour under this Reynolds number
regime based on accurate experimental data. From a numerical simulation perspec-
tive, RANS models do not perform well in this range, and LES and DNS approaches re-
quire large mesh sizes and substantial computational resources. This makes a numer-
ical calculation for laboratory-scale VAWT demanding. In the end, it makes numerical

validation of the experimental results hard to perform.

In conclusion, the low Reynolds number regime is highly relevant to the design and
operation of VAWTs and MAVs, presenting unique aerodynamic challenges not seen

in traditional aviation.

G Lack of knowledge about the turbulence intensity’s impact on the airfoil pa-

rameters.

Turbulence intensity (TI) is a crucial factor in determining the operating condi-
tions of devices operating in the low Reynolds number regime. It is defined as the
ratio of the root-mean-square of velocity fluctuations to the average flow velocity.
In modern low-turbulence wind tunnels, the turbulence intensity of undisturbed flow
can be as low as 0.05 % (Timmer, 2008). However, in the atmosphere, it typically ranges

from a few to several dozen percent (Ren et al., 2018).

For Darrieus wind turbines, the rotor blades operate under variable turbulence in-
tensities due to the slowdown and disturbance of airflow caused by a blade moving
in the upwind part of the rotor, leading to highly disturbed flow in the downwind part
(Rogowski etal., 2016). Tt is worth noting that Reynolds number and angle of attack also



vary during rotation. This makes the accurate modeling of vertical-axis wind turbines

complex and demanding.

Also, the turbulence intensity plays a vital role in the Darrieus turbine wind tunnel
measurements. Belabes and Paraschivoiu (2021) demonstrate that the effect of the tur-
bulence intensity on the power coefficient is typically observed for the small wind tur-
bines. This is because the influence of TT on the airfoil’s aerodynamic characteristics
is noticeable in the low chord-based Reynolds number regime. In wind tunnel exper-
iments, wind turbines are scaled down to small dimensions and tested in a very low-
turbulence environment. Because of that, the turbulence intensity must be taken into
account during the experiment’s design process. The comprehensive experimental
work confirming the positive influence of higher intensities on the VAWT’s outcome

was conducted by Carbo Molina et al. (2019).

The literature still lacks comprehensive airfoil characteristics measured with dif-
ferent turbulence intensity levels. Understanding the airfoil’s behavior under various

intensities is crucial for modeling and designing wind turbines.

This lack of experimental data also makes it hard to properly validate RANS turbu-
lence models for VAWT modeling. This validation is necessary to perform an accurate

simulation and design an efficient solution for vertical-axis wind turbines.

G The VAWT modeling needs more accurate methods to be developed due

to the flow and performance complexity.

Vertical-Axis Wind Turbines (VAWTs) offer several benefits compared to Horizon-
tal Axis Wind Turbines (HAWTSs). These advantages include the absence of yaw mech-
anisms, a smaller wake area behind the rotor, and reduced installation and mainte-

nance costs due to the generator’s location on the ground (Du et al., 2019).

Despite their advantages, VAWTs present challenges such as complex turbine aero-
dynamics, a demanding self-starting process (low self-start torque), and generally
lower power coefficients than HAWTSs. A critical challenge involves accurately estimat-
ing rotor aerodynamic performance, which is complicated by phenomena such as dy-

namic stall and blade-wake interaction (Amet et al., 2009).



Modeling the aerodynamic performance of Vertical-Axis Wind Turbines is a com-
plex task. Unlike other wind energy devices, VAWTs are inherently subjected to os-
cillating loads (Rogowski, 2019). The airflow around the blades of a working wind tur-
bine rotor is complex and highly unsteady, arising from the continuous shift in the tan-
gential velocity direction of the blade, which leads to constant changes in the angle
of attack and relative velocity. Angles of attack can even exceed the static stall angle
throughout their operation (Castelein et al., 2015). Blades also interact with the ro-
tor’'s aerodynamic wake and operate in conditions of varying turbulence intensity (Be-
labes & Paraschivoiu, 2021). These properties make their aerodynamic behavior dis-

tinct from other devices.

Various operational parameters influence the power performance of VAWTS.
These include the airfoil’s shape and chord length, blade pitch angle, turbine solid-
ity, Reynolds numbers, tip speed ratio, shaft diameter, and turbulence intensity (Reza-
eiha et al., 2018). For example, research has shown that a 'toe-in’ fixed pitch angle can

significantly improve VAWT performance (Fiedler & Tullis, 2009).

These complexities make computational fluid dynamics (CFD) methods, particu-
larly those using Reynolds-averaged Navier-Stokes (RANS) equations with various tur-

bulence models, essential for analyzing aerodynamic characteristics.

The second approach for VAWT modeling is the three-dimensional Actuator Line
Model (ALM). It combines classical blade element theory with Navier-Stokes-based flow
models. This integration, developed by Serensen and Shen (1999), enables comprehen-
sive simulation of the turbine’s interaction with the fluid. In the ALM, wind turbine
blades are represented as lines of actuator elements, positioned at their quarter-chord.
Blade forces are calculated using local velocities, the angle of attack, and relative veloc-
ity for each blade element. These forces are then reintroduced into the Navier-Stokes
solver as momentum equation terms. This approach can significantly reduce the nu-

merical resources necessary.

Thus, VAWT modeling is challenging. It demands many computational resources
(3D CFD simulations) or accurate experimental data to calibrate models (ALM ap-

proach). The issue is more difficult to address when the low-Reynolds number regime



and turbulence intensity are taken into account, as is the case in modeling wind tur-

bines used in wind tunnel experiments.

Understanding the aerodynamic behavior of VAWTs is essential for optimizing
their design and performance. This is crucial for building efficient numerical mod-
els of the airfoil’s pitching motion. It can also contribute to the development of meth-
ods based on blade element theory, such as blade element momentum (BEM), lifting-
line, actuator line, and actuator cylinder methods. Advanced turbulence models
and their comparison with experimental data are key to addressing the complexities

of these systems.

In summary, while VAWTs offer distinct advantages, their complex aerodynam-
ics, particularly concerning wake characteristics and blade interactions, pose signif-
icant challenges to performance optimization. Understanding these factors is crucial

for bridging the aerodynamic performance gap between VAWTs and HAWTSs.

Q The impact of laminar separation bubbles and transition phenomena

on VAWTS’ performance has to be investigated in depth.

A key characteristic of low Reynolds number flows is the occurrence of laminar
boundary layer separation, which leads to the formation of laminar separation bubbles
(LSB). These bubbles can vary in size depending on the angle of attack and Reynolds
number, influencing flow separation characteristics. For example, Istvan and Yaru-
sevych (2018) show that as the Reynolds number decreases, the reattachment point
moves further downstream, increasing bubble size and drag while reducing lift effi-
ciency. Also, Nakano et al. (2007) demonstrate using the NACA 0018 airfoil that the LSB
on the suction side decreases and moves to the leading edge with the angle of attack

increasing.

LSBs are associated with the laminar-to-turbulent transition phenomenon,
which is also characteristic of the low-Re regime. Transition effects are crucial for pres-
sure distributions, and their accurate modeling is essential for obtaining reliable aero-
dynamic forces. Developing a robust transition model for general-purpose CFD codes
is complex due to the varied mechanisms of transition processes and the limitations
of conventional Reynolds-averaged Navier-Stokes (RANS) procedures in describing

transient flow (Langtry & Menter, 2009).



Some methods, like the ¥ method implemented in the XFOIL code, are capable
of detecting the location of transition and accounting for phenomena such as limited

trailing edge separation and laminar separation bubbles (Youngren & Drela, 1991).

Unfortunately, they are not compatible with common general-purpose CFD codes.
This highlights a gap that correlation-based transition turbulence models, like the
~v — Reg model, aim to fill.

Studying deeply laminar separation bubbles is computationally intensive, often
requiring advanced numerical approaches like Direct Numerical Simulation (DNS)
or Large-Eddy Simulation (LES), which are typically performed on supercomputers
(Kawai et al., 2023). Due to high computational costs, previous studies using these

methods have primarily focused on thin airfoils only.

Due to these constraints, the understanding of the impact of laminar separation

and transition on vertical-axis wind turbines needs to be filled.

@ Effects of zigzag tape on Vertical-Axis Wind Turbines should be investigated.

In the TU Delft VAWT experiment (Tescione et al., 2014), zigzag tape was applied
on the blades to mitigate laminar separation bubbles, a common issue affecting air-
foil performance at low Reynolds numbers. They also used tape to avoid the laminar
boundary layer, which does not exist in full-scale wind turbines due to significant dif-

ferences in Re.

The zigzag tape can also be used to represent surface contamination effects, which
are essential for evaluating VAWT performance and wake behavior in real applications,
providing valuable insights for wind turbine design and optimization. Kruse et al.
(2018) studied the aerodynamic characteristics of the NACA 635-418 airfoil, demonstrat-
ing the significance of surface roughness and transition modeling. This suggests that
real-world conditions, where blade surfaces may not always be perfectly clean, can sig-

nificantly alter turbine efficiency.

Zigzag tapes significantly influence the aerodynamic forces and wake characteris-
tics of Vertical-Axis Wind Turbines (VAWTSs) by changing boundary layer behaviour.
This impact has to be investigated in depth.
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Q Angle of attack estimation methods should be developed.

Estimating blade loads is crucial for the design of Darrieus-type wind turbines.
However, it is challenging because the variable angle of attack encountered during
blade rotation often exceeds the static stall angle. The ability to estimate the angle
of attack during rotation allows a better understanding of the influence of airfoil shape
on the final turbine power coefficient. This knowledge can give crucial insight into

the dependency between static and dynamic airfoil characteristics.

The simple geometrical angle of attack can be computed from the relative velocity
of the blade obtained by vector calculation, as demonstrated in Figure 1.2. This angle
can be defined as the angle between the relative velocity of the blade and the chord (see
Figure 3.8a). The issue is that the relative velocity computed from the velocity vector
calculation can differ from the actual results due to virtual camber effects or vortices

induced on the preceding blade.

Thus, extracting the exact angle of attack from the velocity field around the blade
is complicated, especially in the case of the high chord to turbine radius ratio (Balduzzi
et al., 2015). The amplitude of angle of attack variations can be substantial, depending
on the tip-speed ratio, number of blades, and pitch angle. There are a few propositions

of angle of attack extraction methods.

Balduzzi et al. (2015) proposed a solution based on an averaging technique and in-
verse BEM method to estimate the angle of attack in Darrieus turbines, yielding promis-
ing results for flow curvature effects, though its application is limited to attached flow

and its accuracy is constrained by inherent limitations.

Bianchini et al. (2016) proposed a new CFD-based method for determining the angle
of attack on a rotating airfoil, incorporating a "virtual camber” effect to treat the real
airfoil as a virtual straight-flow equivalent. This method enhances robustness by elim-
inating user-selected variables and shows potential for analyzing complex flow phe-

nomena, including dynamic stall.

Melani et al. (2020) mentioned three additional methods: the 3-Points method,
the Trajectory method, and the Line Average method. The 3-Points method uses three
sampling points, the Trajectory method uses a single point, and Line Average analyzes

the velocity field around the turbine to capture induced flow more precisely.
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Various numerical and experimental methods have been developed to address this,
each with its own strengths and limitations, particularly in capturing dynamic effects
and adapting to different flow conditions. The gap is investigating the accuracy and sta-
bility of these methods, which is necessary to deepen the understanding of vertical-axis

wind turbine performance.

@ The applicability limits of the Transition SST model in the case of VAWT mod-

eling are unknown.

Computational Fluid Dynamics (CFD) models face significant challenges in accu-
rately simulating transitional boundary layer flows, especially for airfoils with high rel-
ative thickness and complex geometries, or for those operating under unsteady condi-
tions. Traditional one- or two-equation turbulence models often yield inaccurate aero-
dynamic forces (Rogowski et al., 2021), as they may over-predict separation at high an-

gles of attack (Zhong et al., 2018).

A general-purpose transition turbulence model should be locally formulated, allow
for calibration, and consider different transition mechanisms. The unique correlation-
based transition turbulence model, also known as the v — Rey or Transition SST model,
is based strictly on local variables and was developed to be compatible with modern
CFD codes using unstructured meshes (Langtry & Menter, 2009). It is important to note
that this model primarily provides a framework for transition correlations rather than
physically modeling the transition process itself, which makes this model inaccurate.
However, while it has shown effectiveness at low Reynolds numbers, accurately es-
timating the dynamic characteristics of pitching airfoils under very low Reynolds
number conditions remains a significant challenge for this model. Discrepancies be-
tween the Transition SST model’s predictions and experimental data persist, especially

at higher angles of attack, due to its correlation-based formulation.

The Choudhry et al. (2015) highlights that the v — Rey model relies heavily on empiri-
cism and lacks universality. They postulated that the k — k; — w model is more suitable

in the case of laminar separation bubbles on thick airfoils in the low Reynolds regime.

Developing a robust transition model for general-purpose CFD codes is chal-

lenging because conventional Reynolds-averaged Navier-Stokes (RANS) procedures
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are not well-suited to describe transient flow processes, where both linear and non-

linear effects are crucial.

Traditional turbulence models, such as the k — w or k — e families, struggle to ac-
curately predict the nonlinear behavior of the lift coefficient below the critical angle
of attack because they treat the entire boundary layer as fully turbulent and neglect

crucial transition effects.

Transition effects significantly influence pressure distributions and are essential
for accurate aerodynamic force calculations. A review of the literature indicates that
the two-equation turbulence model k — w SST is frequently used in analyses, partly be-
cause transition models are not yet adequately validated, and the k—w SST model is sta-
ble and less computationally expensive (Katski & Rogowski, 2020). However, research
has shown that even in the linear range of the lift coefficient, a transition model is nec-
essary for RANS approaches to obtain more accurate drag coefficient results compared

to fully turbulent models (Zhang, Sun, et al., 2017).

However, the & — w SST model, which assumes a fully turbulent flow, can approx-
imate the effect of zigzag tape or profile contamination by enforcing early transition
(Zhang, Van Zuijlen, & Van Bussel, 2017). This model provides robust and reliable
predictions, especially in regions with strong adverse pressure gradients. In contrast,
the 7 — Rey model is more suitable for capturing transitional effects, such as lami-
nar separation bubbles, as it explicitly accounts for laminar-to-turbulent transition

in the boundary layer.

There are non-RANS techniques, such as Large Eddy Simulation (LES) and Di-
rect Numerical Simulation (DNS), which, while capable of providing reliable data,
are too computationally expensive to use across a wide range of angles of attack

and flow conditions.

The challenge is calibrating a correlation-based model to use in a low Reynolds
regime or with angles of attack exceeding the stall angle. This approach can be a so-
lution for the VAWT modeling issue. The other challenge is to determine the applica-
bility limits of the Transition SST model in terms of Reynolds number. Also, a better

turbulence model for these operational conditions would be groundbreaking.
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@ More research is needed to bridge the gap between 2-D and 3-D CFD modeling

approaches.

A 2-D CFD analysis using the £ —w SST and v — Rey models is a standard procedure
for verifying aerodynamic characterization and understanding the impact of transition
phenomena, such as laminar separation bubbles. These models are known to accu-
rately predict rotor loads (Rogowski, 2019, Rezaeiha et al., 2019). Unfortunately, they
can be imprecise, especially under certain operating conditions (low tip speed ratio,

high turbulence).

While 3-D CFD, particularly URANS, provides valuable insights into complex
flow phenomena like tip vortices, dynamic stall, wake characteristics, and blade in-
teractions, its high computational cost remains a limitation (Mendoza et al., 2019,

Lam and Peng, 2016).

Experimental measurements, like those obtained using Particle Image Velocime-
try (PIV), often show significant differences in the aerodynamic wake when compared

to 2D model predictions, highlighting the impact of these uncaptured 3D phenomena.

Therefore, lower-order models such as the blade element momentum (BEM) and Ac-
tuator Line Model (ALM) remain popular alternatives. These methods rely on airfoil
aerodynamic characteristics and additional corrections (e.g., flow curvature, dynamic

stall models) and can incorporate finite blade and added mass effects.

The challenge is to develop computationally less expensive methods, such
as 2D URANS, that can also provide accurate flow visualization necessary to under-

stand vertical-axis wind turbine performance.

€@ Limited wind tunnel experimental data of airfoil characteristics for Vertical-

Axis Wind Turbines design and validation.

Historically, the wind energy sector has primarily concentrated on horizontal-axis
wind turbines (HAWTSs). However, increasing attention is now being directed towards
improving the aerodynamic performance of VAWTs to bridge the efficiency gap be-
tween these two types of turbines (Kumar et al., 2018). To achieve this goal, obtain-
ing static and dynamic airfoil characteristics across different Re regimes is essential

because of the different conditions in the case of the experiment-scale and full-scale
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turbines. The most popular airfoils used in VAWTs are from the NACA series, such
as NACA 0018. Unfortunately, experimental studies on the NACA 0018 airfoil for a wide

range of flow parameters were not widely available until recently.

For over 70 years, since 1933, there have been almost no new experimental stud-
ies on the NACA 0018 profile to investigate its performance in the regime of low
and medium Reynolds numbers. This lack of data includes various turbulence param-
eters and becomes a challenge because the conditions in modern wind tunnels differ

vastly from those in Earth’s atmosphere (Rogowski et al., 2021).

Historical data, such as the famous Report No. 460 from 1933 (Jacobs et al., 1933),
which provided NACA 0018 profile characteristics for a Reynolds number of 3,200,000,
are not helpful as input for engineering models developed for Darrieus wind turbines
due to their much lower blade Reynolds numbers. While more valuable characteristics

were found in Report No. 568 (Jacobs & Sherman, 1937), these too had limitations.

Before 2011, the primary available airfoil database was from Sheldahl and Klimas
(1981), which mainly contained characteristics of four-digit NACA series airfoils. The re-
sults presented in this study for low Reynolds numbers significantly differ from more

recent findings.

Melani et al. (2019) published a significant paper summarizing experimental

and numerical studies for low and medium Reynolds numbers.

Among others, some of the experiments are worth highlighting. Study of Timmer
(2008) on wind turbines at a laboratory scale has shown chord-based Reynolds numbers
in the range of 150,000-1,000,000, often using four-digit NACA series airfoils despite

their poor performance under these flow conditions.

Nakano et al. (2007) conducted unique studies using Particle Image Velocimetry
(PIV) to investigate flow and noise characteristics of the NACA 0018 airfoil at a mod-
erate Reynolds number of 160,000, revealing the connection between flow separation,

reattachment, and tonal noise.

The University of Waterloo made significant advancements in measurement tech-
niques for NACA 0018 and other four-digit NACA series airfoils, exemplified by Ger-
akopulos et al. (2010) publication. Their study analyzed the NACA 0018 airfoil at low
Reynolds numbers (80,000 to 200,000), characterizing its lift and separation bubble be-
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havior and how the separation bubble’s position and length change with Reynolds num-

ber and angle of attack.

Imperial College conducted measurements in a low-turbulence wind tunnel, us-
ing pressure distribution measurements to capture aerodynamic characteristics of air-
foils at Reynolds numbers from 60,000 to 300,000 and angles of attack from 0° to 180°.
These results validated the hypothesis of virtual camber effects Bianchini et al. (2015).

Du (2016) study involved in-depth experimental and numerical analysis
of the NACA 0018 airfoil at low Reynolds numbers (60,000 to 140,000), utilizing
sophisticated measurement techniques like PIV and pressure distribution analysis

to explore flow separation and reattachment.

In summary, experimental work in low Reynolds number aerodynamics, espe-
cially for NACA 0018 airfoils, has been crucial for understanding unique flow behav-
iors like laminar separation and hysteresis. Despite advancements, challenges remain
in model calibration due to differences between wind tunnel and atmospheric condi-
tions, and a continued need for more comprehensive experimental data to improve

numerical predictions.

All research gaps identified above are presented below as a list:

@ Low Reynolds number range aerodynamic performance.

G Turbulence intensity’s impact on the airfoil aerodynamics.

G The VAWT modeling needs more accurate methods to be developed.
Q The boundary layer phenomena’s impact on VAWT performance.
@ Effects of zigzag tape on VAWTs should be investigated.

G Angle of attack estimation methods should be developed.

@ The applicability limits of the Transition SST model.

@ Bridge the gap between 2-D and 3-D modeling approaches.

o Limited airfoil characteristics experimental data.
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1.3 Formulating hypoteses

To address the gaps outlined, three general hypotheses are presented.

o This thesis generally focuses on the numerical modeling of a laboratory-scale
Vertical-Axis Wind Turbine based on experimental research conducted at Delft Univer-
sity of Technology (Tescione et al., 2014). The turbine investigated during this research
was validated by various numerical simulations (e.g., Rezaeiha et al., 2019), but without
modeling the tape. The authors of the experiments use zigzag tape placed at 8 percent
of the chord from the leading edge on both sides. The effect of this turbulization tape

on laboratory-scale VAWT has never been investigated in depth.

Hypothesis 1) Missing zigzag tape effect understanding

The zigzag tape modifies airfoil characteristics by eliminating the laminar

separation bubble, thereby changing the aerodynamic blade loads and wake

geometry of a VAWT.

This thesis shows the zigzag impact on VAWT torque, aerodynamic loads
on the blades, and wake behind the rotor. Also, the influence of laminar sepa-

ration bubble formation on boundary layer characteristics and loads is investi-

gated.
N J

e The Vertical-Axis Wind Turbine design process consists of, among others,
awind tunnel validation stage. Unfortunately, when the H-Darrieus wind turbine scale
shrinks to a size moveable into a wind tunnel, the chord-based Reynolds number drops

according to the chord length decreasing.

This scalability issue has to be addressed during the wind tunnel tests design stage,
and any numerical validation performed. The blade loading and boundary-layer char-
acteristics can differ between full-scale and laboratory-scale conditions due to differ-
ences in the chord-based Reynolds number. Moreover, slight changes in the oncoming
wind velocity can lead to noticeable differences in aerodynamic loads for laboratory-

scale VAWTSs. This is due to the higher aerodynamic sensitivity of airfoils in the low-Re
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regime. Also, in this regime, the influence of the turbulence intensity (TI) on the air-
foils’ aerodynamic characteristics is greater. These issues are not observable in the full-

scale wind turbines.

This thesis focuses on the investigation of Re and TI impacts using URANS meth-
ods, validated with experimental data obtained during the work and with results from
the literature. The outcome provides a foundation for subsequent research focused

on proposing improved validation procedures and more accurate models of VAWTSs.

Hypothesis (2) Reynolds number and turbulence intensity influence

on laboratory-scaled VAWTSs

In the low-Re regime, the Reynolds number has a substantial impact
on the airfoil characteristics, thereby affecting the power coefficient
of the VAWT. The influence of TI is visible but smaller than that of Re. This in-

fluence is not observable for the high and moderate Re.

This thesis investigates the impact of Re and TI on aerodynamic force coeffi-

cients. For Re < 200,000, this influence is noticeable. Also, this work addresses

the lack of experimental data on airfoils at low Reynolds numbers.
\§ J

e To accurately estimate the power coefficient of the VAWT, a deep under-
standing of the static and especially dynamic behavior of the airfoils is obligatory.

These characteristics can be obtained using numerical and experimental methods.

The aerodynamics and flow around the VAWT rotor are complicated. Consequently,
the dynamic behaviour of the airfoil differs significantly from the static one. A deep un-
derstanding of this difference is crucial for accurately determining aerodynamic forces
and, consequently, the device’s efficiency. This also allows for acquiring knowledge
for improvement methods, such as the Actuator Line Model, or for developing a pitch-

ing motion model.
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Hypothesis (3) Static and dynamic characteristics of airfoils in the low-

Re regime

The static and dynamic loads characteristic of the VAWT blade are strongly
dependent on the laminar separation bubble and the laminar-to-turbulent
transition occurring in the boundary layer of the blades. These phenomena

are typical of low Reynolds number flow around thick airfoils.

The work focuses on the aerodynamic characteristics of the DU-91-W2-250
and NACA 0018 airfoils. Also, this dissertation analyzes the influence of VAWT
operational parameters and fixed-pitch on force results using URANS model-
ing. The methods for estimating the angle of attack are tested and discussed.
The dynamic behaviour of the turbine’s blades is investigated as a foundation

for the pitching motion model.
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1.4 New testable predictions

To test the hypothesis, a detailed list of new testable predictions is prepared.
The scope of this thesis is wide. Thus, all issues must be carefully classified and ad-
dressed. A new testable prediction is the way to order these issues. Each paper consti-

tuting this dissertation tests some of the predictions listed below.

[ Hypothesis o Missing zigzag tape effect understanding j

n Effect of zigzag tape on lift coefficient
Zigzag tape linearizes the lift coefficient characteristic. This can be tested by com-
paring the lift coefficient (C) versus angle of attack («) curves for a clean airfoil

and a zigzag-taped airfoil.

m Impact of zigzag tape on aerodynamic efficiency
Zigzag tape leads to a reduction in aerodynamic efficiency due to increased drag
and decreased lift below the critical angle of attack. This can be tested by measur-
ing the lift and drag forces and calculating the lift-to-drag ratio for airfoils with

and without zigzag tape.

Biil wake recovery distance prediction of VAWT
Wake recovery occurs later for the zigzag tape profile. Measuring the velocity

profiles at different distances downstream can test this.

Wake asymmetry prediction of VAWT
Zigzag tape promotes asymmetry in the aerodynamic wake behind the rotor.
This can be tested using PIV (Particle Image Velocimetry) measurements to com-
pare the wake symmetry behind rotors with and without zigzag tape. Also,
this prediction can be validated with Computational Fluid Dynamics and Actu-

ator Line Model methods.
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Hypothesis e Reynolds number and turbulence intensity influence

on laboratory-scaled VAWTs

VII

Reynolds number and turbulence intensity influence on airfoil performance

The aerodynamic performance of the NACA 0018 airfoil is largely dependent
on the Reynolds number and less dependent on turbulence intensity. To test
this, one could vary the Reynolds number and turbulence intensity in experi-
ments or simulations and measure the lift and drag coefficients to quantify their

respective impacts.

Aerodynamic characteristics prediction at low-Reynolds numbers

For a NACA 0018 airfoil at a low Reynolds number, the drag coefficient at low
angles of attack decreases significantly as the Reynolds number increases from
30,000 to 160,000. This can be tested by measuring the drag coefficient at different
Reynolds numbers in the specified range. The results can be compared with CFD

outcomes to evaluate these methods at low Reynolds numbers.

Reynolds number influence on C}*** of airfoil
The Reynolds number significantly affects C7***, with the differences becoming
more pronounced as the Reynolds number decreases. Experimental tests at var-

ious Reynolds numbers can validate this.

Impact of pitch angle on wake deflection of VAWT

The pitch angle configuration influences wake deflection and deformation
in vertical-axis wind turbines. The PIV measurements proving this from the lit-
erature can be tested and validated using CFD wind turbine models with a wide

scope of configurations.

Thrust and lateral forces validation of VAWT

Using a 2-D numerical rotor model, thrust and lateral forces can be validated
against experimental measurements. Comparing experimental measurements
of thrust and lateral forces with simulations from a 2-D numerical rotor model

can test this.
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Turbulence intensity decay rate influence limits

The decay rate of turbulence intensity depends on the turbulence intensity
attheinlet. A testable hypothesisisthat RANS models predict high turbulence in-
tensity decays, and whether this makes keeping high intensities around Darrieus
rotors possible to simulate. During simulations, the turbulence intensity on the
domain inlet can be raised to 20 %-30 % to find the highest reachable intensity

values near the rotor.

Hypothesis e Static and dynamic characteristics of airfoils in the low-

Re regime

Stall hysteresis prediction

XII

XIV

The post-stall hysteresis loops move to the higher angles of attack with rising
Reynolds numbers for NACA 0018 airfoils. Experimental measurements at vary-

ing Reynolds numbers could validate this prediction.

Dynamic and static lift coefficient slopes prediction

The slope of the static C, (lift coefficient) curve corresponds closely to that of the
dynamic curve, despite the dynamic curve not passing through zero angle of at-
tack, due to the "virtual camber” effect. This can be tested by comparing the static

and dynamic C}, curves in different flow conditions.

Influence of laminar separation bubbles on aerodynamic hysteresis and oscil-
lations

It was hypothesized that laminar separation bubbles would significantly cause
hysteresis in the lift coefficient at low angles of attack and lead to notable oscilla-

tions in the aerodynamic forces.

~v — Rey model accuracy prediction

The v — Rep model (also known as Transition SST) can predict the aerody-
namic performance of an airfoil more accurately for moderate Reynolds num-
bers. Comparing experimental force measurements with 2-D CFD simulations

using the Transition SST model could validate this.
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Limitations of the £ —w SST turbulence model in capturing laminar flow effects
The work tested the prediction that the classical two-equation k — w SST turbu-
lence model, which assumes a fully turbulent boundary layer, would fail to cap-
ture nonlinearities in lift force characteristics and the effects of laminar separa-

tion bubbles.
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1.5 Thesis structure

This work opens with an introductory subsection that describes the research back-
ground. All research gaps that this thesis tries to fill are listed. Then, based on these
gaps, the hypotheses are formulated. All new testable predictions are described in de-

tail, which concludes Section 1.

The Section 2 describes three scientific papers that were the first stage of work.
They focus on airfoil aerodynamics and boundary layer behaviour in the case

of vertical-axis wind turbine applications.

Next Section 3 contains an overview of the four papers constituting the disserta-
tion. This part focuses on VAWT modeling using different numerical methods and
under different conditions. The results are validated against various experiments

from the literature.

All general conclusions and future work recommendations are collected in the sum-
mary Section 4. In the Appendix, all copies of publications constituting this disserta-

tion are included.
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2 Low-Re flow and turbulence model influence

on airfoil aerodynamics

2.1 Reynolds number influence on laminar-to-turbulent transition

and aerodynamic characteristics in the case of DU 91-W2-250

Michna et al. (2021)

Title: “Accuracy of the Gamma Re-Theta Transition Model for Simulating the
DU-91-W2-250 Airfoil at High Reynolds Numbers”

Authors: Jan Michna, Krzysztof Rogowski, Galih Bangga, Martin O. L. Hansen
Journal: Energies Date: December 2021 MNiSW Points: 140 pts

Contribution: methodology, software, validation, numerical analysis, writing -
review and editing, visualization

New Testable Predictions: Research Gaps:

W AA\'A + — Rey model accuracy predic- Q The boundary layer phenomena’s
tion impact on VAWT performance.

Limitations of the & — w SST tur- @ The applicability limits
bulence model in capturing lami- of the Transition SST model.

nar flow effects
N\ J

As a first step, the thesis focused on the DU 91-W2-250 airfoil designed for wind
turbine applications (Figure 2.1a). The results are collected in the scientific paper
(Michna et al., 2021). From the thesis perspective, it was a proper introduction to test-
ing and familiarizing with the numerical airfoil investigation methodologies, and a gen-

eral understanding of airfoil behaviour below the critical angle.

This study focuses on point of transition estimation using URANS (Unsteady
Reynolds-Averaged Navier-Stokes) method with the four-equation Transition SST
(y — Rep) turbulence model in aerodynamic numerical simulations of the airfoil
at moderate Reynolds numbers and angles of attack below the critical angle. The sec-

ond aim was to verify whether this numerical approach is suitable for modeling

25



the flow around this thick kind of airfoil (25 % of chord thickness) used in wind tur-
bines. The turbulence model incorporates modeling of the laminar-to-turbulent tran-
sition. This unique property of the Transition SST turbulence model allows presenting

the predicted transition point alongside the analysis of aerodynamic force results.

@) (b)

Figure 2.1: DU 91-W2-250 airfoil (a); computational domain and boundary conditions (b).
Source: Figure 1 (Michna et al., 2021)

A two-dimensional numerical model of the DU 91-W2-250 airfoil was introduced
(Figure 2.1b). The simulations use URANS and the Transition SST model in ANSYS
Fluent 19.0. The aerodynamic characteristics of the airfoil were studied at Reynolds
numbers of 3 x 10° and 6 x 105, compared against results from a data source from
wind tunnel experiments and those obtained using other turbulence models (k —w SST
and k£ — e RNG). The turbulence conditions were kept similar to those of the typical
wind tunnel. The XFOIL results with the e method implemented are also included.
The N value was set to 9, corresponding to a smooth wing surface with a low free-

stream turbulence level.

In addition to aerodynamic forces, the study examined the location of the transition
point as a function of angle of attack and Reynolds number. Also, the plots of static

pressure and skin friction coefficient distributions were prepared.

The lift coefficient C'; and drag coefficient C'p values were extracted from the simu-
lation (Figure 2.2). To verify results and measure turbulence model accuracy, the slope

of the lift coefficient dC}/da was compared. For URANS and experimental results,
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the aerodynamic derivative dC, /da values are calculated from 0 to 8.1 degrees. The dif-

ference observed was negligibly slight, as seen in the Figure 2.2.

Figure 2.2: DU 91-W2-250 airfoil performance for two Reynolds numbers of 3 x 10° and 6 x 10°.
Source: Figure 5 (Michna et al., 2021)

The results showed that the static pressure distribution depends mainly on the an-
gle of attack and, to a lesser extent, on the Reynolds number. Figure 2.3 presents
the standard deviations of this pressure distribution. Looking at Figure 2.3(b), the max-
imum values can be observed in a narrow strip around the position z/c = 0.4. This lo-

cation is not coincidental; it is where the laminar-to-turbulent transition occurs.
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Figure 2.3: Standard deviation of the static pressure coefficient for the suction side of the air-
foil and the angle of attack of 4 degrees. Subfigure (a) shows standard deviations
as a function of the angle of attack and Reynolds number, whereas (b) shows stan-
dard deviations as a function of position and Reynolds number. Source: Figure 11
(Michna et al., 2021)

In contrast to the pressure distribution, the skin friction coefficient distribution
Ct(z/c) depends strongly on the Reynolds number (Figure 2.4). It should be noted that
the influence of Re is visible on the suction side of the airfoil (Figure 2.4(b)). There,
it can be observed that as the Reynolds number increases, the skin friction changes

as the transition shifts toward the leading edge.

Figure 2.4: Skin friction coefficient distribution at the angle of attack of 4° with different
Reynolds numbers for (a) the suction side and (b) the pressure side. These results
are given for the Transition SST turbulence model. Source: Figure 13 (Michna et al.,
2021)

Points of transition x,, were predicted based on the skin friction coefficient distribu-

tion C. This point is associated with a derivative of C'y - rapid growth of skin friction
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shows the position of the limit between laminar and turbulent boundary conditions,
i.e., the point of transition ;.. Two different derivatives of z;.(«) for the suction side
can be distinguished from the Figure 2.5: the first one in the range of angles from 0°
to 6° and the second one from 6° to 10°. However, for the pressure side, the distribution

of points of transitions is almost linear over the entire range considered.

The paper confirms that the Transition SST model can be successfully used for aero-
dynamic analysis of this class of airfoils in the below-critical angle of attack range.
The results of aerodynamic force coefficients were compared with other implemen-
tations of the Transition SST model in different CFD codes. The significant difference

was not found.

Figure 2.5: Variation of transition location with the angle of attack for two Reynolds numbers.
The Transition SST results are compared with XFOIL simulation and experimental
tunnel data. Source: Figure 16 (Michna et al., 2021)

The results show that this model provides better results than the k — e and k — w
turbulence models. This conclusion shows that modeling the transition phenomenon

plays a key role in aerodynamic simulations and gives more accurate results. However,
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the error in the transition location estimation was noticeable. That shows room for tur-

bulence modeling improvement and/or recalibration of the Transition SST model itself.
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2.2 NACA 0018 performance under different turbulence conditions

Michna and Rogowski (2022)

Title: “Numerical Study of the Effect of the Reynolds Number and the Turbu-
lence Intensity on the Performance of the NACA 0018 Airfoil at the Low Reynolds
Number Regime”

Authors: Jan Michna, Krzysztof Rogowski
Journal: Processes Date: May 2022 MNiSW Points: 100 pts

Contribution: methodology, software, validation, numerical analysis, writing—
review and editing, visualization

New Testable Predictions: Research Gaps:

Reynolds number and turbu- Q Low Reynolds number range
lence intensity influence on aerodynamic performance.

airfoil performance ) .
@ Turbulence intensity’s impact

Turbulence intensity decay rate on the airfoil aerodynamics.

influence limits
. J

The following study focuses on the impact of low Reynolds number and turbulence
intensity on the characteristics of the NACA 0018 airfoil (Michna & Rogowski, 2022).
The novelty of this work is the numerical examination of the airfoil against different tur-
bulence intensities. The objective was to identify how these parameters affect the air-
foil's performance, which is crucial for designing vertical-axis wind turbine (VAWT)
blades. The airfoil used is a well-investigated geometry and was implemented in the in-

vestigated laboratory-scale Darrieus Wind Turbine at Delft University of Technology.

The methodology is similar to before and involves numerical simulations using
the URANS (Unsteady Reynolds-Averaged Navier-Stokes) approach with the Transi-
tion SST v — Rey turbulence model. This model was chosen based on previous
work (Michna et al., 2021). The study was conducted for Reynolds numbers ranging
from 50,000 to 200,000 and turbulence intensities from 0.01 % to 0.5 %. Aerodynamic

force coefficients of the NACA 0018 airfoil were analyzed for angles of attack between

31



0 and 10 degrees, far below the critical angle. The numerical model was validated

by comparing it with wind tunnel experimental data from DUT (Timmer, 2008).

Figure 2.6: Aerodynamic characteristics of the NACA 0018 profile. Lift coefficient (a) and drag
coefficient (b) as a function of the angle of attack. Source: Figure 5 (Michna &
Rogowski, 2022)

This validation is presented in Figure 2.6. As the plot shows, in the case of the lift
coefficient (Figure 2.6a), both series of results are sufficiently consistent in the range
of angles of attack up to 6 degrees. Slightly more significant coefficient differences are
visible above this angle of attack. One of the possible causes of differencesis that the 3D
effects were not considered in these studies. The second reason is that the turbulence
model is not calibrated enough through the model constants that control the charac-

teristics of the separation bubble.

The results highlight the significant influence of Reynolds number and turbu-
lence intensity on the behavior of the NACA 0018 airfoil at low Reynolds numbers.
As observed, the effect of the turbulence intensity on the lift coefficient is much
lower than the Reynolds number effect. Although at a low Reynolds number regime,
even relatively small differences in these quantities can significantly change the lift
and drag airfoil characteristics. This shows that turbulence intensity significantly af-
fects the aerodynamic characteristics of the airfoil, specifically in the laboratory-scale

VAWT Reynolds number operational range.

Although turbulence decay was observed upstream of the airfoil in URANS simula-
tions, the decay rate depends primarily on the inlet intensity. Higher turbulence in-

tensity at the inlet leads to faster decay, while near the airfoil’s leading edge, turbu-
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lence remains low regardless of inlet conditions. During the preparation of the simu-
lation stage, it was observed that under specified conditions, in the URANS simulation,

the turbulence intensity just before the airfoil higher than 0.5 % is hard to reach.

Figure 2.7: The approach for determining the transition angle «y. Subfigure (a) shows the lift
coefficient against angle of attack for Re = 150,000 and T'I = 0.25%. Subfigure
(b) shows the transition angle against Reynolds number for T = 0.25 %. Source:
Figure 9 (Michna & Rogowski, 2022)

The lift coefficient result (Figure 2.7) shows that the lift is not linear at low Reynolds
numbers. Moreover, two specific regions can be distinguished in the plot. For each
region, the lift coefficient slope is different. The transition angle «;, the border between
regions, was found during the investigation for each Reynolds number used. As shown,

this angle increases with increasing Reynolds number.

(@ (b)

Figure 2.8: Static pressure coefficient on the pressure side at Re = 50,000 (a) and Re = 200,000
(b). Source: Figure 17 (Michna & Rogowski, 2022)
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The results of pressure coefficient distributions show that for angles of attack
larger than ay, there is no longer a laminar-separation bubble on the pressure surface
of the airfoil (Figure 2.8). Also, pressure noticeably depends on the Reynolds number,

quantitatively and qualitatively.

In summary, the results demonstrate that turbulence intensity significantly af-
fects the aerodynamic performance of the NACA 0018 airfoil at low Reynolds num-
bers. Specifically, increasing turbulence intensity reduces the aerodynamic derivative
dC/da in the first region and increases it in the subsequent region. It also delays

the transition angle «;. This trend is consistent across all Re numbers investigated.

The formation of a wide laminar separation bubble in the boundary layer leads
to the presence of two distinct lift curve slopes prior to stall. While increasing
the Reynolds number causes a nearly linear rise dC;/da within the first region,

the slope in the second region remains largely unaffected.

This paper highlights the necessity of a deeper investigation of the airfoil’'s aerody-
namic performance at low and very low Reynolds numbers. In this range, the slight
change in turbulence levels has a crucial effect on lift due to the laminar separation

bubble and the laminar-to-turbulent transition occurred in the boundary layer.
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Based on the previous work recommendation, the next step was to investigate
the lowest range of Reynolds numbers (Rogowski, Mikkelsen, et al., 2025). The goal
was to measure the aerodynamic characteristics of the NACA 0018 airfoil across a range
of low Reynolds numbers, emphasizing unique behaviors observed in this regime.
The study specifically aimed to acquire experimental data at a Reynolds number
of 30,000, where lift behavior significantly deviates from that at higher Reynolds num-
bers. This research contributes to filling the scientific gap of limited experimental data
at low Reynolds numbers. This data is crucial for calibrating and validating CFD mod-
els needed for the VAWT simulations because of typical chord-based Reynolds num-

bers common for laboratory-scale Vertical-Axis Wind Turbines.

The methodology employed aerodynamic measurements at a low-turbulence wind
tunnel at the Technical University of Denmark (DTU). The authors utilized the wall

pressure taps technique, a pressure rake, and a force gauge to assess aerodynamic
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loads. Two rectangular foils, one made of aluminum and the other 3D printed using
PLA, were tested. Aerodynamic measurements were taken at Reynolds numbers rang-
ing from 30,000 to 160,000 and angles of attack from —190 to 20 degrees (Figure 2.9).
Two independent techniques were used to measure lift force, and the drag coefficient
was determined based on wake velocity measurements. The experimental results were

compared with XFOIL and 2-D URANS CFD simulations.

Figure 2.9: The lift coefficient C, as a function of angle of attack a (—190°-20°) for different
Reynolds numbers shows the crucial impact of Re on the airfoil’'s aerodynamic char-
acteristic. Source: Figure 6 (Rogowski, Mikkelsen, et al., 2025)

At first, the comparison of the two measurement techniques (pressure taps
and force gauge) was made. For the lift force at Re = 100,000, it shows strong agree-
ment across most of the tested angle of attack range, despite some discrepancies in spe-

cific regions, confirming the reliability of both methods under varying conditions.

The study’s outcomes demonstrated a strong dependence of aerodynamic charac-

teristics on the Reynolds number. The results for the angle of attack in the (—20°-20°)
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range show linear behaviour of the lift coefficient for Reynolds numbers above 50,000

(Figure 2.10).

Figure 2.10: The lift coefficient as a function of angle of attack (—20°-20°) for different Reynolds
numbers. Source: Figure 7 (Rogowski, Mikkelsen, et al., 2025)

The formation of laminar separation bubbles leads to considerable nonlinearities
in lift force behaviour, with a significant loss of lift - around 58.4 % at Re = 100,000 -

occurring after surpassing the critical angle of attack.

The critical angle for each Re can be distinguished from the plot, and it shows that
this angle increases with the Reynolds number. The lift coefficient exhibited different
behavior at the lowest Reynolds number tested (30,000) compared to higher Reynolds
numbers. The lift coefficient is non-linear and can have non-zero values at zero angle

of attack. For a tiny positive angle of attack, the negative values were measured.

The study also highlighted challenges in measuring around the zero angle of attack

due to aerodynamic noise and vortex shedding. While passing through this region, no-
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ticeable aerodynamic noise was observed, resulting from the shedding of vortex struc-

tures from both the suction and pressure sides.

Figure 2.11: Drag coefficient as a function of the angle of attack. Comparison of experimental
results with XFOIL. Source: Figure 14 (Rogowski, Mikkelsen, et al., 2025)

The drag coefficient at a zero angle of attack decreased significantly (over 700 per-
cent) when the Reynolds number increased from 30,000 to 160,000. The experimental
results confirm XFOIL calculations (Figure 2.11). This shows how drag values are influ-

enced by the Reynolds number, especially for the lowest examined Re values.

The experimental results were consistent with both XFOIL and 2-D CFD simulations,
although the numerical models had limitations in accurately predicting the maximum
lift coefficient and stall angle value (Figure 2.12). While XFOIL tends to overestimate
the maximum lift coefficient, it accurately captures the overall trends, including the
linear lift behaviour at the lowest Reynolds number and the significant drag increase
at higher Reynolds numbers. These findings validate the reliability of XFOIL as a pre-

dictive tool for aerodynamic analysis within the tested parameter range.

The 2-D CFD approach, utilizing the Transition SST model, provides amore accurate

prediction of drag increase compared to XFOIL but tends to underestimate lift values.
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Figure 2.12: Comparison of airfoil characteristics at Re = 160,000 obtained from experiments
and 2-D CFD using the Transition SST model. Source: Figure 15 (Rogowski,
Mikkelsen, et al., 2025)

The effect of this paper is data needed for the validation of CFD techniques and gives
an understanding of NACA 0018 behaviour at the low Reynolds regime. The paper’s
findings emphasize the importance of considering Reynolds number effects when de-
signing airfoils for low-speed applications and provide a foundation for future research

on surface contamination and three-dimensional flow effects.

Airfoils from the four-digit NACA series are quite often used for wind turbines
at a laboratory scale, where the chord-based Reynolds number reaches values
in the range of 20,000-30,000 However, these airfoils perform poorly under such flow
conditions, which can be observed for the lift coefficient results — e.g., very low Cpq

values (Figure 2.10) and high Cp values (Figure 2.11).

39






3 Vertical-Axis Wind Turbine modeling

3.1 Harmonic pitching airfoil model

Michna et al. (2025)
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Flow”
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The harmonic pitching airfoil model was employed to address the critical area
of aerodynamic performance for airfoils operating under low Reynolds number con-
ditions, a regime particularly relevant to modern aerial (e.g., MAVs) and wind energy
systems (e.g., VAWTs). The research aims to bridge existing knowledge gaps and pro-

vide deeper insights into complex flow phenomena (Michna et al., 2025).

Even with the use of 2-D models, numerical simulations of the vertical-axis wind
turbines still have a high computational cost. As a consequence, many simplified
methods have been developed, like Actuator Line, Cylinder, or Blade Element meth-
ods. These approaches demand high-quality airfoil characteristics as an input. What
is crucial, even static characteristics are sensitive to varying Reynolds number and tur-

bulence intensity (Michna & Rogowski, 2022). Moreover, static results are not enough.
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An understanding of dynamic airfoil behavior is necessary to simulate the VAWTs accu-
rately. This work employed 2-D CFD URANS modeling to simulate an airfoil with pitch-
ing motion to investigate aerodynamic force hysteresis. These results can be a founda-

tion to improve dynamic models used in the numerical methods mentioned above.

The primary objective of this research is to enhance the understanding of the aero-
dynamic performance of thick airfoils, specifically the NACA 0018, when subjected
to harmonic pitching motions under low Reynolds number conditions. This partic-

ular airfoil and motion type are relevant to applications like H-Darrieus VAWTs.

By comparing numerical predictions with experimental data, the research seeks
to unravel the intricate dynamics of hysteresis loops, the formation and behavior
of laminar separation bubbles, and various turbulence effects that significantly influ-

ence aerodynamic forces.

All numerical simulations were conducted using the Unsteady Reynolds-Averaged
Navier-Stokes (URANS) approach. This method is necessary due to the high tempo-
ral variability of physical phenomena within the boundary layer near the airfoil sur-
face, even for steady (no pitch) cases. To achieve the paper’s objectives, the study
employs two different turbulence modeling techniques, the v — Rey transition model

and the k — w SST model.

The computational domain with a hybrid mesh was prepared based on the work-
ing section of the Red Wind Tunnel at TU Delft (details in Rogowski, Mikkelsen, et al.,
2025). The sliding mesh working section technique with a circular subdomain around

the airfoil was used to simulate pitching motion.

Three different motion frequencies were investigated: 1 Hz, 2 Hz, and 13.3 Hz.
The choice of the last frequency value was motivated by the rotational speed character-

istics of Darrieus vertical-axis wind turbines (Tescione et al., 2014).

The Figure 3.1 presents the time histories for the lift and drag coefficients from v —
Rey model used with a 1 Hz frequency motion case. For an amplitude of A = 4°
the drag coefficient corresponding to a Reynolds number of Re = 80,000 was found
to be approximately 67 % greater than that observed at Re = 160,000. Conversely,
for A = 8°, the drag coefficient was approximately 51 % higher in the same compar-

ative analysis.
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Figure 3.1: Time histories of the lift coefficient (C1) and drag coefficient (Cp) for pitching am-
plitudes A = 4° and A = 8° at Reynolds numbers Re = 80,000 and Re = 160,000 —
v — Reg model used with 1 Hz frequency motion. The top row correspondsto A = 4°,
while the bottom row corresponds to A = 8°. Source: Figure 7 (Michna et al., 2025)

Our findings further indicated that the peak values of the lift coefficient for the am-
plitude A = 4° were greater at reduced Reynolds numbers. This apparent discrepancy
in lift coefficient trends between A = 4° and A = 8° can be elucidated by the nonlin-
ear dynamics associated with the laminar-to-turbulent transition and their heightened

sensitivity to variations in the Reynolds number.

At diminished amplitudes (A = 4°), the airfoil predominantly functions within
aregime characterized by a delayed transition location, particularly at lower Reynolds
numbers, resulting in a more pronounced laminar flow and an elevated lift coeffi-
cient. Conversely, at increased amplitudes (A = 8°), the pitching motion transitions
into a more turbulent regime marked by intensified flow separation. In this scenario,
a higher Reynolds number (Re = 160,000) facilitates an earlier transition and subse-

quent reattachment, ultimately leading to an increased maximum lift coefficient.
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Further analysis indicates a markedly reduced effect of the Reynolds number
on aerodynamic efficiency, particularly for the lesser amplitude of 4 degrees (Fig-
ure 3.2). This suggests that the increased drag linked to the lower Reynolds num-
ber counterbalances the prospective advantages of higher lift coefficient values.
For the larger amplitude being examined, a higher Reynolds number yields enhanced

values of the C,/Cp ratio, especially at increased angles of attack.

Figure 3.2: Hysteresis loops of the lift coefficient (Cf), drag coefficient (Cp), and lift-to-drag
ratio (Cr,/Cp) as a function of the angle of attack («) for pitching amplitudes A = 4°
and A = 8° at Reynolds numbers Re = 80,000 and Re = 160,000 — v — Rey model
used with 1 Hz frequency motion. The left column corresponds to A = 4°, and the
right column corresponds to A = 8°. Source: Figure 8 (Michna et al., 2025)

In juxtaposition to the v — Rey model, the k —w SST turbulence model demonstrated
that the maximum lift coefficient values computed for case A = 4° and Re = 160,000
were marginally elevated compared to those for Re = 80,000. No irregularities are visi-

ble in the airfoil characteristics in the case of the k — w SST turbulence model.
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This & — w SST results also elucidate an unexpected outcome noted in Section 3.4,
where both models forecasted comparable rotor loads despite fundamentally differing
methodologies in addressing the transition. The current simplified model accentuates

the inherent differences more distinctly.

Also, it is essential to note that the time histories of the aerodynamic force coeffi-

cients show qualitatively similar results for 1 Hz and 2 Hz pitching motion.

Figure 3.3: Normalized transition location during motion, x4, /c. Source: Figure 16¢ (Michna
et al., 2025)

Figure 3.3 illustrates the "migration” of the transition point, /¢, scaled by the air-
foil chord c. Various colors signify the transition properties of both the suction
and pressure sides of the airfoil. Theillustration indicates that with an increase in pitch
angle, the onset of separation is delayed on the suction side while occurring sooner

on the pressure side of the airfoil.

The 13.3 Hz frequency oscillation, mirrored with typical VAWT motion, was mod-
eled as part of research. As can be seen in the Figure 3.4, the results of the & — w SST
model match more accurately with the v — Rey model for Reynolds number 160,000.
It should be noted that the drag coefficient at higher Re is exceptionally consistent.
Moreover, there is an absence of aerodynamic forces oscillations with the v — Rey
model for this frequency. This shows the reduced impact of laminar separation bub-

bles on the characteristics.
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Figure 3.4: Hysteresis loops of the lift coefficient (Cf), drag coefficient (Cp), and lift-to-drag
ratio (C/Cp) as a function of the angle of attack («) for pitching amplitudes A =
4° and A = 8° at Reynolds numbers Re = 80,000 and Re = 160,000 — 13.3 Hz
frequency motion. The left column corresponds to A = 4°, and the right column
corresponds to A = 8°. Source: Figure 17 (Michna et al., 2025)

This investigation enhances understanding of airfoil aerodynamics at low Reynolds
numbers, accounting for the complexities introduced by the distinct operational con-
ditions of Micro Air Vehicles (MAVs) and Vertical-Axis Wind Turbines (VAWTs) through
comprehensive computational assessments of harmonic pitching dynamics and intri-

cate flow phenomena.

This research underscores that the four-equation v — Rey turbulence model demon-
strated markedly superior performance in forecasting the steady aerodynamic proper-
ties at elevated Reynolds numbers. Conversely, at lower Reynolds numbers, as the flow
transitions to laminar conditions, the model encounters challenges in accurately por-

traying the lift coefficient curve, even at minimal angles of attack. Nevertheless,
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the outcomes derived from the Transition SST model exhibit greater physical fidelity

compared to those produced by simpler turbulence modeling approaches.

Moreover, the results prove that laminar separation bubbles induce considerable
hysteresis in the lift coefficient at low angles of attack, resulting in pronounced fluctu-

ations in the aerodynamic forces.

These revelations elucidate the aerodynamic efficacy of thick airfoils at low
Reynolds numbers and underscore the critical role of turbulence modeling in effec-

tively capturing the intricacies of flow physics.
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The next stage of the thesis was to assess the accuracy of CFD methods in pre-
dicting aerodynamic loads and investigate the aerodynamic wake characteristics
of a laboratory-scale vertical-axis wind turbine (VAWT) rotor (Rogowski et al., 2024).
This was achieved using a simplified two-dimensional numerical rotor model
and an advanced numerical approach - the Scale Adaptive Simulation (SAS) coupled
with the four-equation v — Rey turbulence model. The study also focused on the chal-
lenge posed by the rotor’s operating conditions, blade pitch angles, and very small ge-
ometric dimensions. The rotor, with a diameter of 0.3 m, operates at a low tip speed
ratio of 2.5 and a very low chord-based Reynolds number of approximately 22,000. Per-
formance settings and rotor geometry are based on an already experimentally tested
vertical-axis wind turbine at Delft University of Technology (DUT). The main take-
away was to examine the turbine performance with different pitch angles (55): —10, 0,
and 10 degrees. These operating conditions make typical turbine performance at low

Reynolds numbers and very large angles of attack.
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Figure 3.5: Countours of normalized z-vorticity in the rotor area at three pitch angles. Source:
Figure 7 (Rogowski et al., 2024)
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The methodology involved a two-dimensional URANS approach using
the 4-equation v — Rey model, also known as the Transition SST turbulence model
in ANSYS Fluent. The Scale Adaptive Simulation (SAS) approach was utilized to repre-
sent the velocity field more accurately in the rotor region and the rotor aerodynamic
wake. The two-bladed wind turbine rotor was surrounded by a rectangular domain,
and the sliding mesh technique was employed to simulate the rotor’s movement.
The computational model was validated against high-fidelity measurements obtained
using the PIV technique at DUT. Also, lateral and longitudinal forces were measured
during the PIV experiment. These results were also included in the validation process.
The accuracy of the 2-D URANS method used was compared with the Actuator Line
Model with RANS technique (ALM).

The URANS results presented in the work are the average of 10 full rotations.
It should be mentioned that the averaging window of 5 full rotations came out

to be sufficient.

The study’s outcomes showed that the rotor loads and velocity profiles are surpris-
ingly reliable for § = 0°and g = —10°. Tt was observed that the rotor aerodynamic loads

gained numerically are slightly overestimated compared to the experimental values.

However, the 2-D model was found to be too imprecise to estimate both aerody-

namic loads and velocity fields accurately, especially for the case of g = 10°.

The observed flow in the rotor region (Figure 3.5) was highly complex because of the
extreme operating conditions (low tip speed ratio, angles of attack far above the critical
angle). The numerous vortices created on the blade’s trailing edges due to dynamic
detachment can be distinguished. The results demonstrate a similar flow character

for § = 0°and § = —10°, and a visible difference character for the g = 10° case.

Flow character and observed differences have a crucial impact on normal and tan-

gential forces, as can be seen in Figure 3.6.

The result of velocity deficit profiles (Figure 3.7) shows that the ALM technique pro-
vides higher fidelity compared with URANS used in this work. This can be caused
by the fact that ALM is a 3-D model.

The results of rotor loads and velocity profiles showed good reliability for cases with

blade pitch angles of 0° and —10°. However, the work highlights the limitations of 2-D
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models and the need for advanced turbulence modeling techniques that can capture
three-dimensional effects. This 2-D CFD approach fails in the case of the most heavily

loaded rotor.

Figure 3.6: Aerodynamic blade load coefficients at three pitch angles: normal component (a)
and tangential component (b). Source: Figure 5 (Rogowski et al., 2024)

Implementing a positive pitch angle leads to substantial blade performance amidst
significant detachment occurrences, concurrently inducing considerable alterations
in the rotor wake’s flow patterns. This phenomenon holds potential for appli-
cation in wind farm design utilizing such rotors, enabling passive manipulation

of wake geometry.

The study underscores the importance of high-resolution experimental data
for model validation, particularly at low Reynolds numbers. The findings suggest
that accurately predicting the aerodynamic performance and wake characteristics
of VAWTs requires a comprehensive approach that integrates experimental data with
advanced CFD simulations. Further numerical and experimental research on the im-
pact of the rotor aspect ratio on wake geometry, especially in cases with significant

pitch angles, is undoubtedly needed.
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Figure 3.7: Velocity deficit profiles for (a) 8 = 0°, (b) § = 10°. Source: Figure 6 (Rogowski et al.,
2024)
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The next study investigates the aerodynamic performance with angle of attack anal-
ysis and intricate flow dynamics characteristic of H-type Darrieus vertical-axis wind
turbines, employing a comprehensive approach that combines numerical simulations

with experimental validation (Michna & Rogowski, 2024).

A primary objective of this research was to meticulously analyze the impact of key
operational parameters, such as rotor solidity and pitch angle, on the aerodynamic
loads and flow characteristics of these turbines. A crucial aspect involved enhancing
the accuracy of turbulence modeling, especially at low Reynolds numbers, to improve
the overall performance and expand the applicability of VAWTSs across diverse opera-
tional conditions. The issue that makes efforts hard is the complexity and the unsteadi-

ness of the flow around VAWT.

A key focus of this work lies in refining methods for estimating the local angle of at-
tack, a critical parameter essential for a profound understanding of the intricate flow

phenomena associated with this turbine type. During rotation, the angle of attack of-

53



ten exceeds the static stall angle, which makes dynamic analysis demanding. Further-
more, the blades interact with vortices produced on the trailing edge in the rotor’s wake,
especially in the downwind section. In this case, the turbulence intensity varies in ad-

dition to the velocity vector.

The numerical calculations for this study are fundamentally based on previous ex-
perimental investigations by Tescione et al. (2014) and leverage the established vertical-
axis wind turbine model developed at Delft University of Technology. Consistent with
prior research, the methodology employs a 2-D Unsteady Reynolds-Averaged Navier-
Stokes simulation, utilizing the Transition SST (y — Rey) model to accurately capture
transient effects within the flow. To further enhance turbulence model performance,
particularly in scenarios involving unstable flow separations, the scale-adaptive simu-

lation approach was additionally applied.

The local angle of attack, a critical parameter for understanding flow phenomena,
was determined using the improved LineAverage method described by Melani et al.
(2020). In the case of this paper, the 200 points around the blade were set in a circu-
lar pattern with homogeneous spacing as shown in Figure 3.8b. In the next step, the
mean of the velocity vectors read at these points was calculated (shown as yellow vec-
tors in Figure 3.8a). Using basic vector calculations, taking into account blade motion,

the relative velocity vector with an angle of attack was estimated.

() (b)

Figure 3.8: On the left (a), illustration of the angle of attack («) and relative velocity (V,)
for a blade in a vertical-axis wind turbine. The pitch angle (8 = 10°) and the az-
imuthal position angle (6 = 48°) are indicated. On the right (b), the velocity distri-
bution around the airfoil at an azimuthal angle # = 48° showing a circular sampling
line. Source: Figure 9 & 10 (Michna & Rogowski, 2024)
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Several rotor configurations were systematically analyzed to assess their influence
on aerodynamic loads and flow characteristics. This included variations in the num-
ber of rotor blades (1, 2, 3, and 4) and the application of fixed pitch angles at —10°, 0°,
and 10°. While this work does not specifically delve into the impact of the Reynolds
number on turbine performance, it is noted that the Reynolds number, based

on the blade chord length, was approximately 160,000.

Figure 3.9: The upper subfigures illustrate the drag coefficient Cp (a) and lift coefficient Cp,
(b) as functions of the azimuthal angle . The lower subfigures depict the same
coefficients—drag (c) and lift (d)—analyzed for varying angles of attack a. The pre-
sented data include SAS approach results, static results from Rogowski et al. (2021),
and experimental reference data from Melani et al. (2020). Source: Figure 14
(Michna & Rogowski, 2024)

The study’s findings reveal significant insights into the aerodynamic performance
of H-type Darrieus VAWTs, particularly highlighting the strong correlations between

rotor configuration and aerodynamic loads. A key observation was the close corre-
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spondence between the slope of the static and dynamic lift coefficient curves, despite
the dynamic curve not passing through a zero angle of attack. This phenomenon is at-
tributed to the “virtual camber” effect, as previously noted by Bianchini et al. (2016),

which influences the dynamic angle of attack.

Further analysis indicated that the choice of turbulence model significantly im-
pacts the accuracy of aerodynamic calculations (see Figure 3.9). The k — w SST model,
used in the study by Melani et al. (2020), demonstrated superior performance in more
turbulent regions of the flow, whereas the Transition SST model proved more suitable
for areas with lower turbulence intensity, such as the upwind section of the rotor. Pre-
senting both dynamic and static results provided valuable insight into how these differ-

ent models affect calculations across various phases of the turbine’s operational cycle.

Figure 3.10: Effect of the pitch angle on the normal and tangential force coefficients, as well
ason the local angle of attack and relative velocity, as a function of azimuth 6 for a 2-
bladed rotor configuration at a tip-speed ratio of 4.5. Source: Figure 17 (Michna &
Rogowski, 2024)
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The LineAverage method, employed for determining the angle of attack, was vali-
dated for its high accuracy and its capacity to account for circulation effects and flow
distortions. This method showed strong correlations between rotor configuration
and load variations, specifically underscoring the influence of the number of blades

and the pitch angle on aerodynamic efficiency.

Fewer blades consistently led to higher aerodynamic loads, especially tangential
loads in the downwind region. Single-bladed configurations, in particular, often ex-
hibited minimal or even negative contributions to energy production. Similarly, adjust-
ments to the pitch angle also had considerable effects on rotor performance. Large pos-
itive and negative pitch angles were found to significantly deteriorate the rotor’s aero-
dynamic performance, primarily by increasing loads on the normal force component.
Dynamic effects, including vortex formations, were observed to cause pronounced os-

cillations, particularly at a 10-degree pitch angle (Figure 3.10).

During the validation process, the velocity profiles within the rotor wake were
compared against experimental measurements. While the computed velocities were
slightly higher than experimental data, particularly on the "upwind” side of the rotor,
the numerical results accurately captured the correct trend. Moreover, the aerody-
namic loads derived from the simulations were successfully validated against exper-

imental studies (Castelein et al., 2015).

The research illustrates that the Line Average method serves as a proficient strategy
for the accurate determination of the local angle of attack, as it accounts for the influ-
ences of shed and trailing vorticity surrounding the airfoil. Investigation reveals that
utilizing 200 sampling points provides a dependable resolution, effectively capturing
critical flow characteristics while reducing sensitivity to variations in the azimuthal
angle, particularly in areas susceptible to significant fluctuations. This methodology
was corroborated across various rotor configurations, and the trends observed in the re-
sultant values appear to maintain consistency and accuracy across different configura-

tions, thereby reinforcing the reliability of this approach.

The findings underscore that the judicious selection of the turbulence model
in the context of (U)RANS is vital for obtaining precise results, particularly within

the low Reynolds number regime.

S/



The significant contributions of this research include an in-depth analysis of both
the angle of attack and dynamic aerodynamic loads, providing crucial insights into
the complex physics of VAWT operation. These findings are instrumental in advanc-
ing engineering aerodynamic models for VAWTs, thereby enhancing their performance

and broadening their applicability in diverse operational settings.
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In the following thesis stage, the effects of zigzag tape on the aerodynamic perfor-
mance and wake characteristics of the Delft Vertical-Axis Wind Turbine were investi-
gated (Rogowski, Michna, et al., 2025). The primary goal is to understand how zigzag
tape influences blade loads and the resulting aerodynamic wake, particularly focusing
on aspects not previously addressed in relation to VAWTSs, such as the impact of con-

taminated blades on wake morphology.

The study builds upon extensive experimental investigations conducted
by Tescione et al. (2014), which involved Particle Image Velocimetry (PIV) in the in-
vestigation of a two-bladed H-shaped VAWT at Delft University of Technology (DUT).
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The current study’s VAWT model was based on the geometric framework of this

turbine, simplifying it by excluding struts and support towers.

Zigzag tape is an effective method for influencing the behavior of the boundary layer
in experimental aerodynamics. This study highlights its role in modifying the aerody-
namic characteristics of an airfoil and reducing the influence of laminar separation
bubbles. The research also identifies critical factors for understanding the relation-

ship between airfoil aerodynamic properties and rotor wake dynamics.

The study emphasizes that zigzag tape significantly impacts the wake downstream
of the rotor. This effect, which has not been previously explored for VAWTS, is crucial
for assessing how surface contamination, such as that simulated by zigzag tape, affects

wake behavior and overall VAWT performance and optimization.

The primary methodology employed in this investigation to assess the influence
of zigzag tape on the aerodynamics of Vertical-Axis Wind Turbines (VAWTSs) is the Ac-
tuator Line Model (ALM). This approach offers a substantial reduction in computa-
tional expenses when contrasted with Reynolds-Averaged Navier-Stokes (RANS) sim-
ulations that utilize three-dimensional blades. In this study, dynamic influences
on lift and drag forces are incorporated via the Dynamic Stall Model (DSM), thereby
ensuring accurate aerodynamic representation across varying operational scenarios.
The ALM approach utilizes airfoil characteristics obtained from wind tunnel experi-
ments at the Technical University of Denmark (DTU) and also data obtained from the lit-

erature Bianchini et al., 2015, Sheldahl and Klimas, 1981).

To further substantiate these findings and gain insights into the effects of transi-
tional phenomena, such as laminar separation bubbles, a two-dimensional URANS
analysis was conducted. This 2-D CFD analysis utilized the & — w SST and v — Rey
turbulence models, specifically to assess the impact of transition phenomena

on rotor performance.

Figure 3.11 illustrates the experimental lift coefficient (C) and drag coefficient (Cp)
variation with the angle of attack («) for the NACA 0018 airfoil equipped with zigzag tape.
The measurements were conducted at a Reynolds number of 1.6 x 10°. The lift coeffi-

cient is shown to grow almost linearly for angles of attack up to a critical angle. A sig-
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nificant hysteresis loop is evident in the lift coefficient, particularly during the "down-

ward” measurement.

Figure 3.11: Experimental Lift Coefficient (C,) using wall pressure taps and a force gauge (Cr4)
as well as Drag Coefficient (Cp) variation with Angle of Attack («) for zigzag config-
uration. Source: Figure 3 (Rogowski, Michna, et al., 2025)

Figure 3.12 provides a comparative analysis of the aerodynamic performance
of the NACA 0018 airfoil in both clean and zigzag tape configurations. The zigzag tape
linearizes the C}, characteristics, resulting in very similar dC}, /da derivatives for both
Reynolds numbers. However, the presence of the tape significantly increases the min-

imum drag by approximately 73.4 %.

While the hysteresis loops for both clean and zigzag configurations remain quite
similar in terms of value and shape, the nonlinearity of the C(«) curve in the clean
airfoil (due to laminar bubbles) leads to a significant improvement in aerodynamic ef-
ficiency. The results also show that the Reynolds number plays a critical role, particu-

larly in the clean airfoil’s performance and its sensitivity to flow separation.
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Figure 3.12: Comparison of aerodynamic performance for the NACA 0018 airfoil: (a) lift coeffi-
cient O, vs. angle of attack «, (b) drag coefficient Cp, (c) lift-to-drag ratio C1,/Cp,
and (d) Cp, vs. Cp. Results are shown for both clean (Rogowski, Mikkelsen, et al.,
2025) and zigzag tape configurations. Source: Figure 4 (Rogowski, Michna, et al.,
2025)

Figure 3.13 illustrates the comparison of the tangential force characteristics
for the TU Delft VAWT when using the ALM method with different airfoil polars
and a 2-D CFD approach. This figure is crucial for understanding how various airfoil
properties and simulation methods influence the tangential forces acting on the tur-

bine blades. The results highlight the significant impact of zigzag tape on reducing

62



tangential forces and the role of different turbulence models in capturing aerodynamic

characteristics, particularly with the presence of laminar separation bubbles.

Figure 3.13: Comparison of the tangential force characteristics for the TU Delft VAWT using dif-
ferent airfoil polars and a 2-D CFD approach. Source: Figure 13 (Rogowski, Michna,
et al., 2025)

It is important to acknowledge that the discrepancies in the two-dimensional
computational fluid dynamics outcomes produced by the two turbulence models,
namely the £ — w SST and the v — Rey, are relatively insignificant. This obser-
vation holds true despite the pronounced variations observed in the static Cp(«)
and Cp(«) characteristics exhibited by both models, as documented in prior research

(Michna & Rogowski, 2022).

Figures 3.14 and 3.15 present graphical illustrations of the velocity fields in the wake
of the TU Delft VAWT, elucidating the effects of various airfoil configurations

(clean versus zigzag tape) and simulation models on the characteristics of the wake.

The velocity data indicate an asymmetrical distribution of wu, profiles around
y/D =0 for the Sheldahl and Klimas (1981) polars and zigzag tape, in contrast
to the clean profile, which can be attributed to the vortex structures induced by the pro-

file with free transition.

The velocity field posterior to the clean airfoil exhibits greater disturbance due
to the formation of laminar separation bubbles on the airfoil surfaces, which generate
shed vortices that evolve within the wake. The presence of zigzag tape amplifies wake

asymmetry, further accentuated by the lack of laminar bubbles. In the case of the clean

63



profile, a broader and more symmetrical region of low velocity is discernible in com-

parison to the results obtained with the zigzag tape.

Figure 3.14: Contour plots of the normalized instantaneous ul/Vy velocity component
in the turbine wake for clean and zigzag tape configurations. The top row com-
pares PIV measurements with the ALM model from Mendoza et al. (2019), the mid-
dle row shows velocity distributions for both configurations, and the bottom row
presents 2-D CFD results. Source: Figure 17 (Rogowski, Michna, et al., 2025)

From this analysis, two salient features emerge: the aerodynamic wake is more

extensive for the clean profile, and the recovery of the wake occurs later for the zigzag

tape profile.
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Figure 3.15: Contour plots of the normalized instantaneous u!, /V{ velocity component in the far
wake downstream behind the rotor. Source: Figure 18 (Rogowski, Michna, et al.,
2025)

The investigation closely examines the notable impact of zigzag tape on the loads
experienced by VAWT blades and the associated aerodynamic wake, building upon
prior experimental findings and underscoring the necessity of accounting for the ef-

fects of surface contamination in the design of wind turbines.

The observed aerodynamic properties of a rectangular wing featuring a
NACA 0018 airfoil, devoid of any turbulators, exhibit pronounced nonlinearity in
the Cp(«) response, attributable to the development of laminar bubbles on both
the suction and pressure surfaces of the airfoil. This observation suggests that
the chosen airfoil performs suboptimally under these flow conditions, particularly

at low Reynolds numbers.
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The implementation of zigzag tape, while effectively "linearizing” the static lift co-
efficient response without diminishing the maximum lift, markedly reduces the aero-
dynamic loads on the rotor blades operating at a tip-speed ratio where one would an-
ticipate elevated aerodynamic efficiency, exemplified by a high power coefficient. Ad-
ditionally, it produces a significant alteration in the wake velocity field downstream

of the rotor.
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4 Conclusions and future work

The following general conclusions are composed below based on the formulated
new testable predictions. The issues are grouped by related hypotheses. At the end,

future research directions are proposed.

Hypothesis 1) Missing zigzag tape effect understanding

The zigzag tape modifies airfoil characteristics by eliminating the laminar
separation bubble, thereby changing the aerodynamic blade loads and wake

geometry of a VAWT.
- J

n [Section 3.4] The results of experiments Rogowski, Michna, et al. (2025) con-
firm that zigzag tape linearizes the lift coefficient characteristic by modifying
the boundary layer. The lift coefficient at angles just below the stall angle is evi-

dently higher for clean airfoil cases than for zigzag-taped cases.

m [Section 3.4] Zigzag tape, while linearizing the lift characteristic, generally
impairs aerodynamic efficiency by increasing drag and reducing lift at sub-
critical angles of attack (Rogowski, Michna, et al., 2025). This impact can
be quantified through experimental measurements of lift and drag coefficients

using various tools.

m [Section 3.4] Zigzag tape leads to a delayed wake recovery for VAWTs. This char-
acteristic can be effectively measured and analyzed by comparing normalized ve-
locity profiles at increasing distances downstream from the turbine (Rogowski,

Michna, et al., 2025).

[Section 3.4] The CFD and ALM results (Rogowski, Michna, et al., 2025) confirm
the prediction that zigzag has a visible influence on the wake, and it can signifi-

cantly deflect the wake, making the flow asymmetrical.

This dissertation investigates the zigzag impact, which has not yet been thor-
oughly researched. It brings a crucial understanding of the zigzag tapes’ behavior

in the laboratory-scale Vertical-Axis Wind Turbines case. The next steps should focus
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on the CFD model of the tape on the airfoil, with the tape’s complete geometry imple-
mented. Also, the pitching airfoil model with tape should be investigated in the exper-

imental wind tunnel.

Hypothesis (2) Reynolds number and turbulence intensity influence

on laboratory-scaled VAWTSs

In the low-Re regime, the Reynolds number has a substantial impact
on the airfoil characteristics, thereby affecting the power coefficient of the

VAWT. The influence of TI is visible but smaller than that of Re. This influ-

ence is not observable for the high and moderate Re.
_ J

[Section 2.2] The results from Michna and Rogowski (2022) verify that the aero-
dynamic characteristic of the NACA 0018 airfoil in the low-Re regime depends
on Reynolds number (mainly) and turbulence intensity (less). With increased
turbulence intensity, the lift coefficient decreases in the 0-6 degrees region (be-
low “transition angle”). Lower Re gives a higher increase in drag value with a ris-

ing angle of attack.

[Section 2.3] The lift and drag coefficients strongly depend on the Reynolds
number in the low-Re regime. Moreover, the experimental studies Rogowski,
Mikkelsen, et al. (2025) confirmed that the drag coefficient rises significantly

with lowering Re number.

[Section 2.3] The experimental results from Rogowski, Mikkelsen, et al. (2025)
shows that with Reynolds number growth, the C}*** values rises. This phe-

nomenon is stronger in the low Reynolds regime.

[Section 3.2] The numerical results Rogowski et al. (2024) confirm that pitch angle
configuration can control wake deflection and deformation. The contour plots
show different lengths, vortex sizes, and flow structures. The flow character
for cases of 0 degrees pitch angle and -10 degrees pitch angle has a distinct char-

acter from the case of 10 degrees pitch angle.

[Section 3.2] Comparison between the 2-D CFD numerical rotor model and exper-

imental measurement of thrust and lateral forces shows some reliability for cer-
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tain conditions (Rogowski et al., 2024). However, these numerical models have

significant limitations due to their inability to capture crucial 3D phenomena.

[Section 2.2] The publication Michna and Rogowski (2022) shows that URANS
models have a high decay rate of turbulence intensity. With a low length scale
value, typical for the wind tunnel, achieving a turbulence intensity higher than

0.5% just before the airfoil is hard, even with a 10% intensity level at the input.

RANS numerical methods yield corrected results in high-Re regimes. However,
for Re around 1 x 105, when boundary layer phenomena take the leading role in aero-
dynamic force results, the outcome from RANS approaches is visibly less accurate.

There is room for improvement in the turbulence modeling.

Although it seems that using the Large Eddy Simulation (LES) or Direct Navier-
Stokes (DNS) approaches is the way to achieve evidently better results. Unfortunately,
for complex geometries, such as an entire vertical-axis wind turbine, the demand
for computational resources is enormous and sometimes exceeds what is achievable.
Future work can follow both RANS and non-RANS approaches to accurately model

laboratory-scale VAWTSs.

Moreover, the scientific focus should be on the specifications for wind tunnel turbu-
lence levels. It seems that precise knowledge of turbulence intensities, typical turbu-
lence length scales, or even the entire turbulence energy spectrum is key to achieving

accurate numerical results in the low Reynolds number regime.

Hypothesis (3) Static and dynamic characteristics of airfoils in the low-

Re regime

The static and dynamic loads characteristic of the VAWT blade are strongly
dependent on the laminar separation bubble and the laminar-to-turbulent
transition occurring in the boundary layer of the blades. These phenomena

are typical of low Reynolds number flow around thick airfoils.
- J

[Section 2.3] The experimental results from Rogowski, Mikkelsen, et al. (2025)
verified that post-stall hysteresis loop moves to the higher angle of attack

with Reynolds number growth.

69



[Section 3.3] The paper Michna and Rogowski (2024) confirms that the dynamic
curve of the lift coefficient does not pass through zero at zero angle of attack.
The comparison between static and dynamic force coefficients clearly shows

the “virtual camber” effect.

[Section 3.1] The results of harmonic pitching model simulations (Michna et al.,
2025) show that with the use of the Transition SST turbulence model, signifi-
cant lift coefficient hysteresis and visible oscillations are shown up during mo-
tion. This outcome confirms that laminar separation bubbles can cause hystere-
sis and oscillations. However, additional experiments are necessary to validate

this conclusion.

[Section 2.1] The Michna et al. (2021) paper corroborated that the Transition SST
turbulence model can bring more accurate force characteristics results for mod-

erate Reynolds numbers by considering laminar-to-turbulent transition.

[Section 2.1 and 3.1] The work Michna et al. (2021) and Michna et al.
(2025) confirmed that classical two-equation turbulence models are inadequate
for accurately predicting nonlinearities in lift force characteristics and fail
to capture the critical effects of laminar separation bubbles, necessitating

the use of transition-sensitive models like the Transition SST approach.

The static and dynamic load characteristics were investigated, showing depen-
dence on boundary-layer phenomena. Based on these high-fidelity outcomes, the next
step is to develop the airfoil’s pitching motion model. This model may serve as a simpli-
fied representation of a vertical-axis wind turbine’s blade during rotation. Using this ap-

proach to estimate Vertical-Axis Wind Turbine forces is a promising way to follow.
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Abstract: Accurate computation of the performance of a horizontal-axis wind turbine (HAWT) using
Blade Element Momentum (BEM) based codes requires good quality aerodynamic characteristics
of airfoils. This paper shows a numerical investigation of transitional flow over the DU 91-W2-250
airfoil with chord-based Reynolds number ranging from 3 x 10° to 6 x 10°. The primary goal of
the present paper is to validate the unsteady Reynolds averaged Navier-Stokes (URANS) approach
together with the four-equation transition SST turbulence model with experimental data from a wind
tunnel. The main computational fluid dynamics (CFD) code used in this work was ANSYS Fluent.
For comparison, two more CFD codes with the Transition SST model were used: FLOWer and STAR-
CCM +. The obtained airfoil characteristics were also compared with the results of fully turbulent
models published in other works. The XFOIL approach was also used in this work for comparison.
The aerodynamic force coefficients obtained with the Transition SST model implemented in different
CFD codes do not differ significantly from each other despite the different mesh distributions used.
The drag coefficients obtained with fully turbulent models are too high. With the lowest Reynolds
numbers analyzed in this work, the error in estimating the location of the transition was significant.
This error decreases as the Reynolds number increases. The applicability of the uncalibrated transition
SST approach for a two-dimensional thick airfoil is up to the critical angle of attack.

Keywords: CFD; RANS modeling; airfoil; wind turbine; boundary layer; transition

1. Introduction

During the last two decades many countries all over the world have invested in wind
energy technology in view of renewable energy targets and carbon emissions reduction [1,2].
Recent trends in the wind energy industry present the development of large wind turbines
in offshore wind farms. The European Wind Energy Association reported that the latest
generation of wind turbines had a rated capacity of up to 7 MW and rotor diameters up
to 170 m. In addition, 10-20 MW turbines are currently under development. Offshore
wind turbines development tends towards larger wind farms built in deeper waters and
further from the coast. Extending the current water depth limit of 50 m for the fixed
substructure concepts will significantly expand the potential of the deeper seas for offshore
wind farms [3-6]. The development of big floating wind farms of multi-MW machines
entails new challenges for engineers. One of the main challenges is the verification of
numeric codes, both Computational Fluid Dynamics (CFD) and Blade Element Momentum
(BEM) codes, for determining the aerodynamic performance of wind turbines at different
flow velocity regimes than before.

The reliability of the airfoil polars is an essential factor for the prediction accuracy of
aerodynamic blade loads using BEM approaches [7-11]. These polars can be obtained in
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various ways, e.g., from wind tunnel measurements [12,13], from CFD analyzes [14-16],
using the XFOIL code [17-19], or also from flight tests [20,21]. In order to improve the
accuracy of the characteristics predicted by CFD, numerical methods have been developed
for boundary layer flows in recent years. However, the use of classical two-equation
turbulence models such as, for example, the k-¢ family models, may yield overly optimistic
results when they predict the separation on an airfoil at large angles of attack [22-24].

Transitional boundary layer flows are especially significant in many CFD applications
of engineering interest such as airfoils, wind turbines, vehicles, or turbomachinery blade
rows [25-27]. In many cases, the transition effects are so important for pressure distri-
butions that classic one or two-equation turbulence models give inaccurate aerodynamic
forces results [9]. Various mechanisms of the transition formation, depending on the flow
regime, the free-stream turbulence intensity, and the geometry of the flowing objects, make
it extremely difficult for 2D CFD models. Particularly problematic are also airfoils with
a high relative thickness and complex geometry, as well as objects operating at unsteady
flow conditions, e.g., Darrieus-type wind turbines [28].

There has been significant progress towards developing reliable turbulence models
that can simulate a wide range of engineering flows in recent years. The effort of many
researchers has resulted in models of the laminar-turbulent transition. Developing a reliable
transition model for general-purpose CFD codes is not an easy task for several reasons.
First of all, there is no single mechanism for the transition process [29-34]. The second
reason is related to conventional Reynolds averaged Navier-Stokes (RANS) procedures,
which are not suitable for describing transient flow processes, where both linear and non-
linear effects are crucial [35]. Of course, some methods do not have such a limitation, such
as, for example, the eN method [36-38] implemented in the XFOIL code [39]. However,
they are not compatible with common general-purpose CFD codes [40].

A general-purpose transition turbulence model should enable the user to calibrate, it
should consider different transition mechanisms, and above all, it should be formulated
locally. A unique correlation-based transition turbulence model, also known as the 7y — Reg
model, is based strictly on local variables [35,41,42]. The purpose of the inventors was
to develop a general-purpose turbulence model that would be compatible with modern
CFD codes that can use unstructured meshes. It, however, should be remembered that
the v — Reyp model does not model the physics of the transition process. It only forms a
framework for the use of transition correlations. This article discusses the problem of flow
through a very thick airfoil in the large Reynolds number range.

The DU 91-W2-250 airfoil is a wind turbine dedicated profile developed at Delft
University of Technology (DUT) [43,44]. The design assumptions for the DU series were
to keep the sensitivity as low as possible due to imperfections of the nose contour and
contamination of the leading edge. The maximum lift capacity was kept at moderate
levels to limit the loss of lift due to surface contamination. Thicker NACA airfoils used
in the root area had inferior performance due to premature transition. In order to avoid
early separation, the airfoils had a limited thickness of the upper surface. Therefore, the
S-shape of the pressure side, typical for the DU airfoil family, has been developed. This
compensated for the loss of lift [45,46]. The general designation of this airfoil is as follows:
DU yy-W-xxx, where DU stands for Delft University, yy is the year the airfoil was designed,
W means that the airfoil was designed for wind turbines. The last three digits of this
designation, xxx, define 10 times the airfoil’s maximum thickness as a percentage of the
chord. In the case of the DU 91-W2-250 airfoil, an additional number 2 next to the symbol
W means that more than one airfoil has been designed in a given year. The DU-airfoils
are commonly used in blades for wind turbines with diameters ranging from 29 m to over
100 m. Such machines reach a maximum power of 350 kW to 3.5 MW [43]. In recent years,
a lot of research into these airfoils has focused on improving their performance through
the use of vortex generators [47,48].

Despite the significant development of CFD techniques in recent years and despite
numerous numerical analyzes of thick airfoils, there is still a lack of comprehensive analysis
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results validating current general-purpose transition turbulence models over a wide range
of Reynolds numbers, angles of attack and undisturbed turbulence intensity. A large
number of citations of these two papers [43,44] proves the great interest of the wind energy
community in the DU airfoil series. Despite this interest, there is still little validation of the
aerodynamic performance of these profiles. This is because the DU airfoil series are still
young compared to, for example, the well-known NACA airfoil families [49-51] or with
the popular the S809 airfoil [52]. So far, several works have been devoted to the validation
of the aerodynamic performance of DU series profiles using advanced CFD tools [15,53-60].
All of these articles, except papers [57,59,60], take into account CFD investigation of the
DU 91-W2-250 airfoil.

A review of the literature in terms of CFD calculations of the DU airfoil family
proves that the two-equation turbulence model k-w SST is still very often used in an-
alyzes [54,56,57,59]. This is due to the fact that the transition models are not yet adequately
validated and that the k-w SST model is quite stable and less expensive.

Xu et al. analyzed the aerodynamic performance of blunt trailing edge airfoils at
a chord Reynolds number of 3 x 10° based on the DU 91-W2-250, DU 97-W-300 and
DU 96-W-350 airfoils by enlarging the thickness of the trailing edge. The aerodynamic
performance of blunt trailing edge airfoils was obtained using the fully turbulent k-w
SST, the transitional k-w SST model and the RFOIL code. These authors concluded that
the transient calculations over-predict the drag at all angles of attack and the lift at large
angles of attack in comparison with steady calculations [53]. Zhang et al. analyzed
the DU-91-W2-250 profile using the RANS approach together with the k — k; — w three-
equation turbulence model [55]. However, the research of these authors focused on only
one Reynolds number equal to 1 x 10°. However, these investigations prove that even
in the linear range of the lift coefficient, a transition model is necessary. First of all, it
allows obtaining more accurate results of the drag coefficient compared to a fully turbulent
model. The four equations v — Rey model and three-dimensional Reynolds-averaged
Navier-Stokes equations were used by Campobasso et al. to analyze the aerodynamic
performance of the DU 96-W-180 airfoil with large and sparse erosion cavities. The obtained
results correspond relatively well with the experimental values in the linear range of the
lift coefficient, even for the eroded variant of the profile [61]. It seems that the use of
the three-dimensional RANS CFD may slightly improve the calculated characteristics at
higher angles of attack. However, it should be remembered that despite the development
of computer infrastructure, 3D calculations are still numerically expensive; therefore, there
are still too few 3D analysis results [58]. As long as the full numerical analysis of the 2D
model in the unsteady state is not carried out, simple analytical tools such as RFOIL will
continue to lead the way in transition prediction [51]. Therefore, it is necessary to accurately
estimate all flow parameters related to the laminar-turbulent transition phenomenon for
a wide range of angles of attack as well as Reynolds numbers so that the model can be
calibrated in the future.

The main aim of this work is to study the suitability, in terms of accuracy, of the
Unsteady Reynolds-Averaged Navier-Stokes (URANS) with the Transition SST turbulence
model for simulations of the DU-91-W2-250 airfoil at high Reynolds numbers and in the
range of angles of attack below the critical angle of attack.

2. The DU 91-W2-250 Airfoil and the Flow Regime

This work developed a two-dimensional numerical model of the DU 91-W2-250 air-
foil then analyzed using the URANS approach and the Transition SST turbulence model
implemented in the commercial CFD code—ANSYS Fluent 19.0. The main goal of this work
is to validate the applied numerical methods based on good quality experimental data.
Figure 1a shows the shape of the DU 91-W2-250 airfoil [43]. Chord length ¢ of the airfoil is
kept as 1000 mm. The airfoil’s relative thickness as a percent of its chord length is 25%.
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(@) (b)

Figure 1. Numerical model: (a) DU-91-W2-250 airfoil; (b) computational domain and boundary conditions.

In this paper the comparison of the aerodynamic performance of the DU 91-W2-250
airfoil is presented at four different Reynolds numbers: 3 x 10°, 4 x 10°, 5 x 10° and
6 x 10°. The lift and drag performance of the airfoil are analyzed for six different angles of
attack, a: —0.04°, 2°,4.03°, 6.07°, 8.1°, 10.38°. Such a high accuracy of the angles of attack,
two decimal places, was chosen so that the simulation conditions corresponded as closely
as possible to the conditions in the experiment. The experimental data of the aerodynamic
characteristics of the airfoil correspond to two Reynolds numbers: 3 x 10° and 6 x 10°.
The Mach number was 0.15 for the Reynolds number of 3 x 10° and 0.3 for the Reynolds
number of 6 x 10°. In this work, this range was extended by two additional Reynolds
numbers, 4 x 10° and 5 x 10° in order to obtain the dependence of airfoil characteristics on
this quantity. In these studies, only six angles of attack were selected because the analyzes
were very detailed and, as a result, very time-consuming and numerically expensive.

In this work, the turbulence intensity is set to 0.05%, equal to the experimental
value [15,58]. The turbulence length scale is set at 0.0001 m and it was not investigated
in this work. Cao [61] and Butler et al. [62] reported that the variation of the turbulence
length scale does not have a significant effect. The turbulence intensity has a much greater
effect on the transition process and turbulent structures.

The good quality data was provided by the LM Low Speed Wind Tunnel (LSWT),
which is of a closed-loop type. The fan has a power of 1 MW and can deliver up to 105 m/s
inthe2.7m x 1.35m x 7m (H x W x L) test section. The constant temperature was kept
in the wind tunnel by using a cooling system. The test section has a turbulence intensity of
less than 0.05%. In order to measure lift coefficients, 62 pressure taps were integrated into
the airfoil across the entire chord. The measurements were performed in May 2015. More
information on these wind tunnel tests can be found in earlier papers [15,58].

3. Numerical Procedure

In this work, the transition shear stress transport (SST) turbulence model with the
unsteady Reynolds-averaged Navier-Stokes (URANS) implemented in the ANSYS Fluent
package was thoroughly assessed for the DU-91-W2-250 airfoil. This approach has been
investigated in great detail, both in terms of the sensitivity analysis of the method as well
as the obtained results of the aerodynamic characteristics of the airfoil.

88



Energies 2021, 14, 8224

50f29

Additionally, this work uses the same Transition SST approach implemented in the
FLOWer and STAR-CCM + packages. In this study, no sensitivity analysis was performed
for these methods.

3.1. Computational Domain, Mesh and Boundary Conditions

A C-type mesh is very popular for the simulation of transitional flow over airfoils [63].
This is due to the ability to adjust the computing domain to the simulated flow, for example,
the ability to simulate a longer aerodynamic wake without enlarging the entire computa-
tional domain [64,65], as in the case of O-type mesh [66]. Figure 1b presents the C-type
computational domain that was adopted in the present simulations. As shown in Figure 1a,
the origin of the coordinate system is located at the leading edge of the airfoil. The radius R
of the semicircle is selected as 20 ¢, and the height and length of the rectangle are selected
as 40 c and 20 ¢, respectively (Figure 1b). Two types of boundary conditions were selected
in these numerical analyses: velocity inlet and pressure outlet, as shown in Figure 1b. The
velocity inlet condition was given on three edges of the computational domain: on the
front semicircular edge and on the top and bottom edges. The pressure outlet boundary
condition is assumed only on the rear vertical edge of the computational domain.

In this work, the velocity inlet boundary condition is used to define the velocity of
the flow at inlet boundaries. However, the use of this boundary condition requires that it
is located far enough from the obstacle [67]. There is no unanimity in the literature when
it comes to choosing the right size of the computing domain. Lu et al. [68] investigated
the impact of mesh properties on RANS simulations for rudder hydrodynamics. These
authors showed that too small size of a C-type mesh generates a larger error, mainly in
the drag coefficient. In order to avoid the effects of too small size of the domain, Thomas
and Salas conducted research for the mesh size L/c = 500, where L is the distance from
the airfoil to the domain boundary [69]. There are also works where a domain with a
much smaller size is used. Wang et al. [70] adopted C-H where the flow domain in the
flow field was 12.5 times the chord length of the airfoil. Wang et al. showed that even
in such a case, results consistent with the experiment can be obtained. Fully turbulent
and transitional computations of the 2D S809 airfoil were performed by Langtry et al.
(initiators of the transition SST model) [71]. In their study, the far-field boundary was
located 10 chord-lengths away from the airfoil. Many published works show that the L/c
size in the range between 10 and 20 is sufficient to obtain sufficiently accurate results of the
aerodynamic force coefficients [72,73]. This applies to both airfoils with a small relative
thickness [72,73] and thick profiles [71]. Moreover, this also applies to airfoils operating
at low Reynolds number regimes [72] as well as high ones, similar to those analyzed in
this paper [71,73,74]. Therefore, in this work the domain shown in Figure 1b was used, in
which the distance between the airfoil and the edge of the domain is 20 c.

Moreover, by comparing the results of the aerodynamic force coefficients obtained
with the ANSYS Fluent code with the results obtained with the FLOWer code, where the
domain size L/c is 100, no significant differences were noticed.

During the simulation, the orientation of the airfoil with respect to the computing
domain was not changed. Therefore, in order to obtain the aerodynamic forces for different
angles of attack, the following mathematical formulas are used:

L=Ycosa — Xsina, 1)

D = Ysina + Xcosa, )

where L and D are lift and drag forces, respectively, whereas Y and X represent the
aerodynamic force components based on the coordinate system of ANSYS Fluent.

In order to simulate the airfoil, a completely structured mesh was performed. The grid
has 300 cells along the pressure side of the airfoil and 320 cells along the suction side. The
total number of grids is 152,720. The typical distribution of the wall y* parameter along
the airfoil surfaces is equal to 0.1 for all simulations presented in this paper. A literature
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review shows that this wall mesh spacing should be considered enough to capture the
boundary layer separation [75]. A growth rate of quadrilateral boundary layer elements
was 1.1 in the wall-normal direction. Figure 2a shows the distribution of the mesh elements
throughout the computing domain whereas Figure 2b presents the mesh around the airfoil.

@ (b)

Figure 2. Mesh: (a) The mesh in the entire computing domain; (b) The distribution of the mesh around the airfoil.

3.2. CFD Procedure and the Turbulence Model

In this study, the coupled pressure-velocity coupling algorithm was adopted with the
second-order upwind scheme for the spatial discretization of the momentum equation as
well as the turbulence quantities and a second-order scheme for the pressure equation.

In ANSYS Fluent CFD code, there are two different algorithms for the pressure-based
solver: pressure-based segregated and pressure-based coupled. In the segregated algorithm,
the solution variables are calculated separately in each iteration. In contrast, in the coupled
algorithm, the momentum equations and pressure-based continuity equation is calculated
simultaneously in each iteration. Therefore, the required memory capacity is larger for the
coupled algorithm in comparison with the segregated algorithm. However, the coupled
algorithm gives faster convergence as compared to the segregated algorithm [76]. Therefore,
the coupled solver was used in this work on this account.

This paper discusses the issues concerning the unsteady flow over the DU 91-W2-250
airfoil. Such issues require that the numerical calculations be continued until the effect
of homogeneous initial conditions does not affect the aerodynamic characteristics of the
airfoil. In this work, the calculations were performed for a time period of 0.7 s. with a
very small time step size At equal to 6 x 107° s. The Courant number was specified to be
200 and the Explicit Relaxation Factors for Momentum and Pressure were set at 0.75 by
default [77]. All residuals were set to the same convergence level equal to 10-°.

In this study, for turbulence closure, the transition SST turbulence model, also known
as ¥ — Rep model developed by Langtry et al. [78] and Menter et al. [79] is used to predict the
occurrence of transition in the turbulent boundary layer. This transition turbulence model
was developed for implementation in modern, unstructured, parallel CFD codes. The
model implemented in the ANSYS Fluent 19.0 code is a four-equation formulation based on
the popular two-equation k-w SST model. In order to provide a more accurate prediction
of laminar to turbulent transition, this model solves two additional transport equations for
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momentum-thickness Reynolds number Reg and for intermittency . More details of the
Transition SST turbulence model are given by Menter et al. [57] and Langtry et al. [79].

3.3. Verification to Grid Sensitivity

A mesh sensitivity study has been conducted to establish the optimum number of
nodes on the airfoil surface. The mesh shown in Figure 2 has N = 620 nodes on the airfoil
surface. This mesh is identified as Case 1. The grid was varied considering N /4 (Case 2),
N/2 (Case 3) and 2N (Case 4) nodes. The studies were performed for one angle of attack
equal to 4 deg. and for one Reynolds number of 4 x 10°. Table 1 shows the results of the
averaged drag coefficient for each test case. As the number of nodes increases, the value of
the drag coefficient decreases. The mean value of the drag coefficient for Case 4 is 2.6%
lower compared to the drag coefficient for Case 1. The drag coefficient for the coarsest
mesh (Case 2) is 19.8% higher than that for Case 1. The 620-node mesh finally provided an
accurate numerical solution.

Table 1. Mesh convergence study. The drag coefficient for a different number of nodes on the airfoil
surface for the Reynolds number of 4 x 10°.

Test Case (No. of Nodes on Drag Coefficient. C Percentage Difference of
Airfoil Surface) & 7 =D Drag Coefficient to Case 1
Case 2 (N/4 = 155) 0.009173 19.77%
Case 3 (N/2 = 310) 0.008326 8.71%
Case 1 (N = 620) 0.007659 0.00%
Case 4 (2N = 1240) 0.007459 —2.60%

3.4. Verification of the Length of the Simulation Time

As was mentioned above, the numerical calculations should be continued until the
effect of homogeneous initial conditions does not affect the aerodynamic characteristics
of the airfoil. Moreover, vortex structures may appear in the unsteady flow around the
analyzed object. The presence of these vortex structures is manifested by oscillations in the
components of the aerodynamic force exerted on the body by the air. The components of the
aerodynamic force calculated employing classical turbulence models, e.g., the SST model,
resemble a sinusoid [80]. The longer the simulation time, the less successive oscillation of
the aerodynamic force representing the periodic appearance of specific vortex structures
around the flowing object differs from the previous one. The aerodynamic characteristics
of the Darrieus rotor blades for a non-rotating shaft rotor configuration, calculated using
classical turbulence models, behave similarly [19].

In this work, the calculations were made for a time period of 0.7 s. This analysis aims
to verify the length of the simulation time period to avoid the effect of homogeneous initial
conditions. Therefore, an additional goal of this test is to check whether the aerodynamic
forces will have an oscillating course. Figure 3 shows the averaged drag and lift coefficients,
Cp and C|, respectively, as a function of simulation time. The aerodynamic force compo-
nents were averaged every 0.1 s. In this work, the standard deviation was used to evaluate
the oscillation of the aerodynamic forces. A standard deviation was also calculated for each
time interval. The results presented in the graphs show that the period of the simulation
time should be at least 0.4 s to avoid the effects of the initial conditions. Obviously, this
minimum simulation time period is determined by a given undisturbed flow velocity and
the geometry of the computing domain presented in Figure 1b. The larger the computa-
tional domain surrounding the airfoil, the longer simulation time period should be taken
into account [19]. The results shown in Figure 3a,b also prove that although the time step
size assumed in this test was very small (At = 6 x 107°), oscillation of the aerodynamic
force components practically did not occur. An almost constant course of aerodynamic
characteristics was obtained for all angles of attack investigated in this paper and for all
analyzed Reynolds numbers. A similar trend in the aerodynamic force characteristics was
also observed in the URANS simulations of the symmetrical NACA 0018 airfoil at low
Reynolds numbers [9].
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Figure 3. The averaged aerodynamic force coefficients and their standard deviation at the angle of attack of 4°: (a) lift

coefficient; (b) drag coefficient.

3.5. Verification of the Length of Time Step

In all performed numerical calculations presented in this paper, the time step size
At equal to 6 x 107 s was selected. The Courant number was specified to be 200 by
default and the Explicit Relaxation Factors for Momentum and Pressure were set at 0.75 by
default [66]. In these studies, the size of the time step was examined. The calculations have
been performed for the Reynolds number of 4 x 10° and an angle of attack of 4 degrees.
Three different time step sizes have been used for comparison: 3 x 10765 (At/2),6 x 10™° s
(At) and 1.2 x 1075 s (2-At). For each specified time step size, the convergence was reached
within 5-20 iteration per time-step. All residuals were set to the same convergence level
equal to 107°. The mean values of the drag coefficient are 0.007654, 0.007659 and 0.007666,
respectively. For the smallest time step used (At/2), the drag coefficient is lower by 0.06%
compared to the case of At whereas for case 2-At, the drag coefficient is 0.09% larger in
comparison with the case At. This analysis shows that reducing the time step size below
At = 6 x 107° does not significantly affect the drag force coefficient, but the calculation
time increases.

3.6. Other CFD Procedures

In this work, the primary tool to determine the aerodynamic performance of the DU
91-W2-250 airfoil was the transition SST turbulence model implemented in the ANSYS
Fluent code. In order to verify the results of numerical calculations obtained by this
procedure, the FLOWer and STAR-CCM + codes were also used, in which the 7 — Reg
The transition turbulence model was implemented according to Menter. In the case of the
analysis with these two numerical codes, the sensitivity analysis of the numerical solution
to changes of computational parameters and mesh distribution was not performed. The
numerical grids used in these analyzes were prepared on the basis of the authors’ previous
experiences [54,56,57]. The numerical grid for the FLOWer code is shown in Figure 4a.
The O-type mesh generated in this simulation had a total number of cells equal to 104,448.
The number of cells on the airfoil edges was 256 x 2, whereas on the trailing edge it was
32. The far-field distance was 100 chords. The analysis was performed for unsteady flow
assuming time step size of At = ¢/(100-Vx).
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@)

(b)
Figure 4. Mesh: (a) FLOWer; (b) STAR-CCM +.

The STAR-CMM+ simulations were made using an unstructured polyhedral grid and
in 3D, but with a very thin spanwise dimension of 0.05 c and with only few cells in this
direction. To ensure a fine mesh resolution around the airfoil, an extra block was created
around it and prescribing a small base size of 5 mm. This should be compared to the overall
computational domain, where a base size of 1 m was used. Note that the specified base
sizes are not the actual size of the cells, but some target values used by the unstructured
grid solver. To resolve the boundary layer, an inflation layer of 40 points was specified
with a total thickness of 15 mm and with a stretching of 1.15 giving a total number of cells
of 1.28 mill. A steady-state RANS using SST (Menter) k-w turbulence model, low y+ wall
treatment, constant density and Gamma-Re theta transition model was applied. For the
angle of attack of 4 degrees the maximum y+ was 1.4.

3.7. XFOIL Procedure

Due to its formulation, the XFOIL code enables rapid computation of the aerodynamic
characteristics of different airfoils. The formulation of this approach is a combination of the
potential flow panel method and the integral boundary layer formulation. This numerical
approach was developed to predict aerodynamic characteristics of airfoil under the low
Reynolds number regime. XFOIL takes into account the effect of limited trailing edge
separation and a laminar separation bubble. Additionally, it uses the eN method to detect
the location of transition. In this paper, the N value is set to 9. This value corresponds to a
smooth wing surface in a flow with a low free-stream turbulence level [81,82].

4. Results
4.1. Lift and Drag Airfoil Characteristics

Figure 5 shows the aerodynamic characteristics of the DU-91 W2-250 airfoil for two
Reynolds numbers 3 x 10° and 6 x 10°. These characteristics were calculated using the
numerical procedures described in Section 3 of this paper. Additionally, the character-
istics obtained with full-turbulence models (the k-w SST and the k-¢ RNG) published
in [83,84] were used for comparison. These numerical predictions were compared with the
experimental measurements [15,58].

For the qualitative assessment of numerical approaches, the relative error, 6, was
calculated from the formula:

6 = |Cbay, — Cb|/Cp,yy X 100%. 3)
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Figure 5. DU-91-W2-250 airfoil performance for two Reynolds numbers of 3 x 10° and 6 x 10°.
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For the zero angle of attack, the values of the drag coefficients measured in the wind
tunnel are 0.0072 for a Reynolds number of 3 x 10° and 0.0069 for a Reynolds number of
6 x 10°. For both analyzed Reynolds numbers, the relative error of all numerical approaches
used, except for the k-w SST and k-¢ RNG models, was less than 12%. The lowest relative
error was obtained for the STAR-CCM + code; it was 3% for Reynolds number of 3 x 10°
and 4% for Reynolds number of 6 x 10°. The obtained results showed that the relative
error increases with the increase of the Reynolds number for all the used transition models,
including the XFOIL code. The reverse tendency was observed for full-turbulence models.
However, for these models the relative error of 60-70% for a Reynolds number of 6 x 10° is
quite large.

For experimental data, the aerodynamic derivative a = dCr/da was 6.88 for a
Reynolds number of 3 x 10° and 7.08 for a Reynold numbers of 6 x 10°. These deriva-
tives are estimated for angles of attack in the range from 0° to 8.1°. For the same angles
of attack range, the RANS approach together with the Transition SST turbulence model
provided the aerodynamic derivatives of 7.03 and 6.95 for Reynolds numbers of 3 x 10°
and 6 x 10°, respectively. Values of the relative error of the aerodynamic derivative are
2.25% for Re = 3 x 10° and 1.9% for Re = 6 x 10°. In the case of the URANS approach with
the Transition SST model, the numerical results of the lift force coefficients are obtained
for angles of attack in the range from —0.04° to 10.4°. Since, for the angle of attack equal
to 10.4°, the calculated value of the C; coefficient differs significantly from the experi-
mental one (as can be seen with the naked eye in Figure 5), the qualitative assessment
of the lift coefficient characteristics by using the aerodynamic derivative is limited to the
range of angles of attack from 0° to 8.1°. For the URANS approach, the relative error of
the aerodynamic derivative is 6.1% for the Reynolds number of 3 x 10° and 1.5% for the
Reynolds number of 6 x 10°. In comparison with the experiment, only for the angle of
attack of 10.4°, the relative error is 21.5% for the Reynolds number of 3 x 10° and 12.4% for
a Reynolds number of 6 x 10°. Although the largest differences between the experimental
and numerical values are observed for the angle of attack equal to 10.4°, with the increase of
the Reynolds number, the value of the relative error decreases. The increasing relative error
of both components of the aerodynamic force starting from the angle of attack equal to 8.1°
for both analyzed Reynolds numbers results from the simplifying assumptions used. Using
the DES technique, Rogowski et al. proved that even at a small angle of attack, significant
velocity fluctuations in spanwise direction are observed [58]. These fluctuations increase
with the angle of attack; however, their quantitative analysis using the DES technique is
extremely computationally expensive.

The lift-to-drag ratio is the amount of lift generated by a wing divided by the aerody-
namic drag:

_ G
=%

Figure 5 shows the lift-to-drag ratio, K, as a function of the angle of attack, «, for the
Reynolds numbers of 3 x 10° and 6 x 10°. The results shown in this figure clearly favor the
Transition SST approach. The characteristics of the lift-to-drag ratio calculated using the
classical two-equation turbulence models (the RNG k-¢ and the SST k-w models) that are
widely used to simulate the flow field in engineering applications, differ significantly from
predictions given by the experiment and the Transition SST models. It can be observed
that for both analyzed Reynolds numbers the two-equation turbulence models underes-
timate the values of the lift-to-drag ratio whereas the XFOIL method overestimates the
characteristics. Table 2 summarizes the derivative of the lift-to-drag ratio with respect
to the angle of attack, dK/da for the various aerodynamic methods and for the linear
range of the lift-to-drag ratio characteristics up to & = 4°. The results shown in this table
confirm the similar compliance of all CFD codes with the implemented Transition SST tur-
bulence model. Moreover, the aerodynamic characteristics obtained by means of classical
turbulence models prove the critical role of transition phenomena in the boundary layer.

K 4)
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Table 2. The derivative of the lift-to-drag ratio dK/da for the range of angles of attack from 0° to 4° and for different

aerodynamic methods.

Aerodynamic Method  dK/da (Re = 3x10%) Relative Error (Re = 3x10%) dK/dx (Re = 6x10%)  Relative Error (Re = 6x10%)
Experiment 819.74 0.00 978.81 0.00
Uﬁ‘:‘gﬁgﬁ;‘;‘e 688.39 16.02 748.22 23.56
l}iﬁ t‘;‘; i;hstshTe 822.90 0.39 789.68 19.32
k-w SST 439.08 46.44 470.90 51.89
k-¢ 414.39 49.45 471.11 51.87
RNG k-¢ 420.98 48.64 451.06 53.92
STAR-CCM + 660.36 19.44 735.75 29.65
FLOWer 665.11 18.86 771.97 25.23
XFOIL 917.16 11.88 1088.33 11.19

Figure 6 shows characteristics of the aerodynamic force coefficients, Cp and Cj and
the torque coefficient Cyy, as a function of the Reynolds number for the six angles of attack.
Numerical calculations are made for four Reynolds numbers: 3 x 10, 4 x 10, 5 x 10°, and
6 x 10°. These investigations were only conducted using the ANSYS Fluent CFD code and
URANS approach together with the Transition SST turbulence model. As it can be seen
from this figure, the lift coefficients are practically constant over the entire investigated
range of both Reynolds numbers and angles of attack (Figure 6c,d). The largest differences
in the results are seen for the drag coefficient (Figure 6a,b). The drag coefficient is a function
of both the Reynolds number and the angle of attack. Charts illustrated in Figure 6a,b
show that up to an angle of attack equal to 6 degrees the drag decreases with increasing
the Reynolds number. For angles of attack of 8 and 10 degrees the Cp characteristics
follow a slightly different trend: at first, the drag decreases, and then it begins to increase.
Munson et al. provided a typical character of the drag coefficient of an airfoil [85]. The
airfoil drag coefficient decreases as the Reynolds number increases. At first, the drag
decreases faster and then its changes are not very important. According to Munson et al., a
faster decrease in drag is seen in the range of Reynolds numbers from ~ 10* to ~ 10° [85].
Then, up to the value of Re ~ 107, the drag coefficient changes little. It has been proven in
these studies that starting from a Reynolds number of 4 x 10°, the drag becomes almost
constant at zero angle of attack. As the angles of attack increase, the airfoil begins to behave
like a blunt body and pressure drag plays a more significant role. This explains the increase
in drag for angles of attack of 8 and 10 degrees. Figure 6e,f show the torque coefficients for
different angles of attack and as a function of the Reynolds number. The torque coefficient
increases with the angle of attack, however, it is independent of the Reynolds number up
to the angle of attack of 10 degrees.
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Figure 6. The drag and lift coefficients as a function of the Reynolds number for six angles of attack: (a,b) drag coef-
ficients; (c,d) lift coefficients; (ef) torque coefficients. The results are given only for URANS with the Transition SST
turbulence model.
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4.2. Static Pressure Coefficients

When an airfoil moves through the air, an interaction between the airfoil and the
air occurs. In the previous subsection of this paper, this effect is described in terms of
the aerodynamic forces. This subsection discusses this effect using the static pressure
coefficient distributions along the airfoil. Static pressure coefficient is defined as:

_ PPy

Cp= 5
P T 5)

where P is the static pressure, P, is the reference pressure, and g, is the dynamic reference
pressure defined as:

1
ref = EPOOVOO/ (6)

where pq is the free stream density and Vy is the free stream velocity.

The distribution of static pressure along an airfoil depends on many factors. These
are both the shape of the airfoil itself and the flow parameters. This paper compares the
pressure distributions obtained by different analytical approaches. Moreover, the influence
of the Reynolds number and the angle of attack on the pressure distributions is shown
here. In Section 2 of this paper, it was proved that the oscillations of the aerodynamic
forces obtained using the transient momentum equations and the Transition SST turbulence
model are not large (Figure 3). This Section also shows the effect of transient flow conditions
on pressure distributions.

Figure 7 shows the validation of various numerical approaches based on experimental
data. For clarity, the first four plots in Figure 7 show the results obtained with the Transition
SST approach implemented in various CFD codes, while the following four graphs in the
same figure illustrate the results obtained with the two fully turbulent models. Figure 7 also
compares the results for the XFOIL code. The validation of all analytical approaches has
been shown for one angle of attack of 4 degrees and for two Reynolds numbers of 3 x 10°
and 6 x 10°. A similar tendency in the difference between the experimental and numerical
results was observed for the remaining angles of attack taken into account in this paper;
therefore, they are not presented in this paper. The pressure distributions calculated using
the Transition SST model and ANSYS Fluent CFD code shown in Figure 7 are averaged
over the same time interval as the aerodynamic forces discussed in the previous Section 3.
Due to the fact that practically no oscillations of the components of the aerodynamic forces
appear, the instantaneous pressure distributions differ slightly from the instantaneous
values. The obtained results show clearly greater accuracy of the Transition SST model
with the k-w SST and k-¢ RNG models. The obtained results also show a much greater
discrepancy with the experimental results and with each other for the largest Reynolds
number studied in this paper. In particular, these differences are visible on the suction side
of the airfoil for x/c ranging from 0.12 to 0.5. Rogowski and Hansen showed that for this
case, which corresponded to a Mach number of 0.3, the local Mach number in the vicinity
of the blade edge reaches the value of 0.5 [58]. With the increase of the angle of attack
on the suction edge of the airfoil, the area of the large Mach number field also increases.
However, numerical calculations taking into account the compressibility of a continuous
medium are definitely more expensive [58].
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Figure 7. Static pressure distributions calculated for different numerical approaches. The results are presented for one angle
of attack equal to 4 degrees.
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Validation of the Transition SST approach more broadly is shown in Figure 8. In this
case, for better clarity of the graphs, the results are given only obtained with the ANSYS
Fluent CFD code. These plots clearly show that the effects of compressibility can affect the
accuracy of static pressure distributions.

Figure 8. Static pressure distributions calculated for different angles of attack and for different
Reynolds numbers.

As already mentioned above, the static pressure distributions obtained using the
in ANSYS Fluent CFD code together with the URANS approach and the Transition SST
turbulence model show a high agreement with the experimental results. In particular, very
good agreement with the experimental results is obtained for the lower Reynolds number
of 3 x 10°. In order to qualitatively compare both data sets, experimental and numerical, a
quantitative analysis was performed using the definition of relative error:

5 = CPI’XP - CPCFD /CP('xp (7)

where Cp,y is the measured static pressure coefficient, whereas Cpcrp is the static pressure
coefficient calculated using CFD. Since, as already mentioned, the experimental and numer-
ical results behave in a similar manner for both analyzed Reynolds numbers (for a lower
Reynolds number the better agreement of the numerical results with the experimental
ones, and for a larger Reynolds number the agreement is smaller), an angle of attack equal
to 4 degrees was selected for the quantitative analysis. To perform such a quantitative
comparative analysis, the Cp results obtained in the CFD analysis are interpolated into the
coordinates for which the pressures were measured during the experiment. The relative
error obtained from this analysis, averaged over the entire airfoil, is 9.8% for the Reynolds
number of 3 x 10° and 17.8% for the Reynolds number of 6 x 10°. The relative error was
calculated separately for the suction side of the airfoil and for the pressure side to make
this analysis even more useful. This analysis showed that for the lower analyzed Reynolds
number, the relative error is 8.6% for the suction side of the airfoil and 11.3% for the
pressure side. For the Reynolds number equal to 6 x 10°, the following results are obtained:
17% for the suction side of the profile and 18.8% for the pressure side. Based on this quanti-
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tative analysis, we can clearly see that as the Reynolds number increases, the relative error
increases, especially for the pressure side. There are two possible reasons for this increase.
One of the reasons may be the high Mach number locally present on the profile surface. In
the numerical calculations performed in this work, the Mach number of undisturbed flow
was 0.15 for a Reynolds number equal to 3 x 10° and 0.3 for Re = 6 x 10° [58]. The second
reason that may cause a larger error on the pressure surface of the airfoil is the neglect of
the effects that occur in the spanwise direction [15].

Figures 7 and 8 illustrate the validation of the numerical results of static pressure dis-
tributions with the experiment. However, due to the very high similarity, these figures do
not show the effect of the Reynolds number on the static pressure coefficient characteristics.
Figure 9 presents a comparison of Cp characteristics as a function of x/c for four Reynolds
numbers: 3 x 100, 4 x 109, 5 x 10°, and 6 x 10°. As the differences in pressure distributions
for the analyzed Reynolds number values are practically invisible at the suction side of the
airfoil, only pressure distributions on the pressure side were considered in this analysis.
Additionally, since the nature of these functions is similar for all analyzed angles of attack,
only the results for one angle of attack equal to 4° are compared. Figure 9 shows the
Reynolds number effect at only two locations on the profile. These locations are marked
with dashed lines for which other colors have been selected: detail one (magenta) and two
(blue). Figure 9¢,d show zooms of these details. As shown in Figure 9d, as the Reynolds
number increased, a slight pressure increase is observed over the aft part of the airfoil, for
x/c = 0.88.

Figure 9. Effect of the Reynolds number on static pressure coefficient characteristics: (a) airfoil shape;
(b) distribution of the static pressure coefficients on the pressure side of the airfoil; (c,d) details of
the static pressure distributions on the pressure side of the airfoil—the details are marked in these
figures with the appropriate colors.

From Figures 7 and 8 it can be seen that the static pressure distribution depends
primarily on the angle of attack. This was also proved above by analyzing the effect of the
Reynolds number on static pressure distributions. Therefore, in this work, the effect of the
angle of attack on the static pressure distribution was investigated for only one Reynolds
number. Figure 10 presents the static pressure distributions on the airfoil depending on the
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angle of attack for Re = 6 x 10°. The obtained results are compared for six different angles
of attack ranging from 0 to 10 degrees. The analysis of these curves showed that in the case
of the pressure side of the airfoil, the local peak of the Cp(x/c) curve near the leading edge
of the profile is observed. This peak has a very similar value equal to approximately 1 for
all investigated angles of attack, however, as the angle of attack increases, the peak moves
towards the back of the airfoil. The analysis of the location of this peak as a function of
the angle of attack showed that this change is not linear but is a second-degree quadratic
function with the equation: (x/c), .. = 0.00020-a* + 0.00118-a + 0.0004.

max

Figure 10. Static pressure coefficient for Reynolds number of 6 x 10°. The influence of the angle of attack.

In the case of the suction side of the airfoil, the shape of the Cp(x/c) curve has a
slightly different course in two ranges of the angle of attack: up to an angle equal to
6 degrees and above it. Starting at an angle of attack of 6 degrees, a characteristic peak
near the leading edge of the airfoil becomes visible on the Cp curve. This peak increases as
the angle of attack increases from the value of 1.76 for an angle of attack of 6 degrees to
the value of 4 for an angle of attack of 10 degrees. The location of this peak slightly shifts
towards the leading edge from the value of x/c = 0.0056 for the angle of attack equal to
6 degrees to the value of 0.0025 for the angle of 10 degrees.

As mentioned at the beginning of this subsection, the nature of the transient flow
parameters was also studied in this paper. Since, as already discussed in Section 3 of this
paper, the nature of the C; and Cp curves is almost constant, therefore the instantaneous
static pressure distributions differ very slightly from the averaged distributions illustrated
above. In order to study quantitatively the dispersion of the instantaneous distributions
from the mean value, the standard deviation (STD) distributions of the pressure coefficients
have been calculated. Standard deviation is a parameter that is used much more often to
evaluate the scatter of measurement results. However, since the obtained results of Cp

102



Energies 2021, 14, 8224

19 of 29

differed very little, it was decided to use this classic measure of variation. The following
definition was used to calculate the standard deviation:

1
STD = \/Np 25\31(CP1' —Cp)?, ®)

where N, is the number of population samples (in these simulations, the values of
Ny = 33,334), Cp; is the instantaneous pressure coefficient, and Cp is the averaged
pressure coefficient.

As is mentioned in Section 3 of this paper, the mesh that provides an independent
numerical solution has 620 nodes on the airfoil surface. In this work, the standard deviation
was calculated separately for each node on the airfoil surface and separately for the suction
and pressure sides of the airfoil. Standard deviation analysis was performed for two cases:
(a) constant Reynolds number and variable angle of attack and (b) constant angle of attack
and variable Reynolds number. The investigation showed that the standard deviation
is a function of both these quantities. The performed simulations also proved that the
obtained values of the standard deviation of the static pressure coefficient are much higher
for the suction side of the airfoil compared to the pressure side. Therefore, only the STD
distributions for the suction side of the airfoil are discussed in the further part of this paper.

Figure 11a shows a contour map of the standard deviation of the static pressure
depending on the Reynolds number and the angle of attack of the airfoil. This figure shows
that with the increase in the angle of attack, an increase in the value of STD is observed up
to the angle of attack from 2° to 4°, then, the decrease in the value of STD with the angle
of attack is observed. The angle at which the STD reaches its maximum depends on the
Reynolds number; as the Reynolds number increases, the peak values of the STD function
move towards higher angles of attack.

Figure 11. Standard deviation of the static pressure coefficient for the suction side of the airfoil and for the angle of attack of

4 degrees: (a) as a function of the angle of attack and Reynolds number; (b) as a function of x/c and Reynolds number.

As already mentioned above, the standard deviation of the static pressure coefficients
also has a distribution along the airfoil surfaces. Since the character of the STD is the
same for all Reynolds numbers taken into account in this paper, case b (constant angle
of attack and variable Re value) is considered for one angle of attack. An angle of attack
equal to 4 degrees is selected for the analysis, for which the standard deviations reach
maximum values. Figure 11b shows a contour map of the standard deviation of the
static pressure coefficients in terms of Reynolds number and x/c. The results shown in
this figure apply only to the suction side of the airfoil since, as highlighted above, the
largest changes in the STD values are observed on this surface. The contour map clearly
shows that the maximum values of STD are concentrated in a narrow strip around the
position x/c = 0.4. Additionally, it was observed that the width of this strip decreased with
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increasing Reynolds number. The location of the maximum values of STD is not accidental.
It is related to the location of the laminar-turbulent transition.

In general, the values of the standard deviation obtained in all analyzes are minimal.
The obtained minimum value of this parameter was 1.9 x 1072 and the maximum value
was 0.003. Low standard deviation values indicate that the values tend to be close to the
mean static pressure coefficients.

4.3. Skin Friction Coefficient

The time-averaged skin friction depends on the same factors as static pressure. The
formulation of the transition SST approach makes it possible to obtain such a distribution
of the skin friction that it is possible to study the laminar-turbulent transition.

In this work, various numerical approaches were used to determine the aerodynamic
performance of the DU 91-W2-250 profile. Basically, for three different numeric codes, the
same turbulence model was used—the Transition SST approach developed by Langtry
and Menter [78]. The other tools were two fully turbulent models and XFOIL code. As
the results of both forces, pressures and skin friction distributions obtained by various
implementations of the Transition SST approach were very similar, this subsection of the
paper was limited only to the analysis of the results obtained using the ANSYS Fluent code
together with the URANS method.

In the first part of this subsection, the distributions of the skin friction coefficient for
the angle of attack equal to 4 degrees and for two Reynolds numbers 3 x 10° and 6 x 10°
obtained with this method were compared only with the results of the XFOIL code and
the k-¢ RNG turbulence model (Figure 12). As expected, the results obtained with the k-¢
RNG turbulence model are of a completely different nature compared to the transition
models. This is due to a different formulation of this turbulence model, whereby the entire
boundary layer is taken into account as turbulent. Such an assumption, however, causes
that the distribution of the skin friction coefficient differs significantly from the real one [35].
The Cy characteristics obtained by the two approaches that take into account the transition
effect are similar; in particular, it concerns the Reynolds number equal to 6 x 10°. For
the Reynolds number of 3 x 10°, an overestimated value of the C f coefficient, computed
using the XFOIL code, was observed in comparison with the numerical results obtained
using the Transition SST approach. The results of the e transition method based on linear
stability and implemented in the XFOIL code are dependent on the N-factor, which should
be determined by wind tunnel or flight test calibration [35].

(2 (b)

Figure 12. Skin friction coefficient at the angle of attack of 4° for two Reynolds number of 3 x 10 (a) and 6 x 10° (b). The
results are given for three numerical approaches: ANSYS Fluent code together with the URANS method; the k-¢ RNG
turbulence model; the XFOIL code.
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Figure 12 shows the results for both the suction side and the pressure side of the airfoil.
As it can be seen from this figure, the values of the Cy coefficient also depend on the airfoil
side; this effect will be discussed in detail below.

In this part of the paper, the effects of the Reynolds number and angle of attack on
the distributions of the Cf coefficient will be discussed. As mentioned above, the C f
distributions are different on both the suction and the pressure side of the airfoil. In this
paper, the obtained results are illustrated separately for both sides of the profile to make
these effects more visible.

Characteristics of the Cy coefficient separately for the pressure and the suction side
of the airfoil are shown in Figure 13. Since the nature of the graphs obtained in this work
is similar for all angles of attack analyzed here, the figure only illustrates the results for
the angle of attack of 4 degrees. The characteristics shown in this figure are given for four
Reynolds numbers: 3 x 10°,4 x 10%,5 x 10, and 6 x 10°. Contrary to the static pressure
coefficients (Figure 9), the skin friction coefficient distributions significantly depend on the
Reynolds number. However, it should be emphasized that the influence of the Reynolds
number is mainly visible on the suction side of the airfoil (Figure 13b). As the Reynolds
number increases, the maximum value of the Cy coefficient increases in the middle part
of the airfoil, where the laminar-turbulent transition occurs. Moreover, as the Reynolds
number increases, the jump in Cy shifts to the leading edge. For the suction side of the
airfoil and for the Reynolds number of 6 x 10°, the maximum value of the skin friction
coefficient Cfy,,, increased by 40.8% compared to the Cyyqy for Re = 3 x 10°. At the same
time, the maximum value of the C 7 coefficient for Re = 3 x 10° was located at x/c = 0.60
whereas for the Re = 6 x 10°, the C fmax has shifted towards the leading edge to the value
x/c = 0.44. For a Reynolds number of 3 x 106, the maximum value of the C f coefficient for
the suction side of the airfoil is 28.1% larger compared to the Cg,y for the pressure side.
However, for the Reynolds number of 6 x 100, this value increases to 71.1%. The increase
of the Cy,, with the increase of the Reynolds number is linear on the suction surface of
the airfoil.

Figure 13. Skin friction coefficient at the angle of attack of 4°—Reynolds number effect for (a) the
pressure side of the airfoil and (b) the suction side of the airfoil. These results are given for URANS
with the Transition SST model.

The effect of the Reynolds number on the distribution of the skin friction coefficient
is discussed above. The second important factor influencing this physical quantity is the
angle of attack. Figure 14 discusses the Cy distributions for two Reynolds numbers and for
six angles of attack ranging from 0 to 10 degrees. Additionally, as already stated above,
the Cy distributions are different on the suction and pressure side of the airfoil, therefore
Figure 14 compares the Cy distributions for both sides of the airfoil separately.
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Figure 14. Skin friction coefficient—the effect of the angle of attack for (a,b) Re = 3 x 10° and (c,d) Re = 6 x 10°. Moreover,
C f for the pressure side of the airfoil are given in (a,c), whereas for the suction side of the airfoil are given in (b,d). These
results are given for URANS with the Transition SST model.

As mentioned above and shown in Figure 13, the Reynolds number effect is more
visible on the suction side of the airfoil. As shown in Figure 14, this conclusion applies to
all Reynolds numbers analyzed in this work. Moreover, as documented in Figure 14, the
effect of the angle of attack is also larger on the suction side of the airfoil as compared to
the pressure side. The Cy coefficient for both sides of the airfoil differs both in its maximum
value and in its x/c location. As the angle of attack increases on the suction side of the
airfoil, the maximum value of the Cy coefficient moves towards the leading edge and
towards the trailing edge on the pressure side of the airfoil. Moreover, as the angle of attack
increases, the Cy,;,, increases on the suction side of the airfoil and decreases on the pressure
side. For a Reynolds number equal to 3 x 10°, with an angle of attack increment equal
to 10 degrees (Ax = 10°), the absolute value of the Ax/c increment corresponding to the
Cfmax 15 0.3126 on the suction surface and 0.1148 on the pressure surface. For a Reynolds
number of 6 x 10°, the same values are respectively 0.3166 for the suction side and 0.0647
for the pressure side. It can be concluded from this analysis that with the increase of the
Reynolds number, the value of the Ax/c on the suction side is almost constant and it has
been shortened by half on the pressure side. For all the angles of attack analyzed in this
paper, on the pressure side of the airfoil, the decrease in the maximum value of the Cy
coefficient with the increase in the angle of attack is approximately linear whereas on the
suction side of the airfoil, the increase in the maximum value of the C ¥ coefficient with the
increase in the angle of attack is an exponential function.

As in the case of static pressure distributions (Section 4.2 and Figure 11), this work
also examined the deviations of the instantaneous values of the skin friction coefficient
from the average value (Figure 15). This paper also uses the standard deviation formula
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(Equation (8)) to evaluate this deviation. As with the static pressure distributions, the
values of the standard deviation for the suction side of the airfoil are much larger than for
the pressure side (please see Section 4.2). In the case of the Cy coefficient, the STD results
for the suction side of the airfoil are on average 11 times higher compared to the pressure
side. The values of the standard deviation of the skin friction coefficient turned out to be
small of the higher order and almost 99 times lower compared to the values of the standard
deviation calculated for the static pressure coefficients.

Figure 15. Standard deviation of the skin friction coefficient for the suction side of the airfoil—the
effect of the angle of attack and the Reynolds number (a); the effect of the Reynolds number and x/c
for: &« = 2° (b); &« = 4° (c); and & = 6° (d).

4.4. Variation of Transition Location with the Angle of Attack

The location of the transition is a very important engineering issue in modern fluid
mechanics; however, it is not easy to determine. For the XFOIL code, this position is one
of the simulation results. In the case of CFD analyzes, this location can be found on the
basis of intermittency, . In our CFD studies, however, this position was estimated from
the distribution of the skin friction coefficient Cy, discussed in the previous subsection.
In order to estimate the transition location X}, the point where the skin friction increases
sharply, e.g., as shown in Figure 14, was chosen. This is more consistent with the way
the transition is determined experimentally where the intermittency is not known, e.g.,
using hot film sensors to directly measure the skin friction or a take thermal image of the
airfoil surface and see when the heat flux often changes very sharply. Therefore, in this
work, to determine this value, a criterion was used, which was established on the basis
of the Cy results obtained from the XFOIL approach. It was found that the position of X,
corresponds to an increase of the Cy coefficient by 80% compared to the minimum value.

Figure 16 compares the location X;, of the laminar-turbulent transition predicted
by the two analytical approaches and with the experiment. In this work, the analytical
approaches used for the comparison are the Transition SST turbulence model implemented
in the ANSYS Fluent CFD code and the XFOIL code. All simulations were carried out for
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the range of angles of attack in the range from 0 to 10 degrees. The authors of this work
had only experimental data for the suction side of the airfoil.

Figure 16. Variation of transition location with the angle of attack for two Reynolds numbers. For the suction side of the

airfoil: validation of the Transition SST turbulence model and the XFOIL code using the experimental data; for the pressure
side: comparison of the results obtained from CFD and XFOIL simulations.

In Figure 16, it can be seen that two distinct areas are visible on the suction side of
the airfoil. The X(«) curves shown in this figure have two derivatives: in the range of
angles of attack from 0 to 6 degrees for the first area, and in the range of angles of about 6
to 10 degrees for the second area. On the other hand, the relationship of the X},-coordinate
for the pressure side of the profile is almost linear over the entire range of angles of attack
taken into account in this paper.

5. Conclusions

The main purpose of the present study is to validate the unsteady Reynolds averaged
Navier-Stokes (URANS) approach together with the four-equation transition SST turbu-
lence model with experimental data from a wind tunnel. The main computational fluid
dynamics (CFD) code used in this work was ANSYS Fluent v 19.0. For comparison, two
more CFD codes with the Transition SST model were used: FLOWer and STAR-CCM +.
The obtained airfoil characteristics were also compared with the results of fully turbulent
models published in other papers. The XFOIL approach was also used in this work for
comparison. Based on the obtained results, it was determined that:

e  The aerodynamic characteristics obtained by means of classical turbulence models
prove the important role of transition phenomena in the boundary layer.

e  For the studied range of Reynolds numbers, the static pressure distributions do not
significantly depend on the Reynolds number.

e  The angle of attack has a much more significant influence on the pressure around
the airfoil.
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Contrary to static pressure distributions, the skin friction coefficient distributions
depend on both the angle of attack and the Reynolds number. However, the Reynolds
number effect is mainly seen on the suction side of the airfoil. An increase in the
Reynolds number causes an increase in the value of this coefficient on the suction edge
and its shift towards the leading edge.

For all the angles of attack analyzed in this study, on the pressure side of the profile,
the decrease in the maximum value of the skin friction coefficient with the increase in
the angle of attack is almost linear.

On the suction side of the profile, the increase in the maximum value of the skin
friction coefficient with the increase in the angle of attack is an exponential function.
As with static pressure, the angle of attack has a larger effect on the distribution of the
skin friction coefficient than the Reynolds number, but mainly for the suction side of
the airfoil.

With the increase of the angle of attack, the maximum value of the skin friction
coefficient increases on the suction side and decreases on the pressure side.

For the angle of attack range investigated, the maximum values of the skin friction
coefficient are larger on the suction side of the airfoil compared to the pressure side.
As the Reynolds number increases, the difference is larger.

The deviations of the instantaneous pressure values from the average value are minimal.
The maximum values of the standard deviation of the static pressure coefficients are
concentrated around the areas of the laminar-turbulent transition.

The deviations of the instantaneous values of the skin friction coefficients from the
averaged values are almost constant in time and close to zero.
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Nomenclature

Symbol

c chord length

L% angle of attack

L lift force

D drag force

Cr mean lift coefficient

Cp mean drag coefficient
At time step size

Veo undisturbed flow velocity
K lift-to-drag ratio

p static pressure

Pref reference static pressure
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ref reference dynamic pressure
Poo free stream density
Veo free stream velocity
STD standard deviation
C f skin friction coefficient
Cfmax maximum skin friction coefficient
Cp static pressure coefficient
Xir location of the laminar-turbulent transition
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Abstract: In recent years, there has been an increased interest in the old NACA four-digit series when
designing wind turbines or small aircraft. One of the airfoils frequently used for this purpose is the
NACA 0018 profile. However, since 1933, for over 70 years, almost no new experimental studies of
this profile have been carried out to investigate its performance in the regime of small and medium
Reynolds numbers as well as for various turbulence parameters. This paper discusses the effect of
the Reynolds number and the turbulence intensity on the lift and drag coefficients of the NACA
0018 airfoil under the low Reynolds number regime. The research was carried out for the range of
Reynolds numbers from 50,000 to 200,000 and for the range of turbulence intensity on the airfoil
from 0.01% to 0.5%. Moreover, the tests were carried out for the range of angles of attack from 0 to
10 degrees. The uncalibrated 7y — Rey transition turbulence model was used for the analysis. Our
research has shown that airfoil performance is largely dependent on the Reynolds number and less on
the turbulence intensity. For this range of Reynolds numbers, the characteristic of the lift coefficient
is not linear and cannot be analyzed using a single aerodynamic derivative as for large Reynolds
numbers. The largest differences in both aerodynamic coefficients are observed for the Reynolds
number of 50,000.

Keywords: computational fluid dynamics; Reynolds-averaged Navier-Stokes; unsteady; turbulent;
aerodynamic; airfoil;, NACA 0018; lift force; drag force; vertical axis wind turbine

1. Introduction

Nowadays, computational fluid dynamics (CFD) methods are still not fast enough
and sufficiently precise in terms of large angles of attack to completely replace simplified
engineering methods based on the principle of conservation of momentum used to simulate
the movement of micro-air vehicles, high-altitude unmanned air vehicles, or rotors of
wind turbines [1-5]. The accuracy of the results of the aerodynamic characteristics of
both aircraft and rotors obtained by these engineering methods depends largely on the
airfoil characteristics [6]. These airfoil characteristics, in the form of the coefficients of
the aerodynamic forces as a function of the angle of attack, constitute the input data for
the engineering methods [7-11]. In recent years, there has been an increased interest
in small aircraft and small wind turbines [12-17]. From the point of view of simplified
approaches, a significant problem is the working conditions in which these devices must
operate. One of the key quantities determining these working conditions is the Reynolds
number and turbulence. The Reynolds number experienced by the airfoils of small wind
turbines or UAVs can range from tens of thousands to several hundred thousand [18-22].
Therefore, these are not conditions encountered in traditional aviation. However, in the
case of turbulence, the problem is the different turbulence intensity values found in wind
tunnels and real operating conditions. Generally, a value of less than 1% is considered to
be of low turbulence intensity, while a value of more than 10% is considered to be of high
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turbulence intensity. In the case of modern low turbulence wind tunnels, the turbulence
intensity of undisturbed flow can be even less than 0.05% [23,24]. The turbulence intensity
measured in the atmosphere is usually from a few to several dozen percent [25,26]. The
aerodynamics of a vertical axis wind turbine rotor (Figure 1) is even more complicated
as its blades constantly operate under varying flow conditions. As the rotor rotates, the
angle of attack of the airfoil changes, and thus the local Reynolds number also changes
constantly [27-31]. During the operation of the rotor of the Darrieus wind turbine, the
rotor blade works with variable turbulence intensities [32]. This is due to the slowdown
and disturbance of the airflow by a blade moving in the upwind part of the rotor. In the
downwind part of the rotor, the blade already works in a sometimes highly disturbed flow.

Figure 1. Silhouette of the H-type Darrieus wind turbine.

In the previous work, Rogowski et al. [6] studied the aerodynamic characteristics of
the NACAO0018 airfoil operating at the low Reynolds number regime (Re = 160 x 10%) and
at very low inlet turbulence intensity corresponding to a very clean flow. These authors
used the uncalibrated Transition SST approach implemented in the ANSYS Fluent CFD
solver. This paper discusses the performance of this profile considering Reynolds numbers
from 50,000 to 200,000 and turbulence intensities at the airfoil ranging from 0.01% to 0.5%.
The numerical results of the aerodynamic force coefficients of the symmetrical NACA 0018
airfoil shown in this paper are primarily intended to serve as input data for analytical
approaches dedicated to Darrieus wind turbine rotors [7,33].

The result of the work of the American agency NACA (National Advisory Committee
for Aeronautics) was the preparation of Technical Report No. 460 “The Characteristics of
78 Related Airfoil Sections from Tests in the Variable-Density Wind Tunnel” [34]. It presents
anew family of four-digit airfoils intended to operate in the high Reynolds number regime.
Researchers found that the airfoil performance is most influenced by three parameters: the
maximum camber, the location of the maximum camber, and the maximum thickness of the
airfoil. The NACA abcd profile designation contains information on these three parameters:
the first digit 2 denotes the maximum camber as a percentage of the chord, the second digit b
indicates the distance from the leading edge to the maximum camber in tenths of the chord,
whereas the last two digits cd describe the maximum thickness of the profile as a percent of
the chord [35]. For example, in the case of the NACA 0018 profile, the maximum camber
is 0%, and the maximum thickness is 18%. The airfoil’s maximum thickness is located
at 30% of the chord length from the leading edge. The airfoil shape is described using a
mathematical formula available in many scientific publications, e.g., [36,37]. Even though
the NACA 0018 airfoil was designed relatively long ago, it is still prevalent in VAWT design
because of the balance between structural integrity and aerodynamic efficiency [24,38].

The famous Report No. 460 from 1933 published the NACA 0018 profile characteristics
for a Reynolds number of 3,200,000 [34]. However, these results by the American agency
NACA are not helpful as inputs for engineering models developed to find the aerodynamic
characteristics of Darrieus wind turbines because the blade Reynolds numbers of even the
largest wind turbines of this type are much lower [39,40]. More valuable characteristics
can be found in Report No. 568 published in 1937, which presents the NACA 0018 airfoil
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performance measured for the Reynolds number regime from 40,000 to 3,000,000 [41]. The
characteristics of the lift coefficients presented in this report show some, though slight,
dependence on the Reynolds number. A much more significant effect of the Reynolds
number was observed for the drag coefficient. In the case of the largest Reynolds numbers
analyzed by these authors (2.97 x 10° and 2.36 x 10°), an almost independence of the lift
coefficients from the Reynolds number in the linear part of the Cy («) curve is observed,
and a slight influence of the Reynolds number on the drag coefficient [41]. A similar trend
of the Cy, characteristics for the NACA 0009 airfoil for Reynolds numbers in the range
of 3 x 10° to 6 x 10° can be found in the well-known report “Summary of Airfoil Data”
from 1945 [42]. Even though the Jacobs and Sherman results are more useful for VAWTs
because of the low Reynolds numbers [41]. Unfortunately, the range of angles of attack
considered in this experiment is insufficient to calculate the performance of a Darrieus
rotor operating at low tip speed ratios. For this reason, as part of the program on the
Darrieus vertical axis wind turbine (VAWT) at Sandia National Laboratories, a series of
measurements in the wind tunnel for four airfoil sections: NACA-0009, -0012, -0012H,
and -0015 were carried out at low Reynolds numbers. These obtained experimental data
of the airfoil sections were then extrapolated for the Reynolds number range from 10%
to 107, and for the NACA-0018, -0021 and -0025 airfoil sections [7,43]. For many years,
researchers and engineers have used this database to analyze and design vertical axis
wind turbines [44-48]. However, since these NACA 0018 airfoil characteristics obtained by
Sheldahl and Klimas were extrapolated (not measured directly), until the beginning of this
century, only measurement data published by Jacobs and Sherman in 1937 were available.
Of course, there are sometimes individual studies, e.g., [27], of this airfoil in the literature,
but they are not carried out for a wide range of flow parameters. Only in the last two
decades, as a result of increased interest in vertical-axis wind turbines, several experimental
studies of the NACA 0018 profile were carried out [24,49-56]. The relatively late appearance
of a new measurement series for the NACA 0018 airfoil for a long time retained the
possibility of validating the aerodynamic characteristics calculated using modern analytical
tools offering the possibility of capturing transition phenomena. In 2019, Melani et al. [57]
published an important paper summarizing the collected results of experimental and
numerical studies of this airfoil for low and medium Reynolds numbers. A juxtaposition
of the results of various researchers shows significant differences in the lift characteristics
for Reynolds numbers below 300,000. This is due to, among other things, the sensitivity
to the flow conditions in the wind tunnel. Timmer concluded that the characteristics
published in 1937 by Jacobs and Sherman might be affected by errors resulting from the
high level of turbulence in the wind tunnel, which may significantly affect the transition
characteristics [24,41]. Research by Melani et al. [57] also shows that the ¥ — Rep turbulence
model provides sufficiently accurate aerodynamic characteristics for the NACA 0018 airfoil.
As mentioned above, in the case of medium and high Reynolds numbers, its influence on
the airfoil performance is not so significant, which is also confirmed by the observations of
Melani et al. [57], and sufficient accuracy of the results may also be ensured by, e.g., the
popular two-equation k-w SST turbulence model [20]. In addition to the dependence of
the airfoil characteristics on the angle of attack and the Reynolds number, a dependence
on the freestream turbulence intensity is also necessary to find the reliable aerodynamic
performance of the VAWTs [58]. This is evidenced by some recent precise experimental
and numerical studies [53,59]. However, the literature still lacks the NACA 0018 airfoil
characteristics calculated with the uncalibrated -y — Reg model for a wide range of different
flow parameters to serve as a benchmark for further investigations.

As discussed in the first paragraph of this section, the accuracy of engineering ap-
proaches for vertical axis wind turbines depends, inter alia, on the accuracy of the input
data of the airfoil characteristics. In aerospace engineering and wind energy, numerical
techniques are very often used in parametric studies of airfoils. It is believed that solving
the Navier-Stokes (NS) equations will provide information on all turbulence scales in the
flow, making it possible to study all the aerodynamic phenomena in a given flow. The
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Direct Numerical Simulation (DNS) method used, among other things, by Marxen et al. [60]
to study the flow over a flat plate allowed a more detailed analysis of the separation-
induced transition phenomenon. Another slightly less numerically expensive technique is
an approach called large eddy simulation (LES). In the 1960s, this method was proposed to
simulate atmospheric flows. With the increase in computing power of supercomputers, this
approach has become very attractive and promising for simulating turbulent flows [61-63].
From an engineering point of view, both of these methods, DNS and LES, are still nu-
merically too expensive to simulate the wall-bounded flows. In aerospace engineering,
Reynolds-averaged Navier-Stokes (RANS) techniques together with one- or two-equation
turbulence models are still common [64]. However, numerous studies have shown that
classical turbulence models fail for small Reynolds numbers [28,57]. In order to avoid
these shortcomings, in recent years, RANS techniques have been developed to capture the
separation-induced transition. The ¥ — x;, — w [65,66] and 7y — Rey [67] models are some of
the better-known turbulence models available in many modern CFD codes, e.g., [23]. These
turbulence models have been successfully validated against standard test cases [65,68].
Suluksna and Juntasaro showed that the predictive reliability of the v — Reg model was
better compared to other correlation-based models [69]. Choudhry and Arjomandi com-
pared these transition models for the NACA 0021 airfoil operating in the small Reynolds
number regime [70]. In the conclusions, these authors indicated a slightly higher accuracy
of the x — k1 — w turbulence model in comparison with the 7 — Rey model. In recent years,
a comparison of five turbulence models has also been made by Aftab et al. [71] for the
flow around the NACA 4415 airfoil at a Reynolds number of 120,000. They compared
the following approaches: the one-equation Spalart—Allmaras, the two-equation SST k-w,
the SST k-w with the intermittency equation, the ¥ — x;, — w, and the v — Rey. In the
conclusions, the authors indicated reliable results of the aerodynamic force coefficients
of both transition models. However, they reported problems with the computation time
for the k¥ — x; — w model and problems with the accurate capture of the reattachment of
the flow for a moderate angle of attack equal to 6 degrees [71]. The CFD-based transition
modeling approaches mentioned in this section are not the only ones available on the
market. It is also worth mentioning that there are relatively fast analytical tools, such as
XFOIL developed by Drela or RFOIL [24], modified versions of the well-known XFOIL code,
which are relatively good at determining aerodynamic profile characteristics, taking into
account the phenomena related to laminar-turbulent transition. However, these approaches
are challenging to implement in modern CFD codes [67]. It should be added that they can
be an additional comparative tool for profile performance studies [6,72].

Given the differing opinions on the robustness of the ¥ — x, — w approach, the authors
of this paper aim to thoroughly investigate the v — Reg turbulence model available in the
ANSYS Fluent CFD code called Transition SST without correcting the default constants of
the model [23]. The intention of the authors is, among other things, to provide guidelines
for users of this commonly used CFD code as well as for users of other CFD codes with an
implementation of the v — Reg turbulence model and, in addition, to obtain a database for
further comparisons.

2. Numerical Model and Its Validation

Rogowski et al. [6] analyzed the well-known NACA 0018 airfoil for only a Reynolds
number of 160,000. This was a direct result of the operating conditions of the vertical-
axis wind turbine analyzed at TU Delft [73]. Moreover, in the previous work, the two-
dimensional airfoil section with chord length c of 1 m was analyzed in a very clean flow—the
turbulence intensity was assumed to be 0.05%, which corresponded to the flow conditions
in the experiment of Timmer at TU Delft [24]. This paper aims to estimate the aerody-
namic performance of the NACA 0018 airfoil at different values of turbulence intensity in
undisturbed flow and at different Reynolds numbers.
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2.1. Numerical Domain and CFD Solver Settings

As shown in Figure 2, simulations were performed using a C-mesh surrounding the
NACA 0018 profile and extending 7.5 ¢ from the semicircular edge of the domain and 15 ¢
from the vertical edge of the domain. The size of the computational domain is vital for the
results of the aerodynamic forces. Therefore, this effect will be discussed in Section 2.2 of
this paper. The “pressure outlet” boundary condition was assumed on the vertical edge of
the domain and the “velocity inlet” boundary condition on the remaining outer edges of
the computational domain. The airfoil surfaces are treated as no-slip walls—zero velocity
was ensured on the airfoil surfaces.

Figure 2. Computational domain (a) and mesh around the airfoil (b).

The two-dimensional, incompressible governing equations are considered in all ana-
lyzes presented in this paper. The unsteady Reynolds-averaged Navier-Stokes (URANS)
approach with the SIMPLE pressure velocity coupling scheme and second-order discretiza-
tion for all variables were employed. Moreover, in all simulations presented herein, the
Green—-Gauss node-based method was employed [74]. The flow over the NACA 0018
profile was investigated using the commercial computational fluid dynamics (CFD) code
ANSYS Fluent 19.1 [23].

In this work, the transient flow around a symmetrical airfoil is discussed. The effect
of such simulations are, among others, oscillations of aerodynamic forces that result from
pressure changes around the airfoil. Observing these transient changes in the airfoil’s
aerodynamic characteristics is possible if the time step size is sufficiently small, adapted to
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the observed physical phenomena occurring during the flow around the airfoil. As shown
in the previous research [6], setting even a very small time step size does not give significant
changes in the characteristics of the aerodynamic force coefficients. Of course, the oscillation
size depends on the angle of attack. As the angle grows, the oscillations become larger and
larger. However, even in the case of the largest analyzed angle of attack, equal to 10 degrees,
the deviation of the instantaneous values of the aerodynamic force components from the
average was not too large. This means that the flow is almost without separation for
angles of attack up to 10 degrees. It also means that the instantaneous pressure coefficient
distributions resemble those calculated with the Reynolds-averaged Navier-Stokes (RANS)
technique. Based on the previous research, in all of the results presented in this paper, the
time step size was assumed to be 0.0001 s. For the transient solution using the implicit
formulation, ANSYS Fluent CFD code requires multiple iterations to be specified at each
time step. In this work, the convergence of every time step solution was usually achieved
at approximately 10-15 iterations, with a declaration of 20 maximum iterations per time
step. The level of residuals of 10~ was used for all computed variables.

An important problem in time-dependent analysis is the effect of initial conditions. In
the initial phase of the simulation, the oscillations of the aerodynamic forces are significant,
and the values of these forces differ significantly from the final ones. In this work, uniform
velocity in all finite volumes of the numerical mesh was assumed as initial conditions. The
initial conditions for velocity and turbulence were taken from the boundary conditions at
the inlet. Simulations of ten seconds of air movement showed that this effect disappears
after approximately 5-6 s. The aerodynamic force coefficients were averaged every second.
The aerodynamic characteristics shown in the graphs in the result section of this paper
(Section 3) correspond to the last tenth second of motion.

2.2. Computing Domain Size Effect

As mentioned above, the size of the computing domain is an essential aspect of CFD
calculations. Some authors pointed out that the influence of the domain size on the accuracy
of the calculated airfoil characteristics depends, inter alia, on the type of mesh (e.g., C-mesh,
O-mesh, etc.), its density, and physical parameters of the flow. A review of the literature
shows that there is no consensus on the size of the computational domain concerning
the length of the chord. This applies to both airfoils operating at low and high Reynolds
numbers [75-78]. Some researchers employ small computing domain sizes. In this case, the
distance from the obstacle to the domain’s boundary is from several to dozen airfoil chords.
Conventionally, the domain area in the wake region is longer than the distance from the
inlet to the obstacle. Some researchers create computing domains of huge sizes. Sometimes
the distance from the leading edge of the airfoil to the boundary of the computational
domain is even several hundred times larger than the airfoil chord length.

Paper [6] discusses the effect of three domain widths, 3.75 ¢, 7.5 ¢, and 15 ¢, on the
characteristics of the lift and drag coefficients. Those authors concluded that the domain
width does not significantly affect the airfoil aerodynamic characteristics. However, the
drag coefficient is more sensitive to changing the domain width than the lift coefficient.
A numerical domain with a width of 15 c¢ gives acceptable results for the aerodynamic
components. At the same time, the number of mesh nodes is half as compared to the mesh
for a domain twice as wide. Therefore, a nominal 15 c-wide domain was used in these
studies (the radius of the semicircular outer edge of the domain is 7.5 c).

The length of the computational domain in the wake area behind the obstacle is also
an important aspect of CFD calculations. This effect was not discussed in previous studies
by Rogowski et al. [6]. Therefore, the authors of this paper decided to verify the numerical
model for several different lengths of the computational domain. For this purpose, four
computational domains of different lengths were developed. The variable in these analyzes
is the length L, measured from the airfoil’s trailing edge to the domain’s outlet boundary,
as shown in Figure 3a. The distance from the leading edge of the airfoil to the inlet was the
same for all analyzed test cases. Since the range of angles of attack from 0 to 10 degrees is
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discussed in this paper, the numerical model was verified for two angles of attack: 4 and
10 degrees. Thus, the analysis of the effect of length L on the aerodynamic characteristics of
the NACA 0018 airfoil was carried out based on eight test cases. The change in the length
of the computational domain results in a change in the number of finite volume elements
of the model (the size of the computational grid). For the lowest domain considered in
this paper, the number of mesh elements was 797,000, while for the largest domain it was
871,000. Twenty seconds of air movement was simulated for each test case. In addition, a
Reynolds number of 150,000 and a turbulence intensity of 0.25% were used to verify the
numerical model. Taking into account both the range of Reynolds numbers as well as the
range of turbulence intensity analyzed in this paper, the values of Re and TI used for this
verification are more or less average values.

Figure 3. The computing domain and the distance from the trailing edge to the outlet, L (a). The
influence of the domain length on the drag coefficient (b) and the lift coefficient (c).

The results of the numerical calculations of the lift and drag coefficients are presented
in Figure 3b,c, respectively. These charts were made in such a way that it was possible to
compare the coefficients both qualitatively and quantitatively. Therefore, the results for the
angle of attack equal to 4 degrees are presented on the ordinate axis, whereas the results
for the angle of 10 degrees are plotted on the auxiliary y-axis. The results compiled in this
way show that the numerical values of the coefficients differ very little for a given angle of
attack. For an angle of attack of 4 degrees and a length L of 14 ¢, the drag coefficient is 0.28%
less than the drag coefficient for the case L = 10 c. Figure 3c shows that, in contrast to the
drag coefficient, as the length of the computational domain in the wake region increases,
the lift coefficient increases. However, this increase is also slight. For an angle of attack of
4 degrees and a length L of 14 ¢, it is only 0.26% compared to the case of L = 10 c. For the
angle of attack of 4 degrees, the increase in the Cr,/Cp ratio for the case of L = 14 c is also
only 0.54% in relation to the case of L = 10 ¢, a further increase in the parameter L from
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14 ¢ to 20 c causes an increase in the C; /Cp ratio by only 0.11%. The conducted analyzes
confirm that for the L of 14 ¢, the characteristics of the aerodynamic force coefficients can
be treated as largely independent of the domain length in the wake area.

This study also investigated the effect of the computational domain length on the wall
Y + parameter and the decrease in turbulence intensity in the area from the inlet to the obstacle.
However, the conducted analysis showed that the influence of the computational domain length
on both parameters was so negligible that the discussion was limited only to this comment. Both
of these parameters are affected, as in the case of aerodynamic forces, only by the angle of attack.

2.3. Turbulence Intensity Effect and Mesh Sensitivity Studies

One of the key achievements of this paper is the analysis of the aerodynamic perfor-
mance of the symmetrical NACA 0018 airfoil in relation to the turbulence intensity. As a
result of numerical dissipation, the turbulence intensity just before the airfoil is sometimes
completely different from the turbulence intensity assumed for the boundary conditions. This
analysis aims to find a correlation between the turbulence intensity at an inlet and just before
the airfoil (at the point located close to the airfoil nose). The different types of boundary
conditions available in CFD codes require different flow parameters to be specified. In this
work, the velocity inlet boundary condition is employed as shown in Figure 2a. In the current
investigations, two turbulence quantities were specified at the inlet: the turbulence intensity,
Ty, and the turbulence length scale, . The turbulence intensity is determined as the ratio of
the root-mean-square of the velocity fluctuations to the average flow velocity. The turbulence
length scale is the quantity that is appropriate to the size of large eddies which contain energy
in turbulent flow [23]. Many reports from experimental measurements in wind tunnels only
provide information about turbulence intensity at the location of the analyzed obstacle. It is
very often the only turbulence parameter measured during experiments. Following the guide-
lines available in the ANSYS Fluent documentation [23], in the case of wall-bounded flows, it
is recommended to calculate the turbulence scale from the following formula: I = 0.4 dq9,
where dgg is the boundary-layer thickness. In the current research, the turbulence length scale,
1, was estimated on the airfoil for the coordinate x/c = 0.3, and it is equal to 0.003845 m. This
paper does not analyze the sensitivity of the airfoil performance due to this parameter.

A numerical experiment was carried out to investigate the rate of decay of turbulence
intensity and determine the correlation between the turbulence intensity at the domain inlet
and just before the airfoil. The analysis was performed for the following flow parameters:
the Reynolds number was assumed to be 150,000, the undisturbed flow velocity was
2.1911m/s, and the angle of attack was 6 degrees. In this study, eight values of the
turbulence inlet intensity were used: 0.1%, 0.5%, 1%, 2%, 4%, 6%, 8%, and 10%. Unsteady
calculations were performed for ten seconds of air movement, assuming a time step length
of 0.0001 s. Figure 4b,c illustrates the dependence of the turbulence intensity on the x
coordinate, starting from the boundary of the computational domain up to the checkpoint
located just at the airfoil nose. Both points representing the start and end of the control
segment are shown in Figure 4a. The decay rate of this quantity is strongly dependent
on the turbulence intensity that was set for the boundary condition TIy. The higher the
TIy, the higher the decay rate. As shown in Figure 4b, in the case of the lowest turbulence
intensity analyzed in this work, equal to 0.1%, the decay rate is represented by an almost
constant function slightly dependent on the x coordinate. In the case of turbulence intensity
higher than 0.5%, the characteristic inflection of the TI curve is visible. This inflection occurs
approximately 0.5 ¢ from the first control point located at the domain entrance. Before this
inflection, the turbulence intensity decay is much higher than after it. Near the nose of the
airfoil, the turbulence intensity is very low for each test case. Therefore, to compare the
differences in the turbulence intensity values in the vicinity of the airfoil, an additional
chart was prepared in which the x coordinate was limited to the last meter before the airfoil
(Figure 4c). In this figure, it can be seen that the TI just before the airfoil varies from 0.0484%
for Tly = 0.1% to Tly = 10%. In the first case, it gives a decrease of 51.6%, in the second
case by 95.3%. This data can be used to interpolate the Ty value to obtain the expected TI
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value on the profile. This data shown in Figure 4b,c can be used for interpolation of TIj to
obtain a specific TI on the airfoil.

Figure 4. Segment definition for calculating the dependence TI(x), where TIy—segment start point
and TI—segment endpoint (a), turbulence intensity as a function of distance from the airfoil nose (b,c),
coefficients of aerodynamic forces as a function of time for different values of turbulence intensity (d-g).

Moreover, a mesh density influence on turbulence decay was examined. Four addi-
tional meshes were prepared, from extra coarse to extra fine. Cases with typical settings,
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Reynolds number, 150,000, and inlet Ty equals 0.25%, were prepared. Studies were per-
formed for two angles of attack: 4 degrees and 10 degrees. All results presented in Table 1
show that differences from the “Medium” case are tiny. Therefore, it can be claimed that
mesh density influence on turbulence decay is negligible.

Table 1. Turbulence intensity results for mesh sensitivity studies.

TI on the Airfoil [%] !

Number of Mesh Elements

Mesh AoA =4° AoA =10°

Extra coarse 600,000 —0.00041 —0.00041

Coarse 700,000 —0.00016 —0.00016
Medium 800,000 0.24916 0.25065
Fine 900,000 0.00011 0.00011
Extra fine 1,000,000 0.00020 0.00020

1 Only absolute values for the “Medium” case are presented. For others, differences from the “Medium” case.

In addition to the rate of turbulence intensity decay with distance from the nose of the airfoil,
this paper also discusses the effect of turbulence intensity on the aerodynamic characteristics
of the airfoil. These characteristics are discussed in detail in the Results section of this paper.
However, Figure 4d—g shows the time dependence of the components of the aerodynamic forces.
These graphs show that the coefficients become time independent after 8-9 s. However, the lift
coefficient becomes time independent faster than the drag coefficient.

2.4. Validation of the Numerical Model

Figure 5 shows a comparison of the aerodynamic force characteristics of the NACA 0018
airfoil obtained using the v — Rey approach with the aerodynamic airfoil characteristics mea-
sured in the Delft University Low-speed Wind Tunnel by Timmer [24]. The lowest Reynolds
number published in the paper [24], equal to 0.15 x 10°, was used to compare the numerical
results. With this Reynolds number, the turbulence intensity in the test section was 0.02%.
This turbulence intensity value is very close to the lowest one considered in these investiga-
tions. The graphs shown in Figure 5 have the same scales as those in Figures 12 and 14 in
the Results section of this paper. As shown in Figure 5b, the drag coefficient results agree
with the experiment both qualitatively and quantitatively. The absolute error of the minimum
drag coefficient compared to the experiment is only 0.00282. In the case of the lift coefficient
(Figure 5a), both series of results are sufficiently consistent in the range of angles of attack
up to 6 degrees. Slightly more significant differences in the coefficients are visible above this
angle of attack. This effect is shown in the earlier work of Rogowski et al. [6] as well as in the
studies by Melani et al. [57]. One of the possible causes of differences is the 3D effects not
considered in these studies. The second reason is that the turbulence model is not calibrated
through the model constants that control the characteristics of the separation bubble [70].

Figure 5. Aerodynamic characteristics of the NACA 0018 profile: lift force coefficient as a function of
the angle of attack (a) and drag coefficient (b). Comparison of CFD results with the experiment [24].
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3. Results
3.1. Reynolds Number Effect on Lift and Drag Coefficients

At a low Reynolds number regime, relatively small differences in this quantity can
significantly change lift and drag airfoil characteristics. This section details the effect of the
Reynolds number on the shape of the Cr,(a) and Cp(«) curves. It was decided to discuss
both components separately in this section.

3.1.1. Lift Force Coefficient

All simulations carried out in this paper, regardless of the Reynolds number and the
turbulent intensity showed a zero-lift coefficient at a zero angle of attack. The characteristics
of the lift coefficient as a function of the angle of attack at the low Reynolds number regime
are slightly different from the characteristics at much higher velocities [41]. As the Reynolds
number increases, the influence of the laminar separation bubble on the lift coefficient C;,
characteristics decrease, as can be seen in Figure 6.

Figure 6. Lift coefficient vs. angle of attack. Reynolds number effect.

Analyzing these lift force coefficient characteristics (Figure 6), the characteristic “bend”
of the C;, curve can be observed. The lift force characteristics are not linear in the whole
range of the angles of attack up to the critical angle. In other words, the derivative dC; /du
is not constant over this range of angles of attack. On both sides of this bend, the Cj,
characteristics can be analyzed by considering two derivatives dCy, /da that can be regarded
to a large extent as constant. Both Gerakopulos et al. [79] and Rogowski et al. [6] used
such derivatives to define the two regions. In both of these regions, the increase in the
lift coefficient with the angle of attack is largely linear. The region in the range of the
angles of attack from zero to the location of the bend is called the “first region”, whereas
the region above this bend is called the “second region”. The approach for determining
the aerodynamic derivative of dCy /da used in this work was taken from publication [79].
Figure 7 shows an example of determining these two derivatives of the C;, curve for the
Reynolds number of 150 x 103 and for the turbulence intensity, TI, of 0.25%.

As mentioned above, Figures 6 and 7 only show the lift coefficient results obtained
for one value of turbulence intensity of 0.25%. This is due to two reasons. First, this is
the average turbulence intensity value for the turbulence intensity range considered in
this work. Secondly, the C; results for the remaining turbulence intensities considered in
this paper are very similar. Thirdly, we found the experimental data of the aerodynamic
derivatives developed for similar flow conditions. According to Gerakopulos et al. [79], the
turbulence intensity measured during the experiment was less than 0.3%. Therefore, there
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was a possibility of further validation of our results. Figure 8 shows a comparison of the
experimental and numerical results of the dC; /da derivatives separately for two regions.
According to the authors of this paper, the accuracy of the numerical series is satisfactory.
For the Reynolds number of 100,000, the most significant differences in the results of
the dC /dwa derivatives are visible. However, they may result from both the dispersion
of the values of the lift coefficients used to calculate the derivatives based on the linear
approximation and the range of angles of attack used to calculate individual derivatives.

Figure 7. Two regions of linear growth of lift coefficient curve.

Figure 8. dCy /da derivatives for two regions. The comparison between present results and data
available in the literature [79].

From the observation of the data shown in Figure 8, the derivatives in the first region
tend to decrease as the Reynolds number increases, while the derivatives in the second
region are not as dependent on the Reynolds number. As seen “with the naked eye” in this
figure, an increase in the Reynolds number causes an increase in the first region. However,
a more detailed analysis of this effect requires the location of the transition point between
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the first and second regions to be specified. As mentioned above, the C () is a continuous
function around the bend. This publication proposes another way to find the transition
location. For this paper, the transition angle of attack was defined and marked with the
symbol a;. This angle was found analytically by solving a simple system of equations
composed of trend line equations approximating both regions. In other words, it is the
angle at the intersection of the trend lines for the first and second regions (Figure 9a).
Figure 9b quantitatively documents the nearly linear growth of the first region as the
Reynolds number increases.

Figure 9. Lift coefficient vs. angle of attack for Re = 150 x 10 and TI = 0.25%. An approach for
determining the transition angle, «; (a). The transition angle vs. Reynolds number for TI = 0.25% (b).

3.1.2. Drag Force Coefficient

Figure 10 shows the dependence of the drag coefficient on the angle of attack and the
Reynolds number. These results are also discussed for one turbulence intensity of 0.25%.
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The largest drag coefficients are calculated for the lowest Reynolds number taken into
account in this study, of 50,000. At this Reynolds number, a faster increase in drag is also
observed starting from an angle of attack of 6 deg. In the case of Reynolds numbers larger
than 50,000, the increase in drag as a function of the angle of attack is much smoother.

Figure 10. Drag coefficient vs. angle of attack. Reynolds number effect.

In this work, the qualitative dependence of the drag coefficient as a function of the
Reynolds number for individual angles of attack was also examined. Figure 11 shows the
dependence of the drag coefficient on the Reynolds number separately for different angles
of attack considered in this work. The results shown in this graph are for a turbulence
intensity of 0.25%. As can be seen from this figure, the drag coefficients differ very little
for small angles of attack and Reynolds numbers larger than 100,000. Moreover, Cp(Re)
dependencies are not linear functions. The functions that best approximate these calculated
coefficient values are third-degree polynomials.

Figure 11. Drag coefficient as a function of Reynolds number.
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3.2. Turbulence Intensity Effect on Lift and Drag Coefficients

As was reported in Section 3.1, relatively small differences in the Reynolds number re-
sult in significant variations in the aerodynamic loads of the airfoil. The effect of turbulence
intensity on the aerodynamic characteristics (aerodynamic force coefficients as a function
of the angle of attack) of the NACA 0018 airfoil, is much smaller compared to the Reynolds
number effect. Nevertheless, the influence of turbulence intensity is particularly important
with the lowest value of Re, investigated in this paper, equal to 50,000. Therefore, although
the effect of the Reynolds number has been discussed in detail above, this subsection also
takes this effect into account. The primary purpose of this subsection is to analyze the
effects of turbulence intensity on airfoil performance.

3.2.1. Lift Force Coefficient

Figure 12 shows the characteristics of the lift coefficient, Cy, as a function of angle of
attack, a. These results are compared for the different turbulence intensities considered in
this work. Additionally, these results are presented separately for each Reynolds number
used in these investigations. The same scale is used in all the graphs in this figure so that
the obtained C, results can be better compared.

Figure 12. Lift coefficient vs. angle of attack. Turbulence intensity effect.

It can be seen comparing Figures 6 and 12 that the influence of the turbulence intensity
on the lift coefficient is much smaller than the Reynolds number effect. All the C;, charac-
teristics show that the increase in turbulence intensity causes the lift coefficient to decrease
in the first region and increase in the second region. In the case of Reynolds numbers larger
than 50,000, the significant differences in the Cy values are observed approximately in
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the middle of the analyzed range of angles of attack. Moreover, as the Reynolds number
increases, the differences in Cy, results decrease significantly in the second region.

As mentioned in Section 3.1, all simulations carried out in these investigations, regard-
less of the Reynolds number and the turbulent intensity, showed a zero-lift coefficient at a
zero angle of attack.

As discussed above, the turbulence intensity affects the values of the lift coefficients
differently in both the first and second regions. The graphs shown in Figure 12 show a
common trend for all the calculated series. The turbulence intensity significantly influences
the dCy, /dua derivative in both regions. This subsection also presents a qualitative analysis
of the dCy /dua derivatives for both of these regions. The derivatives of dCy /dwa as a function
of Reynolds number and for different turbulence intensity values for the first and second
regions are shown in Figure 13a,b, respectively. Additionally, Figure 13c also illustrates the
transition angle, «¢, as a function of Reynolds number. The method of determining this
angle for this work is also discussed in the previous subsection and Figure 9a. The graphs
shown in Figure 13 quantitatively prove three things:

1.  An increase in TI causes a decrease in the dC; /da derivative in the first area, an
increase in the dC; /da derivative in the second area, and an increase in «;.

2. Anincrease in Re causes a decrease in the dC;,/da derivative in the first region and an
almost linear increase in the a; angle.

3. Figure 13c does not show a clear trend of the dC} /da derivative as a function of Re in
the second area, both downward and upward. A similar trend of this derivative for
the second region is also seen in the experimental studies taken from the literature [79],
and is shown in Figure 8.

Figure 13. The aerodynamic derivatives dC /da as a function of Reynolds number for the first region
(a) and for the second region (b). Transition angle of attack as a function of Reynolds number (c).
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3.2.2. Drag Force

The results of the drag coefficient, Cp, seem to be even less sensitive to the turbulence
intensity than the lift coefficients, except for the case of Re = 50,000 (Figure 14). At this
Reynolds number, the drag coefficient in the entire range of the angles of attack significantly
depends on both the intensity of turbulence and the angle of attack. However, in the case
of Re = 200,000, the differences in the drag coefficient results are minimal. In general, an
increase in the angle of attack causes an increase in drag. However, as shown in Figure 14,
the drag increase is very large at Re = 50,000. In order to compare the results, all the graphs
shown in this figure have the same scale.

Figure 14. Drag coefficient vs. angle of attack. Turbulence intensity effect.

As mentioned above, the drag coefficient is dependent not only on the Reynolds
number and the turbulence intensity but also on the angle of attack. For Reynolds numbers
in the range of 100,000 to 200,000, this effect is relatively small. Therefore, Figure 15b
only shows the values of the drag coefficient as a function of turbulence intensity for an
exemplary Reynolds number of 150,000 because, in the case of Re numbers of 100,000 and
200,000, both the values of the coefficients and their decreases as a function of TI are very
similar. Only the results of the Cp coefficient calculated for Re = 50,000 differ significantly
from the others. Therefore, these results are shown in a separate figure (Figure 15a). The
results shown in Figure 15 show a non-linear relationship of the drag coefficient with
the turbulence intensity. Although it is worth noting that it is non-linear, mostly close to
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TI = 0.1%. In the rest of the TI values taken into account in this paper, an almost constant
decrease in the Cp ratio can be observed.

Figure 15. Effect of turbulence intensity on drag coefficient: (a) for Reynolds number of 50,000 and
(b) for Reynolds number of 150,000.

3.3. Static Pressure

The characteristics of the aerodynamic forces discussed in the subsections above
result from the pressure distributions around the airfoil. The phenomena occurring in
the boundary layer have a significant influence on these distributions. This subsection
discusses the effect of the Reynolds number and the turbulence intensity on the static
pressure characteristics. In order to better visualize the cause of the occurrence of two
regions visible in the lift force coefficient characteristics, the authors of this paper decided
to analyze the pressure distributions for both sides of the airfoil separately. Therefore,
Figures 16 and 17 show the static pressure coefficients for the suction and pressure sides,
respectively. These charts compare the pressure coefficient distributions for different angles
of attack and fixed Reynolds numbers. The distributions of the Cp coefficient for the
angles of attack closest to the transition angles of attack are shown in black on each of
these graphs. The shades of blue represent the angles of attack lower than the transition
angle of attack, while the other colors represent the higher angles. It can be seen from
Figure 17 that for angles of attack larger than «;, there is no longer a laminar-separation
bubble on the pressure surface of the airfoil. Moreover, above this angle of attack, the
distributions Cp on this side of the profile are already much less dependent on the angle
of attack. Figures 16 and 17 show that the largest differences in the Cp coefficients, both
on the suction and pressure side of the profile, occur for the smallest Reynolds number of
50,000 analyzed in this study. This explains such significant differences in both the drag
coefficient (Figure 10) and the lift coefficient (Figure 6).

Figures 16 and 17 show the effect of the angle of attack for given Reynolds number
values. As a result, a qualitative difference was found in the characteristics of the Cp(x/c)
coefficient for the first and second regions (the method of determining the regions is
discussed in Section 3.1 of this paper). Figure 18 compares the static pressure coefficients
for two angles of attack, one (x = 2°) for the first region and one (x = 10°) for the
second region. The top two plots shown in this figure compare the Cp relationships for
one turbulence intensity value of 0.25%, and the bottom two for one Reynolds number
value of 150,000. These characteristics clearly show that the Reynolds number has a much
greater effect on the pressure distributions than the turbulence intensity. The effect of both
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quantities, Reynolds number and turbulence intensity, is much greater on the suction side
of the airfoil.

Figure 16. Static pressure coefficient on the suction side at different Reynolds numbers; angle of
attack effect.

Figure 17. Cont.
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Figure 17. Static pressure coefficient on pressure side at different Reynolds numbers; angle of attack effect.

Figure 18. Static pressure coefficient on the pressure side (solid lines) and the suction side (dashed
lines). Reynolds number effect (upper plots); turbulence intensity effect (lower plots).

4. Conclusions

This paper discusses the effect of the Reynolds number and the turbulence intensity
on the performance of the NACA 0018 profile under the low Reynolds numbers. The
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research was carried out for the range of Reynolds numbers from 50,000 to 200,000 and
for the range of turbulence intensity on the airfoil from 0.01% to 0.5%. Moreover, the
investigations were realized for the range of angles of attack from 0 to 10 degrees. Numerical
analyzes were performed utilizing the URANS approach with the uncalibrated transition
turbulence model 7y — Rey. Based on the numerical investigations of the airfoil, the following
conclusions are drawn:

One of the key achievements of this paper is the analysis of the aerodynamic charac-
teristics of the NACA 0018 airfoil in relation to the turbulence intensity. The decay rate
of turbulence intensity strongly depends on the turbulence intensity at the inlet. The
higher the turbulence intensity at the inlet, the higher the decay rate. For the lowest
turbulence intensity analyzed in this work, equal to 0.1%, the decay rate is almost
constant. In the vicinity of the nose of the profile, the turbulence intensity is very low
regardless of the inlet’s turbulence intensity. The results shown in Figure 4b,c have
practical applications when using the mesh described in the paper [6]. The data shown
in these graphs can be used to interpolate the turbulence intensity at the inlet in order
to obtain a specific value of the turbulence intensity on the airfoil.

All calculations carried out in this paper, regardless of the Reynolds number and the
turbulent intensity, showed a zero-lift coefficient at a zero angle of attack.

The presence of a wide laminar-separation bubble in the boundary layer results in
the occurrence of two aerodynamic derivatives of the lift coefficient in the range of
angles of attack before stall. The increase in Reynolds number primarily causes a
linear increase in the first region. On the other hand, the aerodynamic derivative in
the second region is almost independent of the Reynolds number.

At a Reynolds number of 50,000, a faster increase in drag is observed starting from an
angle of attack of 6 deg. For higher Reynolds numbers, the increase in drag coefficient
as a function of the angle of attack is much smoother. The drag coefficients differ very
little for low angles of attack and Reynolds numbers higher than 100,000.

Generally, the effect of the turbulence intensity on the lift coefficient is much lower
than the Reynolds number effect. The increase in turbulence intensity causes the lift
coefficient to decrease in the first region and increase in the second region. Differences
in lift coefficients for high angles of attack decrease with increasing the Reynolds
number and the turbulence intensity.

The increase in turbulence intensity causes a decrease in the aerodynamic derivative
dCy /da in the first region and its increase in the second region. Increasing turbulence
intensity also increases the transition angle of attack. This trend is visible for all the
Reynolds numbers studied in this work.

For angles of attack higher than the transition angle of attack, there is no longer a
laminar-separation bubble on the pressure surface of the airfoil.

Drag coefficients are less sensitive to the turbulence intensity than the lift coefficients,
except for the lowest investigated Reynolds number of 50,000. In general, an increase
in the angle of attack causes an increase in the drag coefficient.

The Reynolds number has a much greater effect on the pressure distributions than the
turbulence intensity. The effect of Reynolds number and turbulence intensity is much
greater on the suction side of the profile.

The performed numerical analyzes showed clear differences in the characteristics of the
drag coefficient for a Reynolds number of 50,000. For the other considered Reynolds
numbers in the range of 100,000 to 200,000, the changes in the drag coefficients are
rather linear as a function of both the turbulence intensity and the Reynolds number.
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Nomenclature
c chord length
Cp drag coefficient
Cr lift coefficient
Cp static pressure coefficient
dCp/da  rate of change of lift coefficient with angle of attack
l turbulence length scale
L length from the airfoil’s trailing edge to the domain’s outlet boundary
Re chord-based Reynolds number
TI turbulence intensity on the airfoil
TIy inlet turbulence intensity
Vo free stream wind velocity [m/s]
o angle of attack
oy transition angle of attack (the angle between the first and the second region)
99 boundary-layer thickness
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ABSTRACT

The objective of this study was to measure the aerodynamic characteristics of the NACA 0018 airfoil across a
range of low Reynolds numbers, with a particular focus on the unique behaviours observed in this regime. The
experiments were conducted primarily in a low-turbulence wind tunnel using wall pressure taps, a pressure rake,
and a force gauge. The Reynolds numbers investigated ranged from 30.000 to 160.000, with angles of attack
spanning from -190 to +20 degrees. A major achievement of this research was the successful acquisition of data
at Re = 30.000, where the lift behaviour significantly deviated from that observed at higher Reynolds numbers.
The results demonstrated a strong dependency of aerodynamic characteristics on Reynolds number, with the drag
coefficient at zero angle of attack decreasing by over 700 percent when Re increased from 30.000 to 160.000. Ad-
ditionally, two independent techniques for measuring lift force were employed, both yielding consistent results
despite the low Reynolds number. The experimental results were also compared with XFOIL and 2-D CFD simula-
tions, which, although not perfectly accurate, provided reasonably good predictions.

Keywords: NACA 0018 airfoil, Lift and drag characteristics, low Reynolds number, wind tunnel, XFOIL, Small-
scale wind turbine design.

INTRODUCTION aims to study the aerodynamic characteristics of
a turbine rotor at a small scale, calibrate more or

As awareness of the consequences of fossil  less reduced aerodynamic models based on these
fuel exploitation continues to rise globally, there results, and then simulate wind turbines, often
has been a significant expansion in the develop- several hundred meters in scale [3]. However,

ment of renewable energy sources. Since the fuel the problem lies in the vastly different condi-
crisis of the 1970s, the wind energy sector has  tions present in modern wind tunnels compared
predominantly focused on horizontal-axis wind  to those in Earth’s atmosphere [4-6]. This paper
turbines (HAWT). This type of turbine has been does not address the topic of upscaling but instead

extensively studied, and enhancing the rotor pow- focuses on issues within the scale of the wind tun-
er coefficient characteristics across a broad range nel itself, where the flow should be minimally
of tip speed ratios presents a significant chal- disturbed. It turns out, however, that calibrating

lenge. Increasing attention is now being directed ~ numerical models is a challenging task, and even
toward improving the aerodynamic performance  the most advanced contemporary numerical mod-

of vertical-axis wind turbines (VAWT) to nar- els struggle to handle such conditions effectively
row the efficiency gap between these two turbine [7]. Most importantly, there is still an insufficient
types [1, 2]. amount of experimental data in the literature to

Currently, many researchers propose solutions even begin calibrating the turbulence models used
based on the so-called upscaling. This approach ~ in CFD. Currently, the only numerical techniques

136

139



Advances in Science and Technology Research Journal 2025, 19(2), 136—-150

capable of providing reliable data are Large Eddy
Simulation (LES) or even Direct Numerical Sim-
ulation (DNS) [8]. However, these techniques are
still too computationally expensive to be used
across a wide range of angles of attack and under
different flow conditions.

The main problem with simulations using
Reynolds-Averaged Navier-Stokes (RANS) tech-
niques is the occurrence of laminar separation
near the surface of the airfoil. RANS models do
not simulate such phenomena based on the so-
lution of the N-S equations but instead rely on
correlations. This means that the position of the
laminar-turbulent transition is determined based
on local flow conditions (such as local turbulence
intensity), which is tracked by one of the trans-
port equations in the Transition SST model and
compared with an appropriate database devel-
oped experimentally. However, this approach is
insufficient and often lacks accuracy [9].

In recent years, there have even been stud-
ies on wind turbines at a laboratory scale, where
the chord-based Reynolds number reaches values
in the range of 20.000-30.000 [3]. These are ex-
tremely small ranges. Moreover, in such cases,
airfoils from the four-digit NACA series are quite
often used. However, these airfoils perform poorly
under such flow conditions. The reason why many
contemporary engineers and researchers continue
to use them is due to several factors. One of these
is the aforementioned lack of airfoil characteris-
tics across a wide range of Reynolds numbers and,
more importantly, over a broad spectrum of angles
of attack. As a result, up until almost 2011, the only
available database of airfoils was the one created
by Sheldahl and Klimas [10], which mainly con-
tained characteristics of airfoils from the four-digit
NACA series. For low Reynolds numbers, the re-
sults published in this report differ significantly
from those found in more recent studies [11].

In recent years, several modern wind tunnel
studies have been conducted on the NACA 0018
airfoil at low Reynolds numbers [12-16]. The
first modern experimental studies of the NACA
0018 airfoil at such low Reynolds numbers were
conducted by Timmer [12]. The author emphasiz-
es that at low Reynolds numbers, the NACA 0018
airfoil is predominantly affected by laminar sepa-
ration on the lower surface, which significantly
influences its aerodynamic characteristics and
the noise it generates. The application of zigzag
tape effectively reduces this noise. Timmer also
observed large post-stall hysteresis loops, which

140

increase in size with rising Reynolds numbers.
Timmer’s research covered a range of Reynolds
numbers from 150.000 to 1,000.000. However,
Timmer noted that at the lowest Reynolds num-
ber of 150.000, the pressures were insufficient
for wake measurements. Consequently, the drag
curve at this Reynolds number was inferred us-
ing data for parasitic drag and aspect ratio from
tests conducted at Re 300.000. Unique studies us-
ing the PIV technique were conducted by Nakano
et al. [13]. The main accomplishments of this
research include a thorough experimental inves-
tigation of the flow and noise characteristics of
the NACA 0018 airfoil at a moderate Reynolds
number of 160.000. The research effectively un-
covered the connection between flow separation,
reattachment, and the generation of tonal noise,
offering significant insights into the aerodynamic
performance of the airfoil under these specific
conditions. Significant advancements in measure-
ment techniques for the NACA 0018 airfoil and
other airfoils from the four-digit NACA series
have been made by the University of Waterloo. A
prime example is the publication by Gerakopulos
et al. [14]. Their study made notable contributions
through the experimental analysis of the NACA
0018 airfoil at low Reynolds numbers, specifi-
cally within the range of 80.000 to 200.000. The
researchers effectively characterized the airfoil’s
lift and separation bubble behaviour, uncovering
two distinct regions in the lift curve associated
with varying angles of attack. Additionally, their
work highlighted how the separation bubble’s po-
sition and length adjust with changes in Reynolds
numbers and angles of attack, offering essential
insights into the aerodynamic performance of the
airfoil in low Reynolds number conditions. Fol-
lowing the work of Gerakopulos et al., another
significant study in this research area was con-
ducted by Longhuan Du in 2016 [15]. Du’s study
involved an in-depth experimental and numerical
analysis of the NACA 0018 airfoil, focusing on
its aerodynamic characteristics at low Reynolds
numbers, specifically ranging from 60.000 to
140,000. The research utilized sophisticated mea-
surement techniques, including Particle Image
Velocimetry (PIV) for detailed flow visualization
and pressure distribution analysis, to explore flow
separation, reattachment, and the airfoil’s overall
aerodynamic behaviour. This work provided ad-
ditional insights into low Reynolds number aero-
dynamics, contributing significantly to the exist-
ing knowledge in the field. Other independent
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measurements were conducted at Imperial Col-
lege in a low-turbulence wind tunnel [16]. Pres-
sure distribution measurements were employed
to capture the aerodynamic characteristics of the
airfoils. The experimental studies were carried
out within a Reynolds number range of 60.000 to
300.000 and angles of attack from 0° to 180°. The
results provided empirical data that validated the
hypothesis of virtual camber effects, showing sig-
nificant differences in performance between the
standard and transformed airfoils.

Against the backdrop of the existing state
of knowledge, our research provides an addi-
tional contribution. Specifically, we extended the
study to even lower Reynolds numbers, down
to 30.000, where the lift coefficient (C,) exhib-
its a completely different behaviour compared to
higher Reynolds number values. Moreover, to ac-
curately measure the lift coefficient, we success-
fully employed two techniques: force gauge and
wall pressure taps, which were not utilized by the
previously mentioned authors.

In recent years, the use of composite materi-
als has gained prominence across various engi-
neering applications, including aerospace, auto-
motive, and energy industries. This trend reflects
a broader shift toward materials that offer high
strength-to-weight ratios, thermal stability, and
resistance to environmental factors. Such ad-
vancements have enhanced the performance and
durability of structures, as seen in both civil and
military aviation applications. For instance, Set-
lak et al. highlight the substantial benefits of com-
posite materials in reducing weight and increasing
the structural integrity of military aircraft, such
as the F-35, where composite components con-
tribute to improved durability and reduced radar
detectability due to their unique mechanical and

electromagnetic properties [17]. Our study builds
on this foundation by examining the acrodynamic
performance of the NACA 0018 airfoil at low
Reynolds numbers, with a focus on its behaviour
in low-turbulence environments. By comparing
experimental data with computational predic-
tions, we aim to contribute valuable insights into
the optimization of airfoil designs for both small-
scale wind turbines and low-speed aircraft, where
composite airfoils have shown potential in en-
hancing efficiency and reducing structural loads.
The findings provide further data critical for ad-
vancing turbulence models and adapting compos-
ite airfoils in applications demanding reliable per-
formance in varied operational conditions.

EXPERIMENTAL SETUP AND
METHODOLOGY FOR AERODYNAMIC
LOAD MEASUREMENT IN A LOW-
TURBULENCE WIND TUNNEL

The experimental investigations were conduct-
ed in a low-turbulence wind tunnel at the Techni-
cal University of Denmark (DTU) in Lyngby.
This is the so-called Red Wind Tunnel (Fig. 1),
belonging to the DTU Wind Energy Department.
The open-loop wind tunnel is equipped with a
test section measuring HxW = 0.5x0.75 m, with
a total length of L = 2 m. The tunnel is capable
of reaching a maximum flow velocity of 40 m/s
while maintaining a turbulence intensity of less
than 0.1%. The reference pressure is determined
using a standard Pitot tube. Aerodynamic loads
were assessed using wall-mounted pressure taps
(Fig. 2b) to determine lift coefficients, and a
wake rake setup was employed to measure drag
coefficients. The pressure measurements were

Figure 1. (a) Schematic diagram of the DTU Red Wind Tunnel configuration, (b) photograph of the
measurement section of the DTU Red Wind Tunnel
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Figure 2. (a) Two foils used in the experimental study: the upper foil is made of aluminium, while the lower one
is 3D printed using PLA; (b) the experimental setup inside the DTU Red Wind Tunnel shows the mounted foil,
wall pressure taps, wake rake, and motor and gauge used for measurements

conducted using Pressure Systems scanners, with
a total range of + 2.5 kPa for wall pressures and
+ 7 kPa for wake pressures. Data acquisition was
performed at a sampling rate of 125 Hz, with
measurements taken for 10 seconds at each angle
of attack. In addition, a load cell was used to mea-
sure the lift force.

The experimental study utilized two rectangu-
lar foils (Fig. 2a) with a symmetrical NACA0018
airfoil. Most of the wind tunnel tests were con-
ducted using a foil with a chord length of 60 mm,
which was extruded from aluminium — shown in
the top illustration in Figure 2a. The aluminium
foil was made from an actual blade of the TU
Delft VAWT rotor [18]. The rotor blade was cut
to a length of 500 mm, matching the height of the
wind tunnel’s test section, and was sanded down
with very fine sandpaper.

The second wing (bottom image in Fig. 2a)
had a chord length of 106 mm and was produced
on a 3D printer using PLA RE from Smartfill — a
slightly stiffer material than standard PLA made
from recycled PLA. The NACA 0018 blade fea-
tured one cylindrical inner spar and three shear
webs with 3 mm edge blends and a middle sec-
tion thickness of 5 mm each. The total length of
the blade was 500 mm, divided into three sec-
tions. The final model chord was 106 mm after
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blunting the trailing edge by 3 mm. The final sur-
face roughness of the blade was achieved by wet
sanding with P800 sandpaper.

EXPERIMENTAL ANALYSIS OF
AERODYNAMIC CHARACTERISTICS
UNDER VARYING REYNOLDS NUMBERS
AND ANGLES OF ATTACK

This paper presents the results of several mea-
surement series. Most of the tests were conduct-
ed on the aluminium foil due to its lower chord
length (resulting in lower blockage effects) and
larger stiffness, which allowed for force measure-
ments over a wide range of angles of attack. The
following measurement series were conducted
for this foil. For Reynolds numbers of 100.000
and 160.000, both components of the aerody-
namic force were measured over an angle of at-
tack range of + 17 degrees. Two measurement
techniques were used in these cases: wall pres-
sure taps and a force gauge. The drag coefficient
was determined based on wake velocity measure-
ments. For Reynolds numbers of 30 k, 50 k, 80
k, 100 k, and 160 k, the lift component was mea-
sured over a wide range of angles of attack, from
-190 degrees to +20 degrees. Since the wake rake
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used in our studies was not sufficiently wide, we
present results for the drag coefficient only within
the + 20-degree range. For the 3D-printed wing,
we present data only for a Reynolds number of
Re = 100 k as an additional validation of the re-
sults presented here. Wall interference correction
was considered [20] and being proportional to
chord/width ratio ¢/w = 60 mm/750 mm and 106
mm/750 mm, which for both foils is very small,
correction on aoa, lift and drag coefficients are
less than 0.5% for attack range of = 17 degrees.
Blockage ratio for the attack range of 30 to 150
deg is at max 8% which is considered acceptable
for separated flow.

Figure 3 compares the aerodynamic charac-
teristics of the NACAO0018 airfoil for a Reynolds
number of 100 k, obtained using three indepen-
dent measurement systems. The measurements
indicate significant hysteresis in both the lift and
drag coefficients in the region of the critical angle
of attack. Such behaviour of the aerodynamic
characteristics is typical for these flow condi-
tions. Both measurement techniques confirm a
high level of agreement in the lift force results.
In addition to the hysteresis, a certain asymmetry
in the lift force relative to the zero angle of at-
tack is also noticeable. Similar phenomena were
observed in the famous report [19] when investi-
gating various airfoils at low Reynolds numbers.
Timmer’s research [12] also confirms this kind
of behaviour, particularly at the lowest Reynolds
number he studied — 150 k. The strong agreement
between both measurements is further confirmed

by comparing the same results as a C, versus C,
relationship, as shown in the graph in Figure 4.

During the lift force measurements while in-
creasing the angle of attack, a maximum lift co-
efficient of 0.948 was recorded (Fig. 3). On the
return path (while decreasing the angle of attack),
this value decreased by approximately 12%.

The zero angle of attack and its close vicinity
proved to be extremely challenging to measure.
While passing through this region, noticeable
aerodynamic noise was observed, resulting from
the shedding of vortex structures from both the
suction and pressure sides. These structures are a
consequence of laminar boundary layer separation
and the formation of bubbles, which then evolve
into the flow in the aerodynamic wake. The exis-
tence of such bubbles has also been documented
in studies by other authors [13]. The presence of
laminar separation bubbles results in significant
nonlinearities in the lift force characteristics up to
the critical angle of attack. The drop in lift force
observed in the obtained characteristics after ex-
ceeding this critical angle of attack appears to be
substantial. The loss of lift in the considered case
is approximately 58.4%.

Up to this point, the lift force has been mea-
sured using two techniques: a force gauge measure-
ment and a pressure measurement. The purpose of
the next figure (Fig. 5) is to examine how both tech-
niques perform when measuring over a much wider
range of angles of attack at a Reynolds number of
100.000. The measurements were conducted start-
ing from an angle of attack of -190 degrees and then

Figure 3. Comparison of the lift coefficient obtained using wall pressure taps (CLp) and a force gauge (CLg),
along with the drag coefficient (C ) measured using a wake rake.
These results are for a Reynolds number of Re = 100 k
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Figure 4. Polar plots of the lift coefficient (C, ) versus the drag coefficient (C; )
for a Reynolds number of Re = 100 k. The plot compares the results obtained

from pressure taps (CLP), a force gauge (CLg), and a wake rake (C

increasing the angle up to 20 degrees. In this case,
the measurements were performed in only one di-
rection, so hysteresis is not observed.

As can be observed from Figure 5, there is
strong agreement between the two measurement
techniques, except in the range from -149 to -25
degrees. These differences are attributed to the
limited number of pressure taps. In our case, the
number of pressure taps was 64-32 on each side

Dw)

wall of the tunnel. When the angles of attack are
low, the sensors ‘see’ a larger area of the wing. It
should also be noted that at large angles of attack,
the wing, supported at a single point, experiences
increasing vibrations. With a small wing chord
of 6 cm, the undisturbed flow velocity must be
sufficiently high. For the highest Reynolds num-
ber we tested, 160 k, we used nearly the maxi-
mum achievable flow velocity in our wind tunnel

Figure 5. Comparison of the lift coefficient (C,) over a wide range of angles of attack (a) for Re = 100 k,
using two different measurement techniques. The green line (C ) represents the results obtained
from wall pressure taps, while the red line (CLg) represents the results from the force gauge
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(approximately 40 m/s). In the case of the highest
Reynolds number we examined, 160 k, to avoid vi-
brations, the wing was additionally supported with
a pin attached to the ceiling of the wind tunnel’s test
section. Therefore, in this case (Re = 160 k), only
the results obtained using the pressure measure-
ment technique could be used. Conducting this
test at Re = 100 k to verify the lift force measure-
ment using both the force gauge and wall pres-
sure taps was therefore necessary. Despite the
differences in the C, results visible in the angle

of attack range from -149 to -25 degrees (Fig. 5),
both curves are acceptable. The largest discrep-
ancy is observed at an angle of attack around -50
degrees. The pressure sensors recorded a lift co-
efficient of -1.021 in this case, with the lift force
prediction from the second measurement system
differing by approximately 12.3%.

Figures 6, 7, and 8 present the results of the
aerodynamic force coefficients for five different
Reynolds numbers over a wide range of angles of
attack, from -190 to 20 degrees. Figure 7 shows

Figure 6. The lift coefficient (C ) as a function of angle of attack (o) for different Reynolds numbers
shows the significant impact of Reynolds number on the aerodynamic characteristics

Figure 7. The lift coefficient (CL) as a function of angle of attack (o) for different Reynolds numbers
shows the significant impact of Reynolds number on the aerodynamic characteristics
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the same lift coefficient results as in Figure 6 but
within a narrower range of angles of attack, from
-20 to 20 degrees. The characteristics displayed
in Figures 6 and 7 were obtained solely from
pressure measurements for reasons discussed in
the previous paragraph. Figure 8, on the other
hand, presents the drag coefficient characteris-
tics only within the angle of attack range from
-20 to 20 degrees. The wake rake used had too
short a span to capture all the details in the wide
aerodynamic wake and integrate them. The
presented results indicate that the largest dis-
crepancies are observed at the lowest Reynolds
numbers tested in this measurement campaign,
specifically for Re 30 k and 50 k. At the low-
est Reynolds number, the lift force is practically
negligible, while at 50 k, it is tiny, with a maxi-
mum lift coefficient, C___, of only 0.435 at an
angle of attack of just 3 degrees. The results in-
dicate that the most significant discrepancies are
observed at the lowest Reynolds numbers tested
in this measurement campaign, specifically for
Re 30 k and 50 k. Even a slight increase in the
Reynolds number from 80k to 100k leads to a
14% increase in lift from 0.803. Similarly, an
increase from Re = 100 k to 160 k results in a
further 9.6% increase. A similar strong depen-
dence on the Reynolds number is observed for
the drag coefficient. For Re = 160 k, the drag
coefficient at a zero angle of attack is 0.0084. In
contrast, at Re = 30 k, this coefficient is as much
as 586% higher at the same zero angle of attack.

In this paper, two types of measurement series
were conducted for the aluminum foil. The tests
primarily differed in that, in one case, the range
of angles of attack varied within a shorter range
of £ 20 degrees (in both directions), while in
the other case, it ranged from -190 degrees to
20 degrees (in only one direction). To demon-
strate that in both tests, the results are generated
similarly for the + 20 degree range, a separate
graph was prepared (Fig. 9). This figure shows
the comparison of results for Test A correspond-
ing to the shorter range of angles of attack and
Test B corresponding to the longer range. The
figure clearly shows that for the angle of attack
range from -20 to 20 degrees, the results are the
same when the angle of attack increases.

Figure 10 compares the lift force results for
a Reynolds number of 100k for two foils: an alu-
minium foil and a printed foil. Both foils are made
from different materials, and their roughness
slightly differs. Despite these minor imperfec-
tions in both wings, the obtained lift force results
are surprisingly almost identical. This suggests a
high reliability of the measurement system used.
Figures 11 and 12 illustrate the dependence of
the aerodynamic characteristics of the airfoil on
the Reynolds number. Two Reynolds numbers,
100 k and 160 k, are compared in these figures.
In this case, we focused primarily on the quanti-
tative and qualitative comparison of the hystere-
sis loops. As previously indicated, the loss of lift
force after exceeding the critical angle of attack

Figure 8. The drag coefficient (CD) as a function of angle of attack (a) for different Reynolds numbers
shows the significant impact of Reynolds number on the aerodynamic characteristics
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Figure 9. Comparison of the drag coefficient C as a function of the angle of attack o for two types of tests at a
Reynolds number of 100 000. Test A (red curve) corresponds to a shorter range of angles of attack
(% 20 degrees), whereas Test B (blue curve) corresponds to a wider range (-190 degrees to 20 degrees).
The results show the consistency of drag coefficient behaviour in the overlapping range of angles

Figure 10. Lift coefficient (C, ) as a function of the angle of attack () for two airfoils with different chord
lengths and materials at a Reynolds number of 100.000. The solid lines with markers represent measurements
for the aluminium foil with a shorter chord length (¢ = 0.06 m), while the dashed lines represent measurements
for the 3D-printed foil with a longer chord length (¢ = 0.106 m)

is rapid and occurs for both Reynolds numbers
presented in Figure 11. For Re = 160 k, the maxi-
mum lift coefficient C, _ was recorded as 1.012
at an angle of attack of 14.02 degrees. During
the wing’s movement in the opposite direction
(decreasing angle of attack), the lift coefficient
C, was 0.421 at the same angle of attack, indi-
cating a decrease in lift force by approximately
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58.4%. In the case of Re = 100 k, the maximum
lift coefficient C, was 0.926 at an angle of at-
tack of 12.04 degrees, with a corresponding drop
in lift force of about 60%. Visually, the lift force
hysteresis loops for both Reynolds numbers are
similar and almost linearly shifted.

The shape of the drag coefficient hysteresis
(Fig. 12) is also similar and shifted; however, the
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Figure 11. Comparison of lift coefficient hysteresis loops for the NACA 0018 airfoil at two Reynolds numbers
(Re =100 k and Re = 160 k)

Figure 12. Comparison of drag coefficient hysteresis loops for the NACA 0018 airfoil at two Reynolds numbers
(Re =100 k and Re = 160 k)

differences in value increments are much larger
than for the lift force and are strongly dependent
on the Reynolds number. During the increase in
the angle of attack for Re = 100 k, there is a sharp
rise in drag starting from an angle of attack of
12.04 degrees. At this angle, the drag coefficient is
0.0294. An increase in the angle of attack by two
degrees results in a rise in the drag coefficient by
about 453%. In the case of Re = 160 k, the sharp
increase in lift force begins slightly later, at an
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angle of attack of 14.03 degrees. An increase in
the angle of attack by two degrees (from 14.03 to
15.95 degrees) generates an increase in the drag
coefficient by approximately 769.5%. The sud-
den drop in the lift coefficient during the wing’s
movement in the opposite direction (from posi-
tive to negative angles of attack) is similar: 92%
for Re = 160 k (for angles between 12.01 and
10.02 degrees) and 87.5% for Re = 100 k (for
angles between 10.04 and 8.02 degrees).
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ASSESSMENT OF AERODYNAMIC
PERFORMANCE USING EXPERIMENTAL
AND NUMERICAL METHODS

Figures 13 and 14 compare the lift and drag
characteristics obtained experimentally with the
results from XFOIL. The calculations with this
tool were performed using the parameter N = 9.
Despite the low Reynolds numbers, a strong simi-
larity was observed between the experimental and
computational results. For the lowest Reynolds
number examined, XFOIL confirmed an almost
linear lift characteristic. The difference in drag
between Re = 30 k and Re = 160 k calculated us-
ing this tool is also similar. For the two highest

Reynolds numbers investigated in the measure-
ment campaign, the XFOIL results show a signifi-
cant increase in drag for similar angles of attack.
The maximum lift coefficient values obtained with
XFOIL are overestimated compared to the experi-
mental results, which is an expected outcome. The
lift characteristics obtained with this numerical
tool are also strongly nonlinear within the range of
angles of attack up to the critical angle of attack.
Figure 15 compares the aerodynamic charac-
teristics of the airfoil at Re = 160 k obtained using
the 2-D CFD approach. The numerical calcula-
tions were performed using the model discussed
and described in [4]. This referenced publica-
tion contains a detailed description of the model,

Figure 13. Lift coefficient as a function of the angle of attack. Comparison of experimental results with XFOIL

Figure 14. Drag coefficient as a function of the angle of attack. Comparison of experimental results with XFOIL
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Figure 15. Comparison of airfoil characteristics at Re = 160 k obtained from experiments
and 2-D CFD using the Transition SST model

methodology, as well as a mesh sensitivity test.
In this study, the range of angles of attack was
extended to 20 degrees. Figure 15 clearly shows
that the 2-D CFD approach underestimates the lift
force. In contrast to XFOIL, the Transition SST
model more accurately predicts the significant in-
crease in drag.

A reliable scientific paper should also refer to
the results of experimental studies by other authors
if such exist. Contemporary measurement results
for the NACAO0018 profile at Re approximately
150 k, starting from Timmer’s publication, do not
differ significantly from each other. All of them

show a nonlinear range of C,_characteristics as a
function of the angle of attack. Most of the exist-
ing experimental studies have been compared in
previous publications by the first author of this
paper. The differences between the existing stud-
ies were also pointed out by Melani et al. [11].
Therefore, in this publication, we compare only
the results of three contemporary experimental
studies available in the literature. To the best of
our knowledge, only Timmer has published the
characteristics of the NACAO0018 profile con-
sidering hysteresis. However, it should be noted
that this author mentioned that for this Reynolds

Figure 16. Comparison of lift coefficients obtained in our study with experimental results from other authors.
The data shows results for Reynolds numbers Re = 100 k and Re = 160 k compared to the experimental findings
of Timmer [12] at Re = 150 k, Bianchini et al. [16] at Re = 150 k, and Du et al. [15] at Re = 140 k
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Figure 17. Comparison of drag coefficients obtained in our study with experimental results from other authors

Figure 18. Comparison of drag coefficients obtained in our study with experimental results
from Bianchini et al. [16] at Re = 150 k

number (150k), he was only able to measure the
lift force reliably. Therefore, the drag force results
are extrapolated in this case. The results shown in
Figures 16 and 17 indicate that Timmer’s hyster-
esis is smaller than in our case. This, of course,
does not imply an error in our measurements. We
have already informed the reader that measuring
aerodynamic loads at such low Reynolds num-
bers can be subject to various errors primarily
related to the measurement technique used and
the flow conditions in the wind tunnel. Figure 17
also illustrates the significant differences in drag
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coefficients obtained by various independent au-
thors. It is also worth emphasizing that two in-
dependent tests, ours and the one published by
Bianchini et al. [16], show a high degree of con-
sistency in the lift coefficient results for a wide
range of angles of attack (Fig. 18).

CONCLUSIONS

This study focused on investigating the aero-
dynamic characteristics of the NACA 0018 airfoil
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across a range of low Reynolds numbers, empha-
sizing the distinct behaviours observed within
this flow regime. The experiments were primarily
conducted in a low-turbulence wind tunnel, uti-
lizing wall pressure taps, a pressure rake, and a
force gauge to gather data. The Reynolds num-
bers examined spanned from 30.000 to 160.000,
with angles of attack ranging from -190 to +20
degrees. Based on the conducted research, the
following conclusions can be drawn:

The comparison of the two measurement tech-
niques (pressure taps and force gauge) for lift force
at Re = 100 000 shows strong agreement across
most of the tested angle of attack range, despite
some discrepancies in specific regions, confirm-
ing the reliability of both methods under varying
conditions. In the study, tests were also conducted
using two different foils. These tests demonstrated
the proper functioning of two independent systems
for measuring lift force, confirming the reliability
and accuracy of the measurement methodologies
employed. The comparison of the three measure-
ment systems for the NACA 0018 airfoil at Re
= 100 k demonstrates significant hysteresis and
asymmetry in the aerodynamic coefficients, with a
strong agreement in the lift and drag measurements,
confirming the reliability of the methods used for
determining the lift coefficient. A decrease of ap-
proximately 12% in the maximum lift coefficient
was observed when reducing the angle of attack.

Challenges in measuring around the zero
angle of attack were noted, with significant aero-
dynamic noise associated with vortex shedding
from both sides of the airfoil, highlighting the
complexity of laminar boundary layer separation
and bubble formation in this region.

The formation of laminar separation bubbles
leads to considerable nonlinearities in lift force
behaviour, with a significant loss of lift — around
58.4% at Re = 100 k — occurring after surpassing
the critical angle of attack.

In the case of such low Reynolds numbers,
both lift and drag characteristics are highly de-
pendent on the Reynolds number. This dependen-
cy is particularly evident in the drag coefficient,
which shows significant variation, increasing
substantially as the Reynolds number decreases.

This paper also investigated the effect of the
Reynolds number on the geometry of the station-
ary hysteresis loop. The comparison was con-
ducted for Reynolds numbers 100 k and 160 k.
Our study showed that an increase in Reynolds
number causes almost a linear shift of the entire
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loop towards higher angles of attack and slight-
ly higher lift coefficients. The shape of the drag
coefficient loop is also similar with the increase
in Reynolds number. However, a two-degree in-
crease in the angle of attack results in a significant
rise in drag.

The comparison between experimental results
and XFOIL simulations reveals a strong agree-
ment in both lift and drag characteristics, even
at low Reynolds numbers. While XFOIL tends
to overestimate the maximum lift coefficient, it
accurately captures the overall trends, including
the linear lift behaviour at the lowest Reynolds
number and the significant drag increase at higher
Reynolds numbers. These findings validate the re-
liability of XFOIL as a predictive tool for aerody-
namic analysis within the tested parameter range.

The 2-D CFD approach, utilizing the Transi-
tion SST model, provides a more accurate pre-
diction of drag increase compared to XFOIL but
tends to underestimate lift values. This highlights
the importance of selecting appropriate models
for accurate aerodynamic simulations, especially
at higher angles of attack.
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Abstract: This study investigates the aerodynamic performance of a symmetric NACA 0018
airfoil under harmonic pitching motions at low Reynolds numbers, a regime characterized
by the presence of laminar separation bubbles and their impact on aerodynamic forces. The
analysis encompasses oscillation frequencies of 1 Hz, 2 Hz, and 13.3 Hz, with amplitudes
of 4° and 8°, along with steady-state simulations conducted for angles of attack up to 20° to
validate the numerical model. The results reveal that the y-Reg turbulence model provides
improved predictions of aerodynamic forces at higher Reynolds numbers but struggles at
lower Reynolds numbers, where laminar flow effects dominate. The inclusion of the 13.3 Hz
frequency, relevant to Darrieus vertical-axis wind turbines, demonstrates the effectiveness
of the model in capturing dynamic hysteresis loops and reduced oscillations, in contrast to
the k-w SST model. Comparisons with XFOIL further highlight the challenges in accurately
modeling laminar-to-turbulent transitions and dynamic flow phenomena. These findings
offer valuable insights into the aerodynamic behavior of thick airfoils under low Reynolds
number conditions and contribute to the advancement of turbulence modeling, particularly
in applications involving vertical-axis wind turbines.

Keywords: NACA 0018; airfoil; low reynolds number; Transition SST; turbulence models;
wind turbines

1. Introduction

In recent years, there has been a growing interest in micro air vehicles (MAVs) driven
by advancements in electronics and energy storage technologies. MAVs hold significant
potential for military applications, particularly in environments where the risk to human
life is high. Recently, a Japanese research group proposed aircraft-like devices specifically
designed for Mars exploration. The low weight and small size of these devices, combined
with the need for low-speed cruising, require them to operate in environments characterized
by very low Reynolds numbers, typically ranging from 10° to 10° [1-4], and thus their
dynamics differ significantly from those of conventional UAVs [5].

Another category of devices operating within a similar Reynolds number range in-
cludes small-scale wind turbines used in wind tunnel experiments. These turbines often
have rotor diameters of one meter or smaller [6,7]. The results obtained from such exper-
iments are frequently scaled up to predict the performance of full-scale wind turbines,
which can reach diameters of several hundred meters [8,9]. Propeller and wind turbine
blades operating under unsteady inflow conditions are subject to oscillating loads and
fluctuating angles of attack. For vertical-axis wind turbines (VAWTs), these oscillations are
inherent and occur continuously during their operation [10].
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In low-Reynolds-number flows, laminar boundary layer separation occurs, which
leads to the formation of laminar separation bubbles through transition to turbulence. The
size of these bubbles can vary depending on the angle of attack and Reynolds number, both
of which influence the characteristics of flow separation [11,12].

Generally, laminar separation bubbles can be classified into two types: short and
long. Short bubbles decrease in length with increasing angle of attack and can cause
significant flow instability. However, the study of these phenomena is time-consuming and
computationally demanding, as it often requires advanced numerical approaches such as
Direct Numerical Simulation (DNS) or Large-Eddy Simulation (LES), which are typically
performed on supercomputers [1,13]. In recent years, several studies have employed
both Large-Eddy Simulation (LES) and Direct Numerical Simulation (DNS). Due to the
significant computational costs, these studies have primarily focused on thin airfoils. The
results confirmed the formation of short laminar separation bubbles at low Reynolds
numbers and their impact on the nonlinearity of the lift forces. However, the current state
of knowledge still does not fully explain the causes of these nonlinearities.

One alternative method for studying transition phenomena in low Reynolds number
flows involves the use of modern models designed to capture the laminar-to-turbulent
transition. Prior to the introduction of transition turbulence models, engineers primarily
relied on turbulence models that treated the entire boundary layer as fully turbulent.
Traditional turbulence models, such as those from the k-w or k-¢ families, fail to predict
the nonlinear behavior of the Cy, below the critical angle of attack [14]. For applications
in aeronautics, where the Reynolds numbers typically reach several million or higher,
neglecting the transition effects is often sufficient due to the dominance of turbulent
boundary layers. One reason for the omission of transition effects in traditional turbulence
models is the complexity and variability of the transition mechanisms. Another key
limitation is the absence of appropriate methods to describe transition flows, including
both linear and nonlinear effects, within the framework of Reynolds-averaged Navier—
Stokes (RANS) equations.

Among the more recent advancements in modeling transition phenomena is the
correlation-based y-Reg model, also known as the Transition SST turbulence model [15,16].
This model predicts the transition based on local flow conditions by solving transport
equations that account for these conditions. In contrast, earlier transition models, such as
the eN method proposed by Smith and Gamberoni [17], relied on global flow parameters
and were challenging to implement in modern general-purpose CFD software. While
these older models could yield reasonable transition predictions for airfoil analysis in
homogeneous flows, they were less effective for more complex cases.

Several studies have validated the effectiveness of the Transition SST turbulence model
in capturing transition phenomena at low Reynolds numbers. Melani et al. [14] compiled a
wide range of experimental and numerical data on the aerodynamic performance of the
NACA 0018 airfoil at low and moderate Reynolds numbers. Their findings reveal that as the
Reynolds number decreases, the discrepancies in aerodynamic force predictions increase,
particularly in the range of Reynolds numbers from 40,000 to 160,000. Melani et al. [14]
also provided lift force characteristics for a Reynolds number of 150,000, obtained using
the Transition SST model. These results, which are also available in [18], show excellent
agreement with experimental data for angles of attack up to 6 degrees.

A significant challenge for the Transition SST model is accurately estimating the
dynamic characteristics of the pitching NACA 0018 airfoil under very low Reynolds
number conditions.

Theodorsen and Glauert made groundbreaking contributions to the understanding
of unsteady aerodynamics, particularly with respect to pitching airfoils [19-21]. They pro-
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vided foundational insights into the behavior of two-dimensional harmonically oscillating
airfoils in inviscid and incompressible flows that were subjected to small disturbances.
Theodorsen’s analytical framework remains a key reference for the performance analysis of
both fixed-wing and rotating-wing systems, serving as a basis for further advancements in
unsteady aerodynamics.

Theodorsen’s theory has several important limitations: it does not account for flow
viscosity, is tailored specifically for thin airfoils, and lacks the capability to predict drag
forces. Furthermore, at low Reynolds numbers, flows tend to separate prematurely, even
at modest angles of attack, which further restricts the applicability of the theory under
such conditions. Despite these limitations, Theodorsen’s framework has been adapted to
address various aerodynamic challenges, including sudden changes in the angle of attack,
sinusoidal gust responses, and the dynamics of returning wakes [22].

A key parameter for characterizing the behavior of an airfoil undergoing harmonic
oscillations is the reduced frequency, k, defined as k = wc/2Vj, where c represents the chord
length, V) is the free-stream velocity, and w denotes the angular frequency of oscillation.
When k = 0, the flow is considered to be steady. For cases where unsteady effects are
minimal, the reduced frequency lies in the range 0 < k < 0.05. As k increases beyond 0.05,
the flow transitions into the unsteady regime, and when k > 0.2, the flow is classified
as highly unsteady, exhibiting significant deviations from quasi-steady behavior [21,23].
In this study, the oscillation frequencies are reported in physical units (Hz) to align with
the operating characteristics of a real Darrieus-type wind turbine rotor. However, the
corresponding reduced frequencies k are also calculated and discussed throughout the
manuscript to ensure compatibility with the non-dimensional analyses.

Theoretical studies similar to those presented in this paper, focusing on a two-
dimensional flat plate undergoing harmonic pitching oscillations (without plunging motion)
about the quarter-chord within a Reynolds number range of 10*~10° and reduced frequen-
cies between 0.001 and 0.3, were conducted by Badrya et al. [19] The authors aimed to
analyze the influence of viscosity on flow behavior and the generation of aerodynamic
forces and moments. Additionally, they compared the results obtained for a flat plate with
those obtained for a thin NACA 0012 airfoil. Badrya et al. [19] also employed Theodorsen’s
theory and observed significant discrepancies between its predictions and numerical re-
sults. These differences were particularly pronounced at low Reynolds numbers and were
attributed to the inability of the theory to account for viscous effects. Furthermore, for
the NACA 0012 airfoil, it was found that this airfoil failed to generate sufficient pres-
sure differences between the upper and lower surfaces, resulting in very low maximum
lift coefficients.

Another notable study on pitching motions at low Reynolds numbers was conducted
by Stevens and Babinsky [24]. They investigated the behavior of a flat plate undergoing
harmonic pitching oscillations with a high reduced frequency of 0.394 at a Reynolds
number of 20,000. Their work combined experimental measurements with a reduced-order
model that incorporated both circulation and vortex advection velocities, as informed by
the experimental data. This approach highlights the significance of including unsteady
aerodynamic effects when modeling such flows.

Moreover, Brunton and Rowley [25] demonstrated the applicability of Theodorsen’s
classical theory [19] in predicting the lift for attached flows during pure pitching motion.
They concluded that for scenarios dominated by non-circulatory and circulatory effects,
Theodorsen’s model provides a reasonable approximation despite its limitations in captur-
ing vortex dynamics. These studies collectively underscore the complexity of flow behavior
at low Reynolds numbers and the challenges in bridging the theoretical predictions with
experimental results.
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The interplay between geometry, kinematics, Reynolds numbers, and three-dimensional
effects significantly influences the aerodynamic forces and flow structures around pitching
and plunging flat plates at low Reynolds numbers, as demonstrated by Kang et al. [26].
Shallow- and deep-stall motions reveal dominant geometric effects, such as massive
leading-edge separation on sharp-edged flat plates that overshadow viscosity-related
influences. Compared to blunter airfoils like the SD7003, flat plates exhibit earlier and
stronger leading-edge vortex formation, resulting in enhanced lift and drag characteristics
under similar conditions.

Moriche et al. [27] analyzed the stability of a plunging and pitching wing with an
infinite aspect ratio at low Reynolds numbers. By varying the mean pitch angle and
phase shift between pitching and plunging, they identified cases that produced different
aerodynamic forces and wake structures. Notably, one configuration exhibited a period-
doubling phenomenon and was linearly unstable, leading to a fully three-dimensional wake
downstream. Despite this, the aerodynamic forces in the three-dimensional simulations
remained consistent with those in the two-dimensional simulations.

The current study aims to bridge the knowledge gap in understanding the aerody-
namic performance of thick airfoils, such as NACA 0018, under low Reynolds number
regimes with harmonic pitching motions. Specifically, the research focuses on a pitching
motion frequency of 13.3 Hz, motivated by the operational characteristics of Darrieus
vertical-axis wind turbines (VAWTs). These turbines, including the rotor tested in the TU
Delft wind tunnel [6], provide a unique context in which laminar separation bubbles and os-
cillatory aerodynamic forces significantly influence performance. By employing advanced
turbulence modeling techniques, such as the y-Reg transition and k-w SST models, and
comparing the numerical predictions with experimental data, this study aims to unravel
the dynamics of hysteresis loops, laminar separation bubbles, and turbulence effects. These
findings contribute to a deeper understanding of aerodynamic force oscillations and their
dependence on Reynolds numbers, thereby supporting the optimization of thick airfoils
for a wide range of engineering applications.

2. The Harmonic Pitching NACA 0018 Airfoil

The concept of pure pitching motion for the NACA 0018 airfoil is illustrated in Figure 1.
The symmetric NACA 0018 airfoil oscillates harmonically according to a sinusoidal function
(also shown in the figure) about a pivot point located on the chord at a distance of ¢/4 from
the leading edge. The chord length, denoted as ¢, is also depicted in the sketch and is 6 cm.

Figure 1. Pitching NACA 0018 airfoil.

The oscillation frequency is denoted by f, with the corresponding period T, angular
frequency w, and amplitude A. The origin of the coordinate system is defined at the quarter-
chord point, measured from the leading edge. The constant pitch angle is represented as
ap. In this study, only cases with oy = 0° are considered.
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It is important to clarify that, in this study, the angle of attack is directly defined by
the prescribed pitch angle. Since the airfoil performs pure harmonic pitching around the
quarter-chord axis, with no plunging motion or flow curvature effects, the angle of attack is
equal to the instantaneous pitch angle. Consequently, no separate calculation of the angle
of attack is performed for the flow field.

2.1. Simulation Setup and Turbulence Modeling

The lift coefficient (CL) and drag coefficient (CD) used in this study are defined
as follows:
CLp = L,D/(O.5~p‘VOZC) )

where L and D are the lift and drag forces acting on the airfoil, p is the fluid density, V)
is the free-stream velocity and is the chord length of the airfoil. These non-dimensional
coefficients were evaluated at each time step based on the instantaneous aerodynamic
forces computed from the surface pressure and shear stress distributions.

All numerical simulations summarized in this paper were conducted using the un-
steady Reynolds-averaged Navier-Stokes (URANS) approach. The computational domain
was developed based on the working section of the Red Wind Tunnel (RWT) at the TU Delft.

The test section of the wind tunnel measures 2000 mm in length and 500 mm in height.
Its width gradually increases from 750 mm at the inlet to 770 mm at the outlet. This slight
expansion compensates for the boundary layer growth along the walls and ensures an
almost zero pressure gradient in the empty tunnel. The turntable center is positioned
750 mm from the inlet. Additional details regarding the experimental setup and settings
can be found in [28].

The URANS approach employed in these simulations required one of two methods: a
dynamic or sliding mesh. Although the sliding mesh method is less computationally de-
manding, it necessitates the definition of an additional domain surrounding the oscillating
foil. In our model, a circular domain with a diameter of two chord lengths was considered
around the airfoil, with its center coinciding with the origin of the defined coordinate
system [29]. This moving subdomain, surrounding the pitching airfoil, was embedded
within the stationary outer domain using the sliding mesh technique. As a result, the grid
around the airfoil dynamically adjusted its position at each time step in accordance with
the airfoil’s motion.

The solver used was pressure-based and transient, with air as the working fluid.
Air was modeled with a constant density of p = 1.225 kg/m? and a constant viscosity of
i =1.7895 x 1072 kg/(ms). The boundary conditions were specified as follows: a velocity
inlet at the left vertical edge of the domain, a pressure outlet at the right edge of the tunnel,
and no-slip walls along both the tunnel walls and airfoil surface [30].

As noted earlier, the sliding mesh approach was utilized in this study. This method
requires the creation of two regions: a stationary region and a moving region that oscillates
with the airfoil. An interface was defined at the boundary between the two regions to
facilitate their interaction.

For the numerical solution of the momentum equations and turbulence model equa-
tions, a second-order upwind discretization scheme was employed, along with a least-
squares cell-based gradient evaluation. Pressure-velocity coupling was achieved using the
SIMPLE algorithm. The residuals for all the equations were maintained at a level of 10~7.
In the transient simulations, the maximum number of iterations per time step was set to
20. The time step size corresponded to an angular step size of 0.5°, which was sulfficient to
achieve a satisfactory azimuthal resolution within the prescribed iteration limit per time
step [30]. The turbulence intensity at the domain inlet was set to 0.1%, corresponding to
the free-stream conditions observed in the TU Delft Red Wind Tunnel. This value was cho-
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sen to represent a low-turbulence environment suitable for studying laminar-to-turbulent
transition phenomena.

All simulations were performed using 24 parallel computing cores (Intel Haswell,
Cray XC40 supercomputer Okeanos in ICM Warsaw). For the Transition SST model, the
solver achieved a speed of approximately 40 time steps per minute. The k-w SST model
converged slightly faster due to its simpler formulation with only two transport equations.

This study focuses on the flow over a thick airfoil at low Reynolds numbers, where
the formation of laminar separation bubbles plays a significant role in determining the
aerodynamic characteristics. These bubbles can notably impact lift and drag, making their
accurate prediction essential for understanding flow behavior.

To accurately capture the complex flow phenomena associated with laminar separation
bubbles, the Transition SST turbulence model, also known as the y-Reg model, is employed
in this study. Developed by Langtry [15] and Menter et al. [31], this model builds upon the
widely used k-w Shear Stress Transport (SST) framework by introducing two additional
transport equations: one for the momentum-thickness Reynolds number, Reg, and another
for intermittency, y. These enhancements enable precise prediction of the laminar-to-
turbulent transition, which is crucial for flows influenced by separation bubbles.

Implemented in the ANSYS Fluent 2024 R1 solver, the Transition SST model employs
a correlation-based approach reliant on local flow variables, making it suitable for a wide
range of engineering applications. By simultaneously resolving the turbulent kinetic energy,
its dissipation rate, and transition-specific parameters, this model provides a more accurate
representation of the flow physics. Comprehensive details of the model formulation can
be found in the works of Langtry [15] and Menter et al. [31]. The following equations
summarize the transport models used in this study. For the k-w SST turbulence model:

a(pk d( pujk
A+ (axj ) —p - B*pkw+a%f[(u+ ka)%’fj]

2
] Jd( pujw w2 ok
(pe) 4 (a;] )= 0P~ Bpa? + B |+ own) 32| +2(1 - F) L2 JE g
and for the y-Reg turbulence model:
9 9 pujy 9 9
(gty>+ (axj- ) :PY_EY+TXJ[(H+GVHL‘)T;;] )
A(pR Jd( pu;Re OR
7(‘)3:6) + 3pu;Re0) a;] o) = Po; + a%/ {(H‘F Oork) axeje]

In addition to the y-Reg approach, for comparison purposes, certain cases were also
computed using the well-known two-equation k-w Shear Stress Transport (SST) turbulence
model to highlight the differences between the two modeling approaches.

2.2. Numerical Mesh

The computational domain, shown in Figure 2, was discretized using a hybrid mesh
comprising a structured mesh near the airfoil edges and tunnel walls and an unstructured
mesh in the remaining regions. The application of a structured mesh is essential for
accurately resolving the flow in the boundary layer near the wall surfaces. The mesh on the
airfoil surface consists of a total of 1669 nodes: 830 nodes along the upper edge, 830 along
the lower edge, and nine nodes at the trailing edge. A uniform element distribution was
employed. A structured mesh near the airfoil edges was constructed with 37 layers and
a growth rate of 1.13 in the direction normal to the surface. The thickness of the first
wall-adjacent element was set to 5 x 107® m. This resolution was validated by the authors
and adhered to the recommendations of ANSYS Fluent v2024. The thickness of the first
element ensures that the wall y* criterion y* < 1.0 is satisfied for all cases considered in
this study. At the interfaces, a uniform element size of 5 x 10~* m was used. For the tunnel

159



Energies 2025, 18, 2884

7 of 25

walls, a structured mesh was applied with the following parameters: thickness of the first
element of 5 x 107 m, 40 layers in the normal direction, and an element growth rate of 1.2.
Similar to the structured mesh around the airfoil edges, these parameters are consistent with
ANSYS Fluent guidelines and meet the wall y* criterion [30]. In the unstructured mesh, the
moving domain surrounding the airfoil employed elements with a size of 5 x 107* m. In
the stationary domain, the element size was 4 x 1073 m. Additionally, a smaller region
within the stationary domain, extending 1 chord length (1c) from the interface to the outlet
edge of the tunnel, was defined. This modification was performed to better resolve the
flow in the wake region. In this additional region, the element size was 2 x 1073 m. The
chosen element sizes were sufficient, even for the LES simulations [32,33]. The nominal
mesh designed in this manner comprises a total of 285,016 nodes and 282,934 elements.

Figure 2. Numerical mesh: entire domain (top image) and zoomed-in mesh around the airfoil (bottom
images). Additionally, boundary conditions are shown in the top image.

A mesh sensitivity analysis was conducted to evaluate the influence of the grid
resolution on the numerical solution. This test was performed for a stationary case, where
the frequency of the pitching motion of the NACA 0018 airfoil was set as zero.

The analysis was carried out at a fixed angle of attack of 8° and at the highest Reynolds
number considered in this study, that is, Re = 160,000. Four different meshes were used:
two coarser meshes with the number of nodes reduced by factors of /2 and 2 compared
with the nominal mesh, and one finer mesh with the number of nodes on the airfoil surface
increased by a factor of /2 relative to the nominal configuration.

The lift and drag coefficients as functions of the number of nodes on the airfoil surface
are shown in Figure 3. The results clearly indicate that the lift coefficient is independent of
the grid resolution, while the drag coefficient exhibits minimal sensitivity to the number of
nodes. In other words, increasing the number of nodes beyond the nominal mesh resolution
does not enhance the accuracy of the computed aerodynamic loads but merely increases
the computational cost.
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Figure 3. Mesh sensitivity analysis: Lift coefficient Cf, and drag coefficient Cp as functions of the
number of nodes on an airfoil surface. The results indicate that Cy, is independent of the grid
resolution, while Cp exhibits minimal sensitivity to the number of nodes. Increasing the grid
resolution beyond the nominal mesh does not significantly enhance the accuracy but increases the
computational cost.

The flow simulations around the NACA 0018 airfoil, even for the “no pitch” case and
at low angles of attack, required the use of the unsteady Reynolds-averaged Navier-Stokes
(URANS) approach with the advanced y-Reg transition model. This is due to the high
temporal variability of the physical phenomena occurring within the boundary layer near
the airfoil surface. The application of the URANS approach necessitates the definition of a
time step [11].

In this work, the SIMPLE (Semi-Implicit Method for Pressure-Linked Equations)
algorithm was utilized. In SIMPLE, there is no need to set the Courant-Friedrichs—Lewy
(CFL) condition because SIMPLE is an iterative method that is not directly dependent on
the time-step size. Instead, SIMPLE operates based on quasi-static computations, where
the pressure and velocity equations are solved iteratively until convergence is achieved.
As a result, the stability of the solution is not directly affected by the time step size or the
CFL number. This makes the SIMPLE method “unconditionally stable” in a numerical
sense [30].

The time step applied for the “no pitch” case was 0.001 s. For cases in which the pitch
motion was greater than zero, the time step was set to 1/720 of the period. Specifically, for
a frequency of 1 Hz, the time step was 0.001388 s, whereas for a frequency of 2 Hz, the time
step was 0.0006944 s.

3. Aerodynamic Load Analysis for the Pitching NACA 0018 Airfoil
3.1. Aerodynamic Load Analysis for 0 Hz Pitching Motion

Figure 4 presents the aerodynamic characteristics Cy, and Cp as functions of the angle
of attack « for the NACA 0018 airfoil. The analysis was conducted for two Reynolds
numbers, Re = 80k and Re = 160k. Numerical simulations were performed over an angle of
attack range of 0° to 20° to capture the stall point. Although the results represent steady
aerodynamic characteristics, they were obtained using the URANS approach and averaged
over the last second of the simulation.

161



Energies 2025, 18, 2884

9 of 25

Figure 4. Comparison of drag coefficient (Cp, top subplot) and lift coefficient (C,, bottom subplot)
as functions of the angle of attack, «, for different Reynolds numbers (Re = 80k and Re = 160k) and
modeling approaches. Experimental data from [28].

The primary turbulence model used in this study was a four-equation y-Reg transi-
tion model. For comparison, a two-equation k-w SST turbulence model was employed.
Additionally, experimental data obtained by the authors in a low-turbulence wind tunnel
at the Technical University of Denmark were included. The experimental results, along
with data from the well-known XFOIL tool, were summarized by Rogowski et al. [28].

The figure highlights the strong sensitivity of the aerodynamic forces to the Reynolds
number. Notably, the experimental lift coefficient Cy, exhibits nonlinear behavior below
the critical angle of attack. As proposed by Rogowski et al. [28], this nonlinearity arises
from the presence and evolution of the laminar separation bubbles. These bubbles increase
the lift at low angles of attack but also significantly increase the drag. A decrease in the
Reynolds number by half reduces Cypax from 1.027 at « = 13.99° to 0.803 at o = 7.95°.
Interestingly, at « = 3.96°, the lift coefficient is higher at the lower Reynolds number, with
values of 0.406 for Re = 160k and 0.578 for Re = 80k.

These physical phenomena are challenging to model numerically. The least accurate
results were obtained with the fully turbulent k-w SST model, which produces linear lift
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characteristics up to the critical angle. However, at Re = 160k and low angles of attack
(up to 3°-4°) as well as near the critical angle (12°-14°), the discrepancies in lift and drag
are less significant. Despite overestimating the drag coefficients at Re = 160k, the drag
coefficient for the SST model converged more closely to the experimental values at lower
Reynolds numbers, with a deviation of only 15.6% at Re = 80k. This can be attributed to
the increased boundary layer interactions at lower Reynolds numbers, leading to a higher
form drag.

XFOIL demonstrates a similar trend for lift, with higher coefficients at lower angles of
attack for lower Reynolds numbers. However, the Cmax predicted by XFOIL is overesti-
mated compared to the experimental results across the entire angle of attack range. This
overprediction may stem from the lack of calibration of XFOIL for thick airfoils, as the
model was initially developed for flat plates. Additionally, this study did not examine
the effect of the transition parameter N, which was set to a default value of 9. While
appropriate for low-turbulence wind tunnels, even slight changes in turbulence intensity
at low Reynolds numbers can significantly affect aerodynamic characteristics. Interestingly,
XFOIL predicts a minimum drag coefficient at a nonzero angle of attack, with the drag
decreasing slightly (by about 8%) as « increased from 0° to 4° at Re = 80k.

As mentioned in Section 2.2, when analyzing the flow around a clean airfoil under
low Reynolds number conditions, even in the “no pitch” scenario, a transient approach
must be considered due to the unsteady phenomena occurring within the boundary layer.

As discussed in the Introduction, the magnitude and frequency of these unsteady
phenomena depend on the Reynolds number and the angle of attack. In practice, the
magnitude of these unsteady effects manifests as oscillations in the aerodynamic forces,
both in terms of their amplitude and frequency. As shown in Figure 5, the largest oscillations
in the lift coefficient (Cp) are observed at a Reynolds number of 160k, particularly at
angles of attack up to 8°. These oscillations decrease around the stall angle but begin
to grow again at higher angles of attack. A similar behavior is observed for the drag
coefficient (Cp), although its oscillation amplitudes are significantly smaller. In contrast,
for a Reynolds number of 80k, the oscillations in the aerodynamic forces are much smaller.
The aerodynamic characteristics Cy, and Cp shown in Figure 4 represent the time-averaged
values of Cy, (time) and Cp, (time) (Figure 5) over the last second of the simulation.

Figure 6 compares the pressure coefficient (Cp), and x-wall shear stress distributions
along the chordwise coordinate (x/c) for the two examined Reynolds numbers and three
representative angles of attack (2°, 4°, and 8°). These plots confirm that, for a Reynolds
number of 160k, the intensity of the laminar separation bubbles is significantly higher than
that at Re = 80k. Furthermore, at lower angles of attack, the bubbles shift closer to the
airfoil leading edge.

3.2. Aerodynamic Load Analysis for 1 Hz Pitching Motion

This section presents the results of the aerodynamic load analysis of the pitching
NACA 0018 airfoil. The influence of the Reynolds number on the aerodynamic force
coefficients was investigated by considering two pitching amplitudes: 4° and 8°. The
frequency of the 1 Hz pitching motion corresponds to a reduced frequency of approximately
0.01 for Re = 80k and around 0.005 for Re = 160k, highlighting the influence of the Reynolds
number on the normalized temporal scaling of the motion. The corresponding amplitude-
to-chord ratios are approximately 0.067 for A = 4° and 0.133 for A = 8°, assuming a chord
length of 6 cm.

163



Energies 2025, 18, 2884

11 of 25

Figure 5. Comparison of drag (Cp) and lift (Cp) coefficients over time for different angles of attack
(x) at Reynolds numbers of 80k (top row) and 160k (bottom row). The left column shows Cp and the
right column shows Cp..

It was observed that the drag coefficient component is the most sensitive to both the
Reynolds number and the amplitude of pitching (Figure 7). To confirm the influence of the
Reynolds number on the drag coefficient, the values were averaged over the last computed
cycle of motion.

For amplitude A = 4°, the drag coefficient for Re = 80k was approximately 67% higher
than that for Re = 160k. For A = 8°, the drag coefficient is about 51% higher under the
same comparison.

Our observations further revealed that the maximum values of the lift coefficient
for the amplitude A = 4° were higher at lower Reynolds numbers. The maximum drag
coefficient in this case was about 44% higher than that at Re = 160k at the same amplitude.
Interestingly, for amplitude A = 8°, the opposite is true: the lift maxima for Re = 160k
are greater, although the difference in these maxima is significantly smaller. This reversal
in lift coefficient trends between A = 4° and A = 8° can be explained by the nonlinear
characteristics of the laminar-to-turbulent transition and their sensitivity to the Reynolds
number. At lower amplitudes (A = 4°), the airfoil operates primarily in a regime in which
the transition location is delayed, especially at lower Reynolds numbers, resulting in
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more extensive laminar flow and higher lift. At larger amplitudes (A = 8°), the pitching
motion enters a more dynamic regime with stronger flow separation. In this case, a higher
Reynolds number (Re = 160k) promotes an earlier transition and reattachment, yielding
a higher maximum lift. Similar effects were observed in [11], where the lift behavior
at low Re was shown to depend on the position and strength of the laminar separation
bubbles. The transition model struggles to resolve these effects purely from first principles
due to its reliance on empirical correlations rather than the direct resolution of boundary
layer physics.

Figure 6. Comparison of pressure coefficient (Cp) and wall shear stress (tx) distributions along the
airfoil chord (x/c)) at different angles of attack (2°, 4°, and 8°) for Reynolds numbers of 80k and
160k. The top row presents the Cp distributions, while the bottom row shows oy. The solid lines
correspond to the lower surface and the dashed lines to the upper surface.

Figure 7. Time histories of the lift coefficient (Cp,) and drag coefficient (Cp) for pitching amplitudes
A =4° and A = 8° at Reynolds numbers Re = 80k and Re = 160k—y-Reg model used with 1 Hz
frequency motion. The top row corresponds to A = 4°, while the bottom row corresponds to A = 8°.
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For both the analyzed amplitudes and Reynolds numbers, the mean values of the
normal force coefficient are, as expected, very close to zero.

Figure 7 illustrates the influence of the Reynolds number on the aerodynamic loads
as a function of time. For a better comparison, the same results for the aerodynamic force
coefficients are also presented in a different format, plotted against the angle of attack o.
Figure 8 shows a comparison of the hysteresis loops of the aerodynamic force coefficients
under the investigated wing motion parameters. In the case of the lift coefficient, the
hysteresis loop is the widest at an angle of attack of « = 0°. An increase in the Reynolds
number from 80k to 160k reduces the loop width for both the lift and drag coefficients.
The relatively low oscillations of the drag coefficient at small angles of attack can be
attributed to the stable nature of the boundary layer and the weak influence of laminar
separation. At higher angles, the laminar separation bubble becomes larger and less stable,
and reattachment behavior becomes more sensitive to the phase of the oscillation, leading
to more pronounced and nonlinear drag oscillations.

Figure 8. Hysteresis loops of the lift coefficient (Cp), drag coefficient (Cp), and lift-to-drag ratio
(C1./Cp) as a function of the angle of attack () for pitching amplitudes A = 4° and A = 8° at Reynolds
numbers Re = 80k and Re = 160k—y-Reg model used with 1 Hz frequency motion. The left column
corresponds to A = 4°, and the right column corresponds to A = 8°.

The top-left panel of Figure 8 highlights the significant impact of the Reynolds number
on the shape and slope of the lift coefficient as a function of the angle of attack. Furthermore,
Figure 8 compares the relationship between the lift-to-drag ratio (Cp. /Cp) and the angle of
attack for two Reynolds numbers, 80k and 160k.

This comparison reveals a considerably smaller influence of the Reynolds number on
the aerodynamic efficiency, particularly for the smaller amplitude of 4. This indicates that
the higher drag associated with, the lower Reynolds number offsets the potential benefits
of higher lift coefficient values.

For the larger amplitude under investigation, a higher Reynolds number results in
greater values of the Cy,/Cp ratio, especially at higher angles of attack.
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Figure 9 illustrates the influence of the amplitude on the hysteresis loops at a given
Reynolds number. To compare the aerodynamic force coefficients for different amplitudes,
the values of the coefficients were normalized by their respective maximum values. A
similar normalization was applied to the angle of attack.

Figure 9. Normalized lift coefficient (Cr,/Cpmax) and drag coefficient (Cp/Cpmax) as a function of
normalized angle of attack (ct/ amax) for Reynolds numbers Re = 80k and Re = 160k and pitching
amplitudes A = 4° and A = 8°—y-Reg model used with 1 Hz frequency motion. The top row
compares Re = 80k, while the bottom row compares Re = 160k.

The plots presented in this figure reveal that the amplitude has the greatest impact on
the drag coefficient at low values of the angle of attack. For both Reynolds numbers, the
minimum drag coefficient for the amplitude A = 8° was lower than that for A = 4°. This is
most likely associated with the higher linear velocity at the leading edge.

As shown in the top-left panel, the Reynolds number also significantly affects the lift
coefficient. The largest differences are observed for &/ &max in the range from 0.5 to 1.0.

3.3. Aerodynamic Forces Predicted by the k- SST Model for Pitching Motion

This section presents the dynamic characteristics of the harmonically oscillating
NACAOQ018 airfoil using the classical 2-equation k-w turbulence model. Figure 10 compares
the aerodynamic force components in the time domain for the two cases.

The aerodynamic forces generated on the surface of the oscillating airfoil are, as
expected, nearly harmonic functions. Due to the wall-layer modeling approach, no irreg-
ularities associated with laminar separation bubbles are visible in the characteristics. In
contrast to the y-Reg model, the k-w SST turbulence model showed that the maximum
lift coefficient values calculated for case A = 4° and Re = 160,000 were slightly higher than
those for Re = 80,000.
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Figure 10. Time histories of the lift coefficient (CL) and drag coefficient (CD) for pitching amplitudes
A =4° and A =8° at Reynolds numbers Re = 80k and Re = 160k—k-w model used with 1 Hz frequency
motion. The top row corresponds to A = 4°, while the bottom row corresponds to A = 8°.

An increase in the amplitude to 8° resulted in a slight increase in the difference
between the amplitudes. Despite minor differences in lift force estimation, drag is much
more dependent on the Reynolds number, as shown in the right-hand column of the plots
in Figure 10.

The drag coefficient at the lower amplitude (A =4°) exhibits an almost entirely periodic
nature, repeating in each cycle of airfoil oscillation. This indicates the establishment of a
steady dynamic regime in which the aerodynamic response is cyclically repeatable.

For an oscillation amplitude of 8° and Reynolds number Re = 80,000, very small
differences in successive drag force amplitudes were observed. This may have resulted
from the proximity to the critical static angle of attack, which affects the flow characteristics
around the airfoil and stabilizes the aerodynamic forces.

The characteristics of the aerodynamic force coefficients and aerodynamic efficiency
as a function of the angle of attack are shown in Figure 11. All plots reveal the absence of
effects associated with the laminar separation bubbles.

The hysteresis loops of the Cy, were nearly identical for A = 4° and A = 8°, showing
only a scaling effect. For the Cp hysteresis, a practically uniform shift dependent only on
the Reynolds number was observed. The characteristics are symmetrical about alpha = 0°.

Additionally, the Reynolds number is reflected in the slightly different slopes of
the Cy,/Cp ratios. This highlights the role of the Reynolds number in determining the
aerodynamic efficiency under dynamic conditions.
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Figure 11. Hysteresis loops of the lift coefficient (Cy ), drag coefficient (Cp), and lift-to-drag ratio
(C1./Cp) as a function of the angle of attack () for pitching amplitudes A = 4° and A = 8° at Reynolds
numbers Re = 80k and Re = 160k—k-w model used with 1 Hz frequency motion. The left column
corresponds to A = 4°, and the right column corresponds to A = 8°.

This comparison also serves to explain a surprising result observed in our recent
VAWT simulations [32], where both models predicted similar rotor loads despite funda-
mentally differing in how they handled the transition. The present simplified configuration
highlights the underlying differences more clearly and will help guide further refinement
of turbulence modeling in practical applications.

Figure 12 illustrates the greater influence of the Reynolds number on the ratio
CL/Crmax as a function of the normalized angle of attack. An increase in Re causes a
broader hysteresis at small angles of attack.

Interestingly, the shape of the CL/Cjmax curve is more dependent on the Reynolds
number than on the amplitude. Similarly, the Reynolds number has a more significant
impact on the drag coefficient, although in this case, the amplitude plays a key role.

As with the turbulence model accounting for the laminar-to-turbulent transition, a
significant drop in &/ &max is observed for the higher amplitude case.

3.4. Aerodynamic Load Analysis for 2 Hz Pitching Motion

The reduced frequencies for the 2 Hz pitching motion are approximately 0.02 for
Re = 80k and 0.01 for Re = 160k. The amplitude-to-chord ratios remain the same as in the
1 Hz case, i.e., 0.067 for 4° and 0.133 for 8°. The time histories of the aerodynamic force
coefficients, shown in Figure 13, exhibit a similar qualitative trend as that observed for the
1 Hz pitching motion. For the lower Reynolds number of Re = 80k, the maximum values
of Cy, are higher than those for Re = 160k. However, for amplitude A = 8°, the differences
in the maximum Cj, values between the two Reynolds numbers are significantly smaller,
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similar to the 1 Hz case. Both the Reynolds number and amplitude primarily influence the
drag coefficient, which is consistently lower at higher Reynolds numbers.

Figure 12. Normalized lift coefficient (Cp, /Cpmax) and drag coefficient (Cp/Cpmax) as a function of
normalized angle of attack (&t/ &max) for Reynolds numbers Re = 80k and Re = 160k and pitching
amplitudes A = 4° and A = 8°—k-w model used with 1 Hz frequency motion. The top row compares
Re = 80k, while the bottom row compares Re = 160k.

Figure 13. Time histories of the lift coefficient (Cy ) and drag coefficient (Cp) for pitching amplitudes
A =4° and A = 8° at Reynolds numbers Re = 80k and Re = 160k—y-Reg model used with 2 Hz
frequency motion. The top row corresponds to A = 4°, while the bottom row corresponds to A = 8°.
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An interesting observation, as shown in Figure 13 and even more clearly in Figure 14,
which depicts the aerodynamic force coefficients as a function of the angle of attack, is the
less oscillatory nature of the coefficients for the Reynolds number Re = 80k. For Re = 160k,
oscillations are more pronounced but remain smaller than those in the 1 Hz case.

Figure 14. Hysteresis loops of the lift coefficient (Cy ), drag coefficient (Cp), and lift-to-drag ratio
(C1./Cp) as a function of the angle of attack () for pitching amplitudes A = 4° and A = 8° at Reynolds
numbers Re = 80k and Re = 160k—y-Reg model used with 2 Hz frequency motion. The left column
corresponds to A = 4°, and the right column corresponds to A = 8°.

The remaining qualitative effects for both Reynolds numbers, including the aero-
dynamic force coefficients and lift-to-drag ratio (Cy,/Cp), are consistent with the trends
discussed in Section 3.2 of this paper.

Figure 15 compares the normalized lift and drag coefficients as a function of the
normalized angle of attack. This comparison clearly shows that, for the Reynolds number
of Re = 80k, the effect of laminar separation bubbles is significantly smaller than that for
Re = 160k. Similar to the 1 Hz frequency case, a notable reduction in the minimum drag
coefficient is observed for the higher amplitude.

3.5. Hysteresis Loop Analysis for the Pitching Airfoil

In Section 3.4, the aerodynamic load characteristics, including the lift and drag com-
ponents on the surface of the pitching airfoil, were analyzed as functions of the Reynolds
number and amplitude. Both factors significantly influence the characteristics and shape of
the hysteresis loop.

The wide loop observed at low angles of attack is primarily attributed to phenomena
occurring in the boundary layer, particularly the detachment of the laminar boundary layer.
Figure 16 illustrates the detachment location as a function of the dimensionless time t/T,
where t is the time and T is the motion period.
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Figure 15. Normalized lift coefficient (Cp, /Cpmax) and drag coefficient (Cp/Cpmax) as a function of
normalized angle of attack (ct/ amax) for Reynolds numbers Re = 80k and Re = 160k and pitching
amplitudes A = 4° and A = 8°—y-Reg model used with 2 Hz frequency motion. The top row
compares Re = 80k, while the bottom row compares Re = 160k.

This figure shows the evolution of the pressure coefficient (Cp) and x-wall shear stress
for a pitch angle varying from 0 to its maximum value. The analysis considers an amplitude
A =4° and Re = 80k. Based on the x-wall shear stress characteristics, the local position of
the laminar boundary layer separation can be identified, which is marked by a change in
the x-wall shear stress from positive to negative.

In the C;, plots, the separation is reflected by a stagnation region (the flat part of the
curve). Figure 16¢ depicts the “migration” of the transition location, x¢r /¢, normalized by
airfoil chord c. Different colors represent the transition characteristics of the suction and
pressure sides of the airfoil.

The figure demonstrates that as the pitch angle increases, separation occurs later
on the suction side and earlier on the pressure side. The contour map of the vorticity
vector parallel to the z-axis, shown in Figure 16b, visualizes the aerodynamic wake around
the airfoil.

Both panels illustrate the same pitch angle of 2° during the increasing (upper plot) and
decreasing (lower plot) pitch angles. The figure clearly reveals the large vortex structures
generated at the trailing edge on both sides of the airfoil. It also highlights their dependence
on the direction of the airfoil motion. Additionally, a slight curvature of the wake is
observed during the decreasing pitch angle phase.
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Figure 16. Normalized lift coefficient (Cp/Cpmax) and drag coefficient (a) Pressure coefficient, Cp,
and x-wall shear stresses; (b) z-vorticity contours; (c) normalized transition location, X /c.

3.6. Aerodynamic Load Analysis for 13 Hz Pitching Motion

This section discusses the case in which the pitching motion frequency is 13.3(3) Hz.
The reduced frequencies were 0.129 for Re = 80k and 0.065 for Re = 160k. For this case as
well, the amplitude-to-chord ratios are 0.067 (4°) and 0.133 (8°), based on a 6 cm chord.
The aerodynamic loads of a pitching NACA 0018 foil were analyzed at this “unusual”
frequency because of the rotational speed of a Darrieus vertical-axis wind turbine (VAWT).
This rotor was tested in the TU Delft wind tunnel, and the results of these tests can be
found in [6]. Since the publication of these tests, numerous scientific papers have been
devoted to this rotor.

Some authors have utilized the experimental data of this turbine to validate numerical
methods, including the y-Reg transition model. Additionally, studies comparing turbine
performance using various turbulence models, such as the k-w SST model, have emerged.
The results published by various authors confirm that both models generate similar results
for aerodynamic loads, namely, the tangential and normal components, as shown, for
example, in [10,34,35]. These minor discrepancies are puzzling because both models
exhibit significant differences in the stationary lift force characteristics. Furthermore, as
sections of this article discussing the force dynamics for a foil oscillating at 1 Hz and
2 Hz have shown, laminar separation bubbles play a substantial role in the oscillations
of aerodynamic forces. Consequently, the lack of significant differences between the
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aerodynamic load characteristics obtained using the y-Reg transition and k-w SST models
was partially attributed to turbulence intensity. The effect of bubbles diminishes with
increasing turbulence intensity [36]. However, in the case of this particular rotor, this
does not appear to be the main reason, as it was tested in a low turbulence intensity wind
tunnel [6].

The results presented in this section partially resolve the puzzle of the significant
similarities in loads obtained using both approaches-y-Reg and k-w SST. Figures 17 and 18
illustrate the hysteresis loops of the aerodynamic coefficients at the two examined Reynolds
numbers and two amplitudes. Both figures compare the results of the two turbulence
models, with the dashed lines representing the k-w SST approach. As can be seen, the
k-w SST model results improved with increasing the Reynolds number. Interestingly,
the hysteresis of the Cy, coefficient obtained using this model is broader for Re = 160k
and A = 8°, whereas the agreement between the two approaches for A = 4° is very high.
Additionally, the drag coefficients for both amplitudes at high Reynolds numbers are
surprisingly consistent.

Figure 17. Hysteresis loops of the lift coefficient (Cy ), drag coefficient (Cp), and lift-to-drag ratio
(C/Cp) as a function of the angle of attack («) for pitching amplitudes A =4° and A = 8° at Reynolds
numbers Re = 80k and Re = 160k—13.3 Hz frequency motion. The left column corresponds to A = 4°,
and the right column corresponds to A = 8°.

Another critical observation from these figures is the absence of aerodynamic load
oscillations obtained using the y-Reg transition model, indicating the reduced impact of
laminar separation bubbles. Comparing the results shown in this section with those in
Section 3.4 further reveals that at lower oscillation frequencies, the bubble effect weakens
at lower Reynolds numbers.
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Figure 18. Normalized lift coefficient (Cp, /Cpmax) and drag coefficient (Cp/Cpmax) as a function of
normalized angle of attack (ct/ amax) for Reynolds numbers Re = 80k and Re = 160k and pitching
amplitudes A =4° and A = 8°—13.3 Hz frequency motion. The top row compares Re = 80k, while the
bottom row compares Re = 160k.

4. Conclusions

The primary objective of this study was to analyze the aerodynamic loads on a sym-
metric, thick NACA 0018 airfoil under pitching motion at low Reynolds numbers. The
oscillation frequencies were set to 1 and 2 Hz, and the amplitudes were set to 4 and
8 degrees. Additionally, steady-state simulations for a clean airfoil were conducted for
angles of attack of up to 20 degrees to validate the numerical model. The main observations
of this study are as follows:

1. The four-equation y-Reg turbulence model performed significantly better in pre-
dicting the steady aerodynamic characteristics at higher Reynolds numbers. At lower
Reynolds numbers, as the flow becomes laminar, the model struggles to accurately capture
the Cy, curve, even at small angles of attack. For a more accurate representation under
these conditions, three-dimensional modeling and at least LES approaches are required.
Nevertheless, the results from the Transition SST model are more physical than those from
classical turbulence models.

2. The classical two-equation k-w SST turbulence model, which assumes a fully turbu-
lent boundary layer, does not produce any nonlinearities in the lift force characteristics for
angles of attack below the critical angle. Consequently, the laminar boundary layer separa-
tion effects are absent. Interestingly, the difference between the drag coefficient predicted
by this model and the experimental results decreases as the Reynolds number decreases.

3. The XFOIL approach, which also models the laminar-to-turbulent transition, over-
estimates the lift coefficients, although the drag coefficients are acceptable for moderate
angles of attack. Calibration is required when using XFOIL for thick airfoils.

4. The dynamic characteristics of an airfoil are strongly influenced by both the oscil-
lation amplitude and reduced frequency. At lower Reynolds numbers, earlier boundary
layer separation leads to an increase in the amplitude of the lift coefficient for small
oscillation amplitudes.
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5. Laminar separation bubbles cause significant hysteresis in the lift coefficient at low
angles of attack and lead to notable oscillations in the aerodynamic forces. For the Cy,
characteristics obtained using the k-w SST model, oscillations are nearly absent, and the
hysteresis in the Cy, is minimal.

6. Both the Reynolds number and the oscillation amplitude and frequency signifi-
cantly affect the drag coefficient, as shown by both turbulence models used in this study.
Specifically, when the Reynolds number is halved from 160k, the drag coefficient decreases
substantially. Furthermore, increasing the amplitude at the same Reynolds number signifi-
cantly reduced the ratio of the minimum to maximum drag coefficients (Cp/Cpmax)-

7. An increase in the oscillation frequency from 1 Hz to 2 Hz results in a significant
reduction in the oscillations of the aerodynamic force components at a Reynolds number
of 80k.

8. The pitching motion of the NACA 0018 airfoil induced notable hysteresis at the
transition location, even at small amplitudes.

9. This study demonstrates that the similarity in the aerodynamic loads obtained
from the y-Reg and k-w SST models can be partially explained by the reduced impact
of laminar separation bubbles under the tested conditions. The results highlight that the
Y-Reg model provides consistent performance with negligible oscillations, particularly
at lower frequencies and Reynolds numbers, while the k-w SST model shows improved
agreement with the y-Reg model at higher Reynolds numbers. These findings emphasize
the importance of considering the laminar separation bubble dynamics and Reynolds
number effects when selecting turbulence models for simulating pitching airfoils, especially
in applications involving vertical-axis wind turbines.

10. While this study is limited to 2D URANS simulations, the authors recognize the
importance of extending the analysis to 3D LES or DNS approaches. However, such simu-
lations are currently beyond the available computational capacity, especially for Reynolds
numbers exceeding 100,000 and under unsteady conditions. Preliminary estimates suggest
that a 3D mesh resolution of at least 60 to 160 million elements is required, along with
high-order discretization schemes and long simulation times. Therefore, the present study
provides a foundational step toward more advanced and higher-fidelity investigations.

These findings provide new insights into the aerodynamic performance of thick airfoils
at low Reynolds numbers and demonstrate the importance of turbulence modeling for
accurately capturing flow physics.

Although the Transition SST model significantly improves the predictions compared
with the standard k-w SST model by incorporating transition physics, discrepancies with
the experimental data persist, especially at higher angles of attack. These deviations stem
from the model’s correlation-based formulation, which relies on local flow parameters
rather than directly resolving the transition mechanisms from the Navier-Stokes equations.
Our previous attempts to calibrate the model by adjusting the transition onset parameter
s1 [37] yielded limited improvements. This highlights the need for more robust transition
modeling or 3-D high-fidelity simulations in future studies to improve the accuracy in the
stall region.
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ABSTRACT

The aim of this study was to assess the accuracy of predicting the aerodynamic loads and investigate the aero-
dynamic wake characteristics of a vertical axis wind turbine (VAWT) rotor using a simplified two-dimensional
numerical rotor model and an advanced numerical approach — the Scale Adaptive Simulation (SAS) coupled with
the four-equation y — Re,, turbulence model. The challenge for this approach lies in the operating conditions of the
rotor, the blade pitch angles, and the very small geometric dimensions of the rotor. The rotor, with a diameter of 0.3
m, operates at a low tip speed ratio of 2.5 and an extremely low blade Reynolds number of approximately 22.000,
whereas the pitch angles, S, are: -10, 0, and 10 degrees. Validation was conducted based on high-fidelity measure-
ments obtained using the PIV technique at TU Delft. The obtained results of rotor loads and velocity profiles are
surprisingly reliable for cases of g = 0° and g = -10°. However, the 2-D model is too imprecise to estimate both
aerodynamic loads and velocity fields accurately.

Keywords: wind turbine, VAWT, Darrieus, aerodynamics, RANS, scale adaptive simulation, turbulence.

INTRODUCTION [3]. However, the vertical-axis type poses some
challenges, e.g., complex turbine aerodynamics,
As the global discussion about the conse-  a demanding self-starting process (low self-start
quences of exploiting fossil fuels grows, the de-  torque), and generally lower current efficiency
velopment of green energy sources has increased  than HAWTS.
widely. In the wind energy industry, the concerns The most critical challenge is rotor aerody-
have been focused mainly on horizontal-axis  namic performance estimation because of the phe-
wind turbines (HAWTS) since the 1970s and the  nomena which are complicated to model, such as
fuel crisis. This type of turbine is well-investigat-  dynamic stall and blade-wake interaction [4]. The
ed, and improving its aerodynamic performance  power performance of VAWTSs depends on various
is challenging. More and more efforts are concen- operational parameters, among others, an airfoil
trated on vertical-axis wind turbines (VAWTS), (shape, chord length), blade pitch angle, the solid-
especially to bridge the aerodynamic performance ity of a turhine, Reynolds numbers, tip speed ratio,
gap between these two types [1, 2]. shaft diameter, and turbulence intensity [1, 5].
VAWT has many advantages over the hori- To study blade pitch angle, one of the opera-
zontal-axis type. It does not need any yaw me-  tional parameters, many researchers investigated
chanics, a smaller wake area behind the rotor,and ~ the power performance of fixed- and variable-
low installation and maintenance costs because of ~ pitch angle VAWT. Fiedler and Tullis [6] found
easy access to the generator lying on the ground  that toe-in fixed pitch angle can significantly
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lower the wind turbine performance. Using large
eddy simulations (LES) with experimental mea-
surements, Elkhoury et al. [7] demonstrated that
variable-pitch mechanisms can give higher power
coefficients than fixed-pitch ones. Rezaieha et al.
[8] showed a large hysteresis of dynamic loads on
the blades and boundary layer events (such as lam-
inar-to-turbulent transition). Meanwhile, Huang et
al. [9] proved that pitch angle configuration sig-
nificantly influences wake deflection and defor-
mation. Szczerba et al. [10] noticed that achieving
the best performance requires high blade setting
precision with less than 1 degree tolerance. El-
sakka et al. [11] demonstrated that pitch angle has
a lower influence on power performance than tip
speed ratio and solidity, but switching angle im-
proves turbine aerodynamic performance.

In the presented research, the well-known
y—Re, transition turbulence model was utulized
[12]. This four-equation model includes the in-
termittency and transition momentum thickness
transport equations, combined with the two-equa-
tion k- SST turbulence model. This correlation-
based approach was designed for general-purpose
use across a broad range of flow classes, but as
a correlation model, it requires validation against
experimental data or high-fidelity simulations
such as LES or detached eddy simulation (DES)
[13]. The complex flow at the very low Reynolds
number of approximately 22.000 considered in
this study presents significant validation chal-
lenges due to the scarcity of experimental data.
ANSYS Fluent provides two transition models,
Y—Re, and k-« —o, both of which necessitate
validation and calibration based on experimental
studies to ensure accurate predictions.

VERTICAL AXIS WIND TURBINE AND ITS
OPERATIONAL CONDITIONS

This study analyzed a simplified two-di-
mensional model of a vertical-axis wind turbine
(VAWT) rotor. The rotor consists of only two
symmetrical NACAO0012 airfoils representing
blades of infinite length. Additional simplifica-
tions of the model include the lack of a rotating
shaft and blade supports (e.g., struts). The geo-
metric dimensions of the rotor, such as the rotor
diameter (D = 0.3 m) and the airfoil chord length
(c = 0.03 m), correspond to the dimensions of a
wind turbine developed by TU Delft for labora-
tory-scale research. The attachment point of the
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blade was located at one-quarter of the chord
length measured from the airfoil leading edge.
The study analyzed the rotor performance for
three fixed blade pitch angles, B, (the blade pitch
angle remained constant during rotor’s move-
ment). Figure 1 shows the simplified wind turbine
model and the convention for indicating the sign
of blade pitch angles. Positive pitch angles mean
the blade is turned inward.

The operational parameters of the rotor are
as follows: the undisturbed flow velocity, V,, is
5 m/s; rotor rotational velocity is assumed to be
800 rpm; tip speed ratio, TSR, is equal to 2.5. The
tip speed ratio is a dimensionless quantity that re-
lates the angular velocity w of the rotor, its radius,
R, and the velocity of the undisturbed flow: TSR
= o - RIV,. Figure 1 depicts the velocity vectors
and illustrates the method of measuring rotor po-
sition using the azimuthal angle 6. A schematic
of the laboratory-scale VAWT model is addition-
ally presented in Figure 1. During the wind tunnel
tests, two components of the aerodynamic force
were measured using three load cells mounted on
the bottom of the standing frame. Details of the
experiment can be found in [14].

GRID AND COMPUTATIONAL
METHODOLOGY

This paper section first describes the compu-
tational domain and the numerical grid used for
the calculations. The numerical model settings are
described in the subsequent part of this section.

The two-bladed wind turbine rotor was sur-
rounded by a rectangular domain with dimensions
of 7.5 x 6 m, corresponding to 25 x 20 D, where
D represents the rotor diameter (Fig. 2). These
dimensions were selected based on the numeri-
cal study by Rezaeiha et al. [15], who analyzed
the impact of domain size and the distance of the
rotor axis from the inlet on the aerodynamic per-
formance of the wind turbine. The domain dimen-
sions adopted in the conducted simulations allow
for the aerodynamic blade loads to be obtained
with negligible error resulting from the assumed
boundary conditions. In the case of VAWTS, the
fluctuations in aerodynamic loads during each
rotation are very significant. Hence, unsteady
simulations are necessary, utilising the unsteady
Reynolds-averaged Navier-Stokes (URANS) ap-
proach. The performed analyses used the ANSYS
Fluent 2022 code and the well-known sliding
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Figure 1. Schematic of the investigated VAWT model. On the left is a conceptual drawing of the laboratory-
scale rotor. The figure is taken from [9] with permission. On the right is a 2-D schematic used in numerical
computations and the pitch angle convention

mesh technique. However, this technique re-
quires separating the area around the rotor, which
will move during the simulation. In the analyzed
model, the moving area around the rotor is a cir-
cle with a diameter of 1.5 D. Data between both
regions is exchanged during calculations via the
interface. Applying this condition (interface) may
result in a small numerical error at the boundary
between areas. However, Bangga et al. [16] dem-
onstrated that the diameter adopted in these stud-
ies (1.5 D) is sufficient to minimize numerical er-
ror. Figure 2 illustrates the computational domain
along with the prescribed boundary conditions.
At the domain boundaries, the following bound-
ary conditions are applied: velocity inlet, pressure
outlet, and wall (no slip), respectively, at the inlet,
outlet, and airfoil edges. In addition, the “symme-
try” boundary condition is used on the side edges
of the domain, which allows for the same effect as
the wall (slip) boundary condition.

The geometric model of the rotor described
above was discretized with a control volume
mesh. The numerical mesh consists of a struc-
tured mesh near the edges of the airfoils and an
unstructured mesh in the remaining area. The
number of grid points on each airfoil edge was
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equal to 2400. Rezaeiha et al. [8], who analyzed
the sensitivity of the solution to grid density
for steady-state calculations of the NACA0015
airfoil at a low Reynolds number, obtained suf-
ficiently accurate results for grid nodes equal to
1600 along the entire airfoil edge. This grid den-
sity analyzed by Rezaeiha et al. was subsequently
used by them for VAWT simulations. The mesh
was not additionally refined near the leading and
trailing edges; in other words, the element size
along the airfoil edge was uniform. In the normal
direction to the airfoil edge, 25 layers of struc-
tural mesh were applied. The first layer thick-
ness was 0.00001 m, which ensured a maximum
value of the wall y+ parameter < 1.2. However,
the average value of this parameter for various
rotor angles was approximately 0.8. Maintaining
the value of this parameter at the recommended
level = 1 is practically impossible in the case of
a VAWT rotor calculated using the sliding mesh
technique. Moreover, according to the ANSYS
Fluent documentation [17], wall y+ < 1.2 val-
ues do not produce significant numerical error.
Each subsequent layer of the structural mesh was
thicker than the previous one, and the growth rate
of subsequent layers was 1.1. This value is also
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consistent with the recommendations of the AN-
SYS Fluent documentation. Such a mesh should
be sufficient to model all phenomena occurring
in the boundary layer during the rotation, such
as the laminar-to-turbulent transition and stall ef-
fects. At the interface, the same number of grid
points was assumed and established to equal 150
in the fixed and moving domains to minimize the
numerical error. Therefore, the mesh element size
at the interface is 100 times lower than the ro-
tor diameter. The maximum size of unstructured
mesh elements in the rotor area (in a circular do-
main) is 3e-3m. This size is also 100 times lower
compared to the rotor diameter. The area in the
aerodynamic wake downstream behind the ro-
tor has also been refined. The maximum element
size in this area was 60 times lower than the rotor
diameter. The area covered by this refined mesh
extends 20 D behind the rotor and has a width
of 2 D. The modeled mesh effectively captures a
broad spectrum of vortex structures present in the
rotor and wake regions [18]. The final mesh is de-
picted in Figure 2, comprising 510.271 elements.

The description above pertains to the geomet-
ric and discretized model. The numerical model
settings are outlined below. The numerical calcu-
lations of the flow around the rotating rotor were
conducted using the 2-D URANS approach. The
adopted closure model was the 4-equation y-Re,
model, known as the Transition SST turbulence
model in ANSYS Fluent. To represent the veloc-
ity field more accurately in the rotor region and
the rotor aerodynamic wake, the Scale Adaptive
Simulation (SAS) approach was utilized [19, 20].
The simulations considered air with a constant
density of 1.225 kg/m? and viscosity of 1.7894e-
05 kg/(m-s). A turbulence intensity of 2% was as-
sumed at the inlet [9]. The turbulence scale value
at the inlet was not measured,; therefore, following
Rezaeiha et al. [15], the scale length was assumed
to equal the rotor diameter. The coupled scheme
was employed for the Pressure-Velocity Coupling
method in these investigations. The least squares
cell based was also used for spatial discretization
and second-order schemes for all computed equa-
tions except for the momentum equations, where

Figure 2. Numerical domain; boundary conditions; mesh
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the bounded central differencing was utilized.
The convergence criterion for all equations was
set to le-7. The Courant Number value was left
as default, equal to 200. According to [17], in the
case of the pressure-based solver and the Coupled
scheme, the Courant Number stabilizes the con-
vergence behavior. In these studies, the influence
of time step size on the calculated aerodynamic
characteristics of the rotor was not analysed. This
is, of course, a very significant parameter affect-
ing the accuracy of simulations. However, sev-
eral credible, independent scientific works have
examined this effect depending on various opera-
tional parameters of the rotor. Therefore, in this
work, the time step size was selected based on
the guidelines of Rezaeiha et al. [15] and own ex-
periences [21]. The time step size, At, was set in
this work to 2.09e-05 seconds, equivalent to an
azimuth increment of AG = 0.1 deg.

RESULTS AND DISCUSSION

This section presents the characteristics of
two components of the aerodynamic force acting
on the entire wind turbine rotor: the component
parallel to the flow direction, known as thrust, and
the lateral force. The obtained loads are then vali-
dated against experimental measurements to as-
sess the reliability of the adopted simplified 2-D
numerical rotor model. In the next part of this
section, aerodynamic loads on the rotor blade are
analyzed. The Reynolds-averaged Navier-Stokes
simulation was compared with high-fidelity ex-
perimental data in this next section of the paper.

Aerodynamic load components

The two components of aerodynamic force,
the streamwise (T,) and lateral (T,), are given as
dimensionless coefficients:

_ Ky
Txy = 05pv24

@)

where: p — air density, V, —undisturbed flow ve-
locity, A — the frontal area of the turbine.
In the considered rotor A = D - H, where
H is the rotor height.

Figure 3a depicts the dependence of both
components, thrust and lateral, of the aerodynam-
ic force on the number of rotor revolutions. For
clarity, only the results for a zero-pitch angle (B
= 0 deg) are shown in this graph. In the case of
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the remaining analyzed pitch angles, the nature of
the aerodynamic forces follows a similar pattern.
Figure 3a also shows that the influence of initial
conditions on these rotor operational parameters
(TSR =2.5) is noticeable only in the first few ro-
tations. Initial conditions, i.e., flow parameters at
each control volume at t = 0 s, were assumed to
be the same as at the inlet. This effect is visible
in the aerodynamic loads corresponding to the
first few revolutions in numerical simulations.
To eliminate this effect, the number of rotations
required to calculate depends on the rotor’s op-
erating parameters and geometry. Rogowski [21]
also studied the rotor in laboratory-size scale but
operating at TSR = 4.5. Rogowski determined
that the minimum number of rotations necessary
to achieve a power coefficient independent of ini-
tial conditions is 15. This result is consistent with
the numerical research conducted independently
by Rezaeiha [22], who additionally demonstrated
that in the case of a rotor with higher solidity, o,
the number of rotations required for simulation
slightly increases. The rotor solidity is defined in
the case of Darrieus-type rotors as:

o=c-N/D (2

where: ¢ — chord length, N — number of turbine
blades and D — rotor diameter.

Rezaeiha et al. [22] investigated rotors with
solidities of 0.12 and 0.24. In the conducted in-
vestigations, this parameter was equal to 0.2. Ad-
ditionally, Rezaeiha et al. also demonstrated that
for a more heavily loaded rotor operating at TSR
= 2.5, the influence of initial conditions is signifi-
cantly reduced. The average power coefficient of
the rotor becomes independent of initial condi-
tions after about ten full revolutions. As it can be
seen in (Figure 3a), the results of both components
of the aerodynamic force differ slightly from each
other in each rotor revolution. However, this is
the proper behavior of the numerical model and
has several reasons. Primarily, the wind turbine
rotor operates under significant geometric angles
of attack of the rotor blades. The geometric angle
of attack, Oy is determined based on the velocity
triangle (Figure 3b) as [23]:

) ©)

This model of the geometric angle of attack
is, of course, highly simplified. Determining the
actual angle of attack is quite challenging. How-
ever, there are analytical methods allowing for

sin @

-1
a, = tan (—
9 cos 0+TSR
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estimation of the actual angle of attack based on
the velocity field, e.g. [24], indicate that in the up-
wind part of the rotor (for 6 from 0 to 180 deg, see
Figure 1), such an approximation is sufficient and
enables understanding of certain phenomena. The
actual angle of attack differs mainly in the down-
wind part (for 0 from 180 to 360 deg) compared
to the geometric angle. It is known that due to
the deceleration of the flow velocity by the blades
traveling in the upwind part, there can be a sig-
nificant decrease in the magnitude of the angle of
attack depending on the tip speed ratio [9]. Figure
3b shows that at TSR = 2.5, the angle of attack
amplitude is significant; in this case, it is as much
as 30 degrees.

The second reason for the irregularity of
the aerodynamic forces shown in (Figure 3a) is

the local blade Reynolds number. The Reynolds
number can be approximately estimated using the
local geometric angle of attack introduced earlier
and the local relative velocity, V,, given as:

Vi = Vo/ (TSR + cos 6)? + (sin6)?  (4)

The local Reynolds number is equal to:

Vgc
Re = == 5
e=-t (5)
where: x4 — dynamic viscosity of air, ¢ — chord

length.

The local Reynolds number is given by equa-
tion 3, while its average value is only 21.860. The
rotor of the investigated turbine operates in the
range of subcritical Reynolds numbers and very
large angles of attack.

Figure 3. (a) Trust and lateral coefficient, (b) geometric angle of attack for zero-pitch angle configuration
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The irregularities shown in (Figure 3a) are
also attributed to the turbulence model employed
in this study. Using classical one- or two-equation
turbulence models such as k-o or k-¢ leads to un-
realistic averaging of flow disturbances. Conse-
quently, the wake generated by the blades travel-
ing in the upwind part of the rotor rapidly dissi-
pates, resulting in a regular and repeatable aero-
dynamic force distribution for individual blades
and the entire rotor. Rogowski et al., in their work
[20], demonstrated a comparison of aerodynamic
loads obtained using classical turbulence mod-
els and the Scale Adaptive Simulation approach
for a one-bladed Darrieus rotor. Applying this
technique allows for capturing much more flow
detail and, consequently, a more irregular na-
ture of aerodynamic loads on the blades, which
is more physically realistic. This action, howev-
er, involves the necessity of averaging the loads
over a larger number of rotations than different
approaches. Figure 4 shows the dependencies of
C,,and C, averaged over one full rotor revolu-
tlon These Values are presented as a function of
the number of revolutions for the last ten calcu-
lated rotor revolutions. As it seen in this figure,
the average values of the loads differ in each sub-
sequent revolution. However, it should be empha-
sized that the fluctuations of these average values
are small. In the conducted investigation, it was
also examined how the components of the aero-
dynamic force differ when the averaging time is

increased. To achieve this, the times correspond-
ing to the averaged rotations ranging from 1 to 10
full rotations of the rotor were investigated. The
conducted research has shown that the relative
difference of different averaging times compared
to the averaging time corresponding to 10 com-
plete rotations is relatively small, not exceeding
3.2% for C, Ty and 1% for C_ . Additionally, it was
found that an averaging tlme equal to 5 full rota-
tions is sufficient. The relative errors of C, Ty and
C,, components are 1.1% and 0.4%, respectively.
Therefore, in all analyses conducted in this paper,
the average values of the aerodynamic force com-
ponents were calculated using the data from the
last five rotations of the rotor.

Validation

Table 1 compares the calculated average val-
ues of the rotor aerodynamic loads with the val-
ues measured by Huang [9]. The obtained results
of the C,, component are slightly overestimated
compared to the experimental values, but the na-
ture of the changes for cases g = 0° and g = -10°
is similar. The agreement between the calculated
and measured lateral aerodynamic force compo-
nent is even better. Significant differences were
only observed for the case £ = 10°, especially for
the C,, component. These differences can be ex-
plalned based on the aerodynamic wake patterns
behind the wind turbine rotor measured in the

Figure 4. The mean coefficients of the aerodynamic force components for each of the last ten calculated
rotations of the rotor
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Table 1. Calculated and measured C._ and C.,

Trust, C_, Lateral, C,
Test case - : - -
Experiment CFD A% Experiment CFD A%
B=-10° 0.60 0.73 21.67 0.09 0.09 0.00
B=0° 0.65 0.76 16.92 0.14 0.15 7.14
B=10° 0.81 0.64 -20.99 0.39 0.51 30.17

experiment using the PIV method. In cases g =
0° and p =-10°, the aerodynamic wake is more
“filled” in the equatorial plane compared to the
case = 10°. This is due to 3-D effects, which are
strongest in this particular case. These effects are
impossible to determine using a 2-D numerical
approach. Despite the limitations of the applied
approach, the largest absolute relative error A% is
30% for CT’y and 21% for C_ ..

Aerodynamic loads on the rotor blade

The analyses above concerned averaged rotor
aerodynamic loads. This part of the paper aimed
to determine the aerodynamic load distribution
along a single blade. Figures 5a and 5b depict the
aerodynamic force components acting on a single
rotor blade for the last calculated rotation of the
rotor. The aerodynamic loads are presented as
dimensionless coefficients for three pitch angles.
The coefficients of tangential (C,) and normal
(C,) aerodynamic forces are given by:

T,N
0.5pVZA ©)

The tangential component of the aerody-

namic load is responsible for generating torque,

CT,N =

which is the product of the tangential force and
the distance from its point of application to the
rotor axis. As it is shown in Figure 5b, this force
is an order of magnitude smaller than the normal
component. Moreover, as it can be seen from this
figure, a large portion of all displayed C_ char-
acteristics has a negative value. The average C,
values for all analyzed pitch angles are negative
and close to zero. Negative values of the tangen-
tial force indicate that a rotor with such a configu-
ration must be powered to maintain the desired
operational conditions. The normal component
(Figure 5a) is slightly shifted for angles g = -10°
and = 10° compared to the # = 0°. This is due
to the shift of the local attack angle at the intro-
duced pitch angles. Therefore, such behavior of
the characteristics proves the correct qualitative
functioning of the simplified numerical model.
Numerous fluctuations of the components, on the
other hand, indicate a very complex nature of the
flow in the regime of deep dynamic stall.

Velocity deficit profiles

In this part of the paper, the Reynolds-aver-
aged Navier-Stokes simulation was compared

Figure 5. Aerodynamic blade load coefficients at three pitch angles: (a) normal components, (b) tangential
components
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with high-fidelity experimental data and with the
actuator line model (ALM) results by Huang [9].
Figure 6 compares the velocity deficit profiles for
two cases: f = 0° and § = 10°, where Au/V,=
1 - u/V,, where u represents a local air velocity
component parallel to the undisturbed flow veloc-
ity. The results presented in this figure have been
averaged over one full rotor revolution. In this
case, the additional influence of averaging time
on wake velocity characteristics was not tested.
However, as it can be observed in (Fig. 6), the
simplified 2-D model with the SAS approach rea-
sonably covers the velocity profiles for the £ =0°
case even at a distance of 10D downstream from
the rotor. It can be further seen from Fig. 6 that
the SAS approach provides more details about the
flow itself. Unfortunately, the wake predictions
for the most heavily loaded rotor (8 = 10°) are
significantly worse up to 5D behind the rotor. In
this case, the reduced 2-D model shows signifi-
cant differences in velocity deficit profiles.

As it is shown in (Figure 6), the ALM +
RANS approach provides significantly higher fi-
delity compared to the CFD approach for the S
= 10° case. The ALM approach incorporates a

Figure 7. Contours of normalized z-vorticity in the

rotor area at three pitch angles

Figure 6. Velocity deficit profiles for (a) g =0°, (b) g = 10°
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Figure 8. Contours of normalized z-vorticity in the wake of the rotor at three pitch angles

Figure 9. Contours of streamwise velocity with in-plane velocity vectors for the VAWT at three pitch angles and
at two positions behind the rotor. The photos come from Huang’s doctoral dissertation [25]. The authors of this
paper have the permission to publish them
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three-dimensional rotor model, while to deter-
mine the velocity field in the rotor region, the
URANS approach with the k-¢ turbulence model
was employed [9].

Figures 7 and 8 depict contours of normalized
vorticity o, for three analyzed pitch angles. In
2-D flow, the velocity lacks a z-component, and
the vorticity vector is parallel to the rotor axis.
The red and blue colors correspond to opposite
directions of the vorticity vector. Contour maps
were prepared on two scales to illustrate differ-
ences in flow structure around the rotor and far
downstream. Both figures compare instantaneous
vorticity fields for the same azimuthal position.
Calculations were performed for 40 complete ro-
tor revolutions to ensure fully developed vorticity
fields. The results clearly demonstrate a similar
flow character for cases of = 0° and g = -10°,
and a completely different character for the case
of g =10°.

CONCLUSIONS

The main aim of this paper was to validate a
reduced numerical model of a vertical-axis wind
turbine based on high-fidelity experimental data
developed at TU Delft [9]. The model was simpli-
fied by replacing the three-dimensional rotor with
a two-dimensional model. The primary numerical
tool employed was the Scale Adaptive Simula-
tion approach with the Transition SST turbulence
model. The results obtained allowed drawing the
following conclusions:

The operating conditions and geometry of
the rotor are extreme. Flow in the rotor region
is highly complex, and the blades operate under
conditions of deep dynamic detachment.

Significant differences in the aerodynamic
wake compared to the experiment, especially
for the case of # = 10°, are mainly due to 3-D
phenomena. The 2-D model cannot account for
changes in velocity and pressure in the axial di-
rection, as well as the interactions between the
blades and the blade tips.

Introducing a significant positive pitch angle
increases the local angle of attack and normal
blade loading, resulting in the formation of strong
trailing edge vortices that significantly modify
the two-dimensional flow. Figure 9 depicts the
time-averaged streamwise velocity contours and
in-plane velocity vectors of the laboratory-scale
VAWT operating at various pitch angles and in
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different positions behind the rotor. These findings
were obtained through stereo-PIV measurements.

As long as the trailing edge vortices are small
to moderate, the aerodynamic wake is more
“filled” and uniform. Under such conditions, the
reduced approach yields significantly better re-
sults. A pitch angle of 10 degrees significantly
alters the lateral force and, therefore, modifies the
wake geometry. A positive pitch angle results in
significant blade work under conditions of dra-
matic detachment but also significantly modifies
the flow in the rotor wake. This effect can be uti-
lized in designing a wind farm with such rotors
for passive control of wake geometry. Deterio-
ration of the aerodynamic properties of the up-
stream rotor may enhance the performance of the
wind turbine array.

As it is shown in this paper, the 2-D CFD ap-
proach fails in the case of the most heavily loaded
rotor. However, the 2-D model is attractive due to
its low computational cost, even with the current
level of computerization. Therefore, to complete-
ly rule out this approach in studies of such cases,
it is necessary to examine one more significant
aspect. Specifically, the impact of the rotor aspect
ratio (AR), which is the ratio of the rotor height
to its diameter, on the geometry of the aerody-
namic wake needs to be analyzed. Huang studied
this effect using a two-bladed VAWT configura-
tion based on experimental research from Delft.
The examined rotor had a diameter of 1 m and a
blade chord length of 0.06 m. The aerodynamics
of this rotor were analyzed at TSR = 4.5. Stud-
ies conducted using the ALM technique for ARs
ranging from 1 to 10 showed that the thrust coef-
ficient of this rotor increased from 0.75 for AR
=1 to 0.91 for AR = 10. This suggests that the
width of the aerodynamic wake should increase
with AR. However, Huang’s studies focused only
on the case of = 0°. Therefore, a hypothesis can
be proposed: in the case where g > 0° (or even
p>>0°) and AR is sufficiently large, the 2-D CFD
model will provide more physical results. This
hypothesis, however, requires appropriate experi-
mental and numerical analyses.
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Abstract: This study investigates the aerodynamic performance and flow dynamics of an H-type
Darrieus vertical axis wind turbine (VAWT) using combined numerical and experimental methods.
The analysis examines the effects of operational parameters, such as rotor solidity and pitch angle,
on aerodynamic loads and flow characteristics, using a 2-D URANS simulation with the Transition
SST model to capture transient effects. Validation was conducted in a low-turbulence wind tunnel
to observe the impact of variable flow conditions. The LineAverage method for determining the
angle of attack demonstrated strong correlations between rotor configuration and load variations,
particularly highlighting the influence of blade number and pitch angle on aerodynamic efficiency.
This research supports optimization strategies for Darrieus VAWTs in urban environments, where
turbulent, low-speed conditions challenge conventional wind turbine designs.

Keywords: vertical axis wind turbine; pitch angle; URANS; angle of attack; turbulence modeling;
aerodynamic load analysis; urban wind energy

1. Introduction

The 2021 special report by the International Energy Agency (Net Zero by 2050) [1]
highlights the critical role of renewable energy sources in achieving global carbon neutrality
by mid-century. Among these, wind energy is projected to supply a significant portion
of future electricity demand. While offshore wind turbines have garnered attention for
their capacity to harness high-quality winds, they face substantial challenges related to
installation, maintenance, and scalability [2,3].

In contrast, vertical axis wind turbines (VAWTs), particularly the H-type Darrieus
design, offer unique advantages for deployment in urban and low-wind-speed environ-
ments [4]. Their ability to operate efficiently without a yaw system makes them highly
adaptable to the turbulent and unpredictable wind conditions typical of urban areas [5].
Moreover, their smaller physical footprint and lower noise emissions render them suitable
for residential and distributed energy systems. However, these turbines face notable chal-
lenges, including limited self-starting capability and reduced aerodynamic efficiency at
lower Reynolds numbers, which hinder their broader adoption [6,7].

This study aims to address these challenges by analyzing the aerodynamic charac-
teristics of H-type Darrieus VAWTs across various geometrical configurations. A novel
methodology is introduced, combining advanced numerical modeling with experimental
validation, with a focus on improving turbulence modeling accuracy at low Reynolds
numbers. The key contributions of this work include an in-depth analysis of the angle of
attack and dynamic aerodynamic loads, which are critical for understanding the complex
physical phenomena associated with the intricate flow around this type of turbine. These
findings also play a vital role in efforts to improve engineering aerodynamic models for
VAWTS, enhancing their performance and applicability in diverse operational conditions.

The airflow around the blades of a working wind turbine rotor is complex and highly
unsteady. This complexity arises from the continuous shift in the tangential velocity
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direction of the blade, leading to constant changes in the angle of attack and relative
velocity. Additionally, as the blades alternate between the upwind and downwind sections
of the rotor, they interact with the rotor’s aerodynamic wake and operate in conditions of
varying turbulence intensity [8,9]. Due to these complexities, computational fluid dynamics
(CFD) methods utilizing the Reynolds-averaged Navier-Stokes (RANS) equations, paired
with various turbulence models, have become essential tools in recent years for numerically
analyzing aerodynamic characteristics [10-12].

Due to the necessity of employing dense computational meshes, simulation methods
such as large eddy simulation (LES) and even 3-D unsteady Reynolds-averaged Navier—
Stokes (URANS) are significantly constrained [13,14]. Additionally, RANS methods are
often combined with turbulence models, typically employing one- or two-equation ap-
proaches such as the Spalart-Allmaras [15,16] model or the k-w and k-¢ families [12,17].
In recent years, transition models have gained increasing popularity, primarily due to
the need for more accurate representations of transitional phenomena, such as laminar—
turbulent bubbles and other forms of flow transition [18-21]. Although the accuracy of
these models can be limited for certain flow conditions [9,22-24], and the application of
URANS to 3-D problems remains restricted by computational resources and sometimes
licensing costs [25,26], CFD methods remain invaluable for analyzing rotors with complex
geometries. These methods also serve as powerful tools to gain insights into unsteady
physical phenomena associated with Darrieus rotor flows [27-29]. Understanding these
phenomena is essential for the aerodynamic optimization of the rotor [27] and can further
contribute to the development of methods based on blade element theory, such as blade
element momentum (BEM) [30], lifting-line methods [31], and actuator line methods [32].

When modifying blade element-based methods, it is essential to accurately estimate
the local angle of attack, which changes with the azimuth during each rotor revolution.
To leverage CFD results in improving such methods, it is necessary to extract the angle of
attack from the velocity field around the blade. Unfortunately, this task is complicated by
additional effects such as virtual camber [33] and dynamic stall [34]. Moreover, depending
on the tip-speed ratio, the amplitude of the angle of attack variations can be huge.

Some of the popular methods for extracting the local angle of attack in horizontal-axis
wind turbines are the inverse BEM method and the averaging technique. The first method
uses the load distribution as input data but is limited to one-dimensional assumptions.
The second method, averaging, provides good results in the middle section of the blade,
though it requires many measurement points and is more challenging to apply under
complex flow conditions [35]. In the approach utilizing a priori imposed forces, the angle
of attack is calculated by predefined forces based on either experimental measurements
or computed values. This method is widely recognized for providing reasonably reliable
results, which can subsequently be used in BEM codes for further predictions. However, a
primary limitation of this approach is its reliance on 1-D theory. Notably, the direction of the
incoming wind is assumed not to be influenced by blade-flow interactions, leading to sig-
nificant errors in cases of high deflection. Additionally, BEM models require tip correction,
where accuracy is crucial for a reliable evaluation of airfoil data [36]. Another technique
developed for horizontal-axis wind turbines (HAWTs) is the “averaging technique”, as
applied by Hansen and Johansen [37] and further explored by Johansen et al. [38]. In this
approach, the local angle of attack is calculated by reconstructing the velocity triangle on the
blade: the peripheral speed is known in both magnitude and direction, while the relative
speed is derived from CFD calculations by analyzing the flow in the rotor plane. However,
as noted by Zhong Shen et al. [35], this method requires analyzing many points in the
computational domain to capture local flow features due to its reliance on averaged data.
Additionally, it is challenging to apply this approach under more general flow conditions,
such as yawed flow.

Guntur and Serensen [39] examined several methods of determining the angles of
attack on wind turbine blades. One approach utilized computational fluid dynamics
(CFD) to compute the local induced velocities at the rotor plane. By analyzing the velocity
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field from a full rotor 3-D CFD simulation, they could extract axial velocity profiles at
different radial and azimuthal positions around the rotor. This data was processed by
averaging velocities in specific annular sections or by obtaining pointwise values across the
azimuth. Interpolating these velocities allowed them to estimate the induced axial flow at
the rotor plane, providing a basis for determining the effective « at various blade sections
and enhancing the accuracy of aerodynamic performance assessments [39,40]. Recent
advances in input design and power spectrum optimization for aerodynamic analysis
provide valuable methodologies that could enhance the precision of computational fluid
dynamics (CFD) models, especially in capturing unsteady phenomena in rotor flows [41,42].

In Darrieus-type wind turbines, describing the flow field around the rotor is partic-
ularly challenging due to the variable angle of attack encountered during blade rotation,
often exceeding the static stall angle. Balduzzi et al. [33] proposed an approach to estimate
the angle of attack in such turbines based on an averaging technique and an inverse BEM
method, which allowed for preliminary studies on flow curvature effects. While this ap-
proach yielded promising results, its application is limited to situations where the flow
remains attached to the blades, and its accuracy is constrained by inherent limitations that
require further analysis.

Saverin and Frank [43] introduced a method for improving the numerical prediction
of the blade angle of attack («). In their research, a method was employed to monitor the
blade & within the simulation. The authors argued that using too few sampling points
or a too-limited area around the blade leads to unreliable results. To obtain a credible
estimation of the flow velocity components around the blade, a broader area or a greater
number of sampling points is required, which allows for a more accurate capture of flow
variations. Consequently, the researchers defined a finite control volume around the rotor
blade, within which the velocity components of each finite volume element were averaged.
Saverin and Frank emphasized that the control volume must not be too small. If the
volume were too small, the averaged velocity components might not adequately reflect the
actual flow experienced by the blade. It is crucial that the control volume encompasses a
sufficient area around the blade to account for the flow’s impact on it. At the same time,
the volume should not be excessively large, as regions outside the rotor’s direct influence
might contribute to the averaged value, thereby distorting the results.

Bianchini et al. [36] proposed a new method for determining the angle of attack on
an airfoil rotating around an axis orthogonal to the flow direction using CFD analysis.
This approach incorporates the “virtual camber” effect, allowing the real airfoil to be
treated as a virtual, straight-flow equivalent with a similar pressure distribution, which
simplifies the assessment of aerodynamic performance. Pressure coefficient distributions
for the virtual airfoil are normalized and compared with CFD results for the rotating airfoil,
enabling accurate angle of attack estimation at various azimuthal positions. The method
eliminates the need for user-selected variables, enhancing its robustness compared to
previous BEM-based methods. Tests on a NACAOQ018 airfoil with different chord-to-radius
ratios confirmed strong alignment with theoretical predictions, demonstrating the method’s
effectiveness. This approach shows potential as a versatile tool for analyzing complex flow
phenomena around vertical-axis wind turbines, particularly in dynamic stall effects and
other unsteady flow conditions.

Delafin et al. [44] proposed a method for determining the angle of attack based on
analyzing the position of the stagnation point on the blade, which allows for calculating
an equivalent angle of attack depending on the azimuthal angle. The developed method
uses the location of the stagnation point on the blade as an indicator of the angle of attack,
enabling the consideration of unsteady phenomena, such as the wake of another blade or a
tower. By comparing the stagnation point position at fixed angles of attack, it is possible
to interpolate and determine the equivalent angle of attack for the turbine. Although the
method does not account for the pitching motion of the blades, its local approach makes it
well suited for aerodynamic analysis under variable flow conditions.
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Melani et al. [45] mention three additional methods for estimating angles of attack
on airfoils in cycloidal motion: the 3-Points method, the Trajectory method, and the Area
Averaging Technique (AAT). The 3-Points method uses three sampling points on each
side of the airfoil, allowing for angle of attack estimation that accounts for local velocity
variations. The Trajectory method employs a single sampling point along the blade’s
trajectory, simplifying calculations but offering less accuracy under dynamic conditions.
The Area Averaging Technique (AAT), in turn, is based on analyzing the velocity field in
the area around the turbine, enabling a more precise capture of the induced flow’s impact
on the angle of attack. In this paper, the LineAverage method is used to determine the angle
of attack for an airfoil rotating around an axis perpendicular to the flow direction. The
choice of this method is due to its high accuracy, which has been validated in other studies,
and its ability to account for circulation effects and flow distortions, which is particularly
important in Darrieus turbine analysis. Additionally, the LineAverage method enables a
more precise representation of unsteady aerodynamic phenomena, such as dynamic stall
hysteresis cycles, making it a suitable tool for this type of analysis.

2. Materials and Methods
2.1. Numerical Reference Model of the Rotor, Analyzed Rotor Configurations, and
Operating Parameters

A simplified numerical model of the wind turbine rotor (Figure 1) was developed
based on the experimental studies presented in [46]. The rotor model consists of only
two blades, represented by symmetric NACA0018 airfoils. In the present study, the rotating
tower and struts were omitted for simplicity. The rotor’s diameter is 0.5 m, with a chord
length of 0.06 m. The blades are attached at a distance of 0.4c from the leading edge.
The pitch angle is set to 0 degrees, meaning the blade’s chord is tangential to its path.
The developed model is two-dimensional, meaning that blade edge vortex effects are not
considered. However, it is worth noting that for the reference rotor model, the blade aspect
ratio, defined as the ratio of blade length to chord length, is 16.67. As documented by
studies such as [9,27], the contribution of 3-D effects to the overall rotor torque is minimal
in the case of moderately loaded rotors. The solidity, o, of the reference rotor is 0.24,
defined as:

o =B-/R, @

where B is the number of blades, c is the chord length, and R is the rotor radius.

The above description refers to the reference rotor. In this study, several additional
rotor configurations were also investigated. Two additional series of tests were conducted.
In the first series, the number of rotor blades was varied, and rotors with 1, 2, 3, and 4 blades
were analyzed. The blade chord remained constant. In the second series, the effect of fixed
pitch angles was studied, considering three angles: —10°, 0°, and 10° (for positive values,
the leading edge is pitched inwards).

The rotor described in [46] operated at a tip speed ratio (TSR) of 4.5, defined as the
ratio of the blade’s tangential speed to the undisturbed flow velocity. The undisturbed flow
velocity Vp was 9.3 m/s, and the angular velocity w was 83.7 rad/s. It was assumed that
the turbulence intensity of the undisturbed flow was 1%, with a turbulence scale of 0.001 m.
The impact of these parameters on the aerodynamic characteristics of the rotor was not
investigated in this study.

2.2. Numerical Model Setup for the Vertical Axis Wind Turbine Simulation

Due to significant fluctuations in the aerodynamic loads on the rotor blades during a
single rotation, the calculations must be performed in an unsteady mode. In this study, the
unsteady Reynolds-averaged Navier-Stokes (URANS) equations were used to account for
these transient effects. One implementation of this approach is the sliding mesh technique,
which requires the development of an appropriate computational domain. This technique
allows the independent mesh in the vicinity of the rotor path to rotate relative to the
non-rotating mesh. An interface is defined between these areas to enable data exchange
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between the rotating and stationary meshes. It is critical that the distance between the
surface of the blade profile and the interface is sufficient to avoid errors in the estimation of
vorticity distributions. In this study, a circular region surrounding the rotor with a diameter
slightly larger (1.5D) than the rotor itself was defined, with the radius of the rotating part
of the mesh being 0.5 m. This radius is 50% larger than the turbine rotor to ensure adequate
computational accuracy and stability. Figure 2 shows the rectangular computational domain
within which the rotor is placed. The scale of both the rotor and the domain was maintained.
This circular region can rotate with constant angular velocity w during the simulation while
the rectangular domain remains stationary. Both the rectangular and circular domains
are meshed separately, and the data exchange between them is handled by an interface.
Boundary conditions such as velocity inlet, pressure outlet, and symmetry were applied at
the outer edges of the rectangular domain (Figure 2).

Figure 1. Diagram of an H-type vertical axis wind turbine structure with dimensions.

Due to the low Mach number, the flow was treated as incompressible. Air with a
constant density of 1.225 kg/m? and a viscosity of 1.7894 x 1075 kg/(ms) was used as the
working medium.
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Figure 2. Domain schema with dimensions (upper) and mesh layout with boundary conditions for
the CFD simulation (bottom). The diagram shows the defined boundary conditions: velocity inlet on
the left, pressure outlet on the right, symmetry on the top and bottom, wall on the airfoil surface, and
interface region connecting different mesh zones. Enlarged sections illustrate the mesh refinement
around the airfoil and interface areas.

The numerical simulations were conducted using ANSYS Fluent 2023. The SIMPLE
scheme was employed for pressure—velocity coupling. The spatial discretization of the
equations was achieved using the least squares cell-based method for gradients, bounded
central differencing for the momentum equation, and second-order upwind for all other
equations. The residuals convergence criterion was set to 1 x 10~ for all equations. At
the beginning of the iterative process, constant initial conditions equal to the inlet values
were applied.

The 2-D CFD simulations were conducted for 40 full rotor revolutions, with a time
step size equivalent to an azimuth increment Af of 0.5 degrees. As demonstrated in our
previous studies [9], this number of rotations is sufficient to obtain results independent
of initial conditions for the considered tip-speed ratio of 4.5. In Rezaeiha et al. [47], the
authors conducted several analyses for azimuth increments between 0.5 and 0.05 degrees,
showing that within this range, the difference in the rotor power coefficient is negligible for
a tip-speed ratio of 4.5. Moreover, simulating at least 25 full rotor revolutions ensures that
the effect of initial conditions is negligible after 10 revolutions. The instantaneous blade
load results presented in this work correspond to the final calculated rotation.

In this study, the Reynolds number was not explicitly analyzed. However, it can be
estimated based on the chord length (c) of the blade using the following formula:

Re. = wRep/ 1, ()
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where w is the angular velocity of the rotor, R is the rotor radius, p is the air density, and y
is the dynamic viscosity of air. For the considered rotor, with an air density of 1.225 kg/m3
and viscosity of 1.7894 x 1075 kg/(ms), the Reynolds number is approximately 160,000 [8].
While this value is an approximation, it provides a sufficiently accurate representation of
the flow regime.

2.3. Advanced Turbulence Modeling Using Scale-Adaptive Simulation (SAS) for VAWT Analysis

While most computational fluid dynamics (CFD) simulations rely on Reynolds-averaged
Navier-Stokes (RANS) turbulence models, certain flow scenarios exceed their capabili-
ties. Scale-resolving simulation (SRS) models, which resolve part or all of the turbulence
spectrum in specific regions, have emerged as a solution to address these limitations [48].

The use of SRS models is motivated by the need for greater detail and accuracy. For
instance, the complex flow around a vertical axis wind turbine (VAWT) rotor involves
dynamic interactions between unsteady airflow, rotor blades, and varying turbulence
intensities—challenges that RANS struggles to capture. While RANS is effective for wall-
bounded flows due to calibration with the law of the wall, its accuracy declines for free
shear flows with larger turbulence scales [49].

Large eddy simulation (LES) can resolve these scales but remains computationally
prohibitive, especially for industrial applications. Hybrid approaches, such as detached
eddy simulation (DES) and scale-adaptive simulation (SAS), combine the strengths of
RANS near walls with the scale-resolving capabilities of LES in free shear regions. SAS, in
particular, is well-suited for capturing unsteady flow structures, making it an effective tool
for simulating complex aerodynamic phenomena like those encountered in wind turbine
rotors [50].

This chapter highlights the advantages of the SAS approach and demonstrates its
application in analyzing intricate and dynamic flows.

The scale-adaptive simulation (SAS) model adjusts the turbulence length scale dy-
namically in response to local flow conditions. This enables it to capture a wider range
of turbulence structures in unstable flow regions. Its methodology is based on von Kar-
man’s length scale theory and Rotta’s theoretical developments from 1972. By including
an additional source term in the governing equations, the model transitions naturally
between RANS-like behavior in stable flows and LES-like performance in more complex,
unsteady flow situations [51]. The SAS approach introduces a significant improvement
over traditional RANS models by reformulating the scale-defining equation to include the
second derivative of the velocity field, allowing for more accurate adaptation to varying
flow conditions. This innovation builds on Rotta’s original transport equation for turbu-
lence length scale and was further refined by Menter and Egorov [51] to overcome the
limitations of earlier models. The SAS model introduces the von Karman length scale, a
key term absent in standard RANS models, enabling it to dynamically adapt its length
scale based on resolved flow structures. This adjustment, driven by the second velocity
derivative, significantly improves the model’s ability to replicate experimental observations
in flows with large separation zones or instabilities. Furthermore, the von Karman length
scale can be integrated into different scale-defining equations, extending SAS functionality
to various turbulence models, as demonstrated in the SAS-SST model. Importantly, the
additional term in the w -equation of the SAS-SST model has been carefully designed to
maintain standard RANS behavior for wall-bounded flows while enabling a switch to SRS
(scale-resolving simulation) mode in cases of unstable flow separations.

Detailed explanations of the SAS methodology and its derivation can be found in
the referenced works, particularly Menter and Egorov [51], which provide comprehensive
insights into the development and implementation of the model.

Despite the refinement of the computational mesh and the use of a fine azimuth incre-
ment, certain limitations persist in the numerical model. The 2-D simulations inherently
neglect three-dimensional effects, such as tip vortices and spanwise flow. Additionally,
the Reynolds-averaged Navier—Stokes (RANS) approach, while effective for steady and
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mildly unsteady flows, may struggle to fully capture transient phenomena, particularly
in regions of high turbulence intensity and dynamic stall. Future studies could employ
more advanced turbulence models, such as scale-resolving simulations (e.g., LES or DES),
to address these challenges.

2.4. Mesh Sensitivity Test

An essential part of validating the developed numerical model is conducting a mesh
sensitivity test. The purpose of this test is, of course, to demonstrate how changes in mesh
density affect the final results. In this study, a two-bladed rotor model was analyzed using
four different mesh densities. The nominal mesh (Figure 2) used had 1689 divisions along
the edge of a single airfoil: 840 elements on the suction side, 840 elements on the pressure
side, and 9 elements at the trailing edge. Volume statistics of the mesh reveal that the
minimum cell volume is 1.05 x 1070 m3, while the maximum cell volume is 9.5 x 10~2 m5.
The generated mesh was refined in the rotor region to ensure accurate resolution of the
blade wake and flow structures, while coarser cells were used further away from the rotor
to reduce computational cost. The distribution of mesh elements was uniform. This mesh
had already been employed in previous analyses of the clean airfoil’s performance [22,23].
For the present work, the mesh was subjected to similar sensitivity tests.

To analyze the sensitivity of the numerical solution to mesh density, four different
meshes were used, each differing in the number of divisions along the airfoil’s edge. The
number of mesh elements was either decreased or increased using a factor of the square
root of two, which is a common practice in mesh sensitivity tests [52]. No other mesh
parameters were examined in this study. As shown in Figure 3, the number of divisions
used in the nominal mesh is sufficient. The size of the mesh used for further investigations
is approximately 270,000 cells.

Figure 3. Variation of the mesh sensitivity test results: The plot shows the normal force coefficient Cy
(red) and the tangential force coefficient Ct (blue) as a function of the number of mesh cells. Cyy is
plotted on the left axis and Cr on the right axis. The results indicate that both coefficients stabilize as
the mesh density increases from 180,000 to 340,000 cells.

2.5. Aerodynamic Load Consistency Analysis Across Rotor Revolutions

Unlike the classical URANS approach, simulations using the SAS model capture more
vortex structures in the flow [8]. As a result, the aerodynamic loads for each subsequent
revolution are less repeatable than in typical URANS simulations, especially when a
2-bladed rotor operates, as in this case, at a tip speed ratio of 4.5, where moderate local
angles of attack are expected. In Figure 4, the average tangential force coefficient is shown
as a function of the number of revolutions from the 30th to the 40th. The black dots
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represent the average values for each individual rotor revolution, while the red dashed line
indicates the average over the last ten revolutions. The vertical axis of the graph has been
scaled to highlight the differences; however, as can be seen, the variations in force values
between revolutions are minimal compared to the overall average. Moreover, as shown in
Figure 5, the difference in the tangential force coefficient Ct as a function of the azimuth
between the last computed revolution and the average of all ten revolutions is also very
small. Therefore, in the results section, only the aerodynamic load components for the last
rotor revolution are compared.

Figure 4. Variation of the tangential force coefficient Ct as a function of the number of rotor revolu-
tions. Black dots represent values averaged over individual rotor revolutions, while the red dashed
line shows the average Ct over the last ten rotor revolutions. The figure illustrates the consistency of
the aerodynamic loads over the examined revolutions, with minimal variation observed between
individual revolutions and the overall average.

Figure 5. Comparison of the tangential force coefficient Ct as a function of azimuth angle 6. The red
solid line represents the tangential load component calculated for the last rotor revolution, while
the blue dashed line shows the same component, averaged over ten revolutions, both plotted as a
function of the azimuth angle.
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3. Validation of the Reference Case: Velocities and Analysis of Loads
3.1. Velocity Profiles in the Rotor Wake

This section of the paper focuses on the validation of the 2-D SAS (scale-adaptive simu-
lation) approach, addressing both the velocity field behind the rotor and the instantaneous
sectional loads on the rotor blades.

Figure 6 compares the computed velocity profiles of the V, component in the rotor
wake for several positions downstream of the rotor, denoted by the coordinate x. The
velocity profiles were collected using rakes, each two rotor diameters in length and po-
sitioned perpendicular to the rotor axis. Each rake consisted of 1000 checkpoints. The
distances of the rakes, shown on the graph, are referenced to the rotor diameter D. For
better visualization of the results, a color palette was used where the farther the rake is from
the rotor, the colors transition from cool blue tones to warm orange for the most distant
rake studied in this work.

Figure 6. Comparison of the Vy/Vj velocity component in the rotor wake for various downstream
positions x/D, calculated using the SAS approach and validated against experimental data [46].

The results presented in this figure highlight several important observations. First, the
2-D CFD results tend to underestimate compared to the experimental data. The computed
velocities are slightly higher, particularly in the positive y/D range, which corresponds
to the blade moving “upwind.” The second key observation is that the general trend of
both the experimental and numerical results is similar: as the x-coordinate increases, the
velocity Vy decreases more significantly. Lastly, there is a noticeable asymmetry in the
experimental velocity profiles compared to the CFD results, with the experimental data
showing greater asymmetry.

One of the likely reasons for the differences in velocity profiles is the absence of the ro-
tating tower in our model, which was neglected. Another factor could be 3-D effects, which
were also not accounted for. Additionally, it is possible that even with the SAS approach,
the numerical dissipation is too high to predict the numerous structures in the aerodynamic
wake accurately. In this study, the mesh density in the wake region was not analyzed.
Another potential cause could be the aerodynamic characteristics of the airfoil. In this case,
the airfoil moves through an environment with varying turbulence intensity, transitioning
from high to low turbulence regions. As shown by Michna and Rogowski [23], turbulence
intensity has a significant impact on the aerodynamic characteristics of clean airfoils.
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The plot shows a noticeable deviation between the SAS simulation and the experi-
mental data for the Vy velocity component in the rotor wake (Figure 7). The agreement
between the CFD results and the experiment is better within the y/D range from —0.5 to
0.5. Although the differences between the SAS and experimental results appear significant,
the absolute values of the V, velocity component are relatively small. The likely causes
for these discrepancies stem from certain assumptions made in the model, such as the 2-D
approach, the absence of a rotating shaft, and the lack of struts. Nevertheless, the computed
results preserve the correct trend, capturing not only the tilt but also the expected behavior
as the x-coordinate increases.

Figure 7. Comparison of the V/V velocity component in the rotor wake for various downstream
positions x/D, calculated using the SAS approach and validated against experimental data [46].

3.2. Aerodynamic Loads Validation

In their study, Castelein et al. [53] measured the normal and tangential force coeffi-
cients for an H-type vertical axis wind turbine (VAWT) operating at various azimuthal
positions using velocity fields obtained through Particle Image Velocimetry (PIV). By em-
ploying the Noca method [54], which relies on these PIV-derived velocity fields, they
calculated the aerodynamic forces around the blade without direct force measurements.
This indirect approach allowed them to observe force trends associated with different flow
characteristics [53].

At a tip-speed ratio (TSR) of 4.5, the authors found that the normal force gener-
ally followed expected trends for VAWTs, while the tangential force showed minimal
positive values, indicating limited power production between the leeward and upwind
positions. The authors noted that a high deviation in tangential force was observed at
the azimuthal position 270°, which they attributed to interactions with the wake from the
turbine mast. Given the observed uncertainties, especially in the tangential force measure-
ments, the authors recommended further research to reduce these uncertainties, suggesting
an improvement in post-processing methods to enhance the accuracy of tangential force
estimations [53].

Due to the high uncertainty in the tangential load component obtained in the ex-
perimental studies, only the normal blade load component was used for validation in
this work. The loads presented in Figure 8 are expressed in the dimensionless form
Cn = Fn/(05:p-VZ:R), where p is the air density, assumed to be 1.225 kg/m? in the
calculations, Vj is the undisturbed flow velocity, and R is the rotor radius. The results
obtained using the SAS approach, shown in Figure 8, in the upstream part of the rotor, up
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to the maximum values of the normal force, are in reasonably good agreement with the
experiment. In the remaining azimuthal range, larger differences are observed, most likely
due to 3-D effects and secondary effects, such as struts or the rotating shaft, that are not
taken into account in this investigation.

Figure 8. Comparison of simulated and experimental force coefficients [53] as a function of azimuthal
angle, 6. (a) Normal force coefficient Cyj, shows a general agreement between the SAS simulation
and experimental data. (b) Tangential force coefficient, C.

4. Reference Case: Local Angle of Attack, Relative Velocity, and Dynamic Lift and Drag
Coefficients Assessment

4.1. Methodology for Determining Local Angle of Attack and Relative Velocity

The previous section discussed both the methodology used in this paper and the
accuracy of the approach in determining the velocity field. A reliable description of the
velocity field is essential for estimating the local angle of attack and relative velocity, which
are critical parameters for blade element theory-based methods, such as the actuator line
approach. While comparing velocities or loads obtained from different methods is relatively
straightforward, extracting the angle of attack, especially for vertical axis wind turbines
(VAWTS), poses a greater challenge.

One of the primary contributions of this paper is the analysis of the angle of attack and
relative velocity for a blade profile in a Darrieus-type VAWT. The aim of this study is not
to compare various existing methods for determining this parameter but rather to adopt
one of the approaches proposed by Melani et al. [45] for calculating the angle of attack.
Before delving into the method used to determine the local angle of attack, we will briefly
introduce the basic definitions of velocity and angle of attack.

The angle of attack is defined as the angle between the chord line of the blade profile
and the direction of the relative velocity (Figure 9). For the reference rotor, the chord is
tangential to the path (pitch angle  is equal to 0°). The relative velocity vector, V,,, results
from the vector sum of the blade’s tangential velocity Vpr = wR (taken with a negative
sign) and the airflow velocity V acting on the blade. The airflow velocity at the turbine
rotor is lower than the undisturbed wind speed far upstream as the rotor decelerates the
air passing through it. In the one-dimensional stream-tube theory used in the classical
blade element momentum (BEM) method, only one component of the flow velocity in the
undisturbed flow direction, Vy, is considered. In this study, however, the airflow velocity
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component Vy, perpendicular to the undisturbed flow direction, is also taken into account,
as shown in Figure 9.

Figure 9. Illustration of the angle of attack («) and relative velocity (V) for a blade in a vertical-axis
wind turbine. The pitch angle (8 = 10°) and the azimuthal position angle (6 = 48°) are indicated.

Based on the figure above and considering the pitch angle 8, with its sign convention
illustrated in this figure, the angle of attack can be calculated using the normal and tan-
gential components, V;; and V;, of the relative velocity vector according to the following
mathematical formula:

a=tan Y (=V,/Vi) + B ®3)

where
Vi = Vxcos 6 + Vysin6 + wR 4)
Vi = —Vysin6 + Vycos 0 5)

where w is the angular velocity of the rotor, and R is the rotor radius.

In this study, only one method for extracting the local angle of attack was used: the
so-called Line Average method, which was introduced by Jost et al. [55] and successfully
implemented by Melani et al. [47]. The goal of Jost et al. [55] was to achieve greater accuracy
compared to previously existing approaches in accounting for the effects of shed and
trailing vorticity on the measured angle of attack. According to Melani et al. [45], a circular
sampling line with a radius of r = 1c was defined around the airfoil profile, centered at the
aerodynamic center located at 1/4 of the chord length from the leading edge (Figure 10).
Along this line, a series of points were evenly distributed. The authors of this method
tested different sampling resolutions, ranging from six to eighty points. The contribution of
this study is to test this method further for a larger range of control point counts. Figure 11
presents a sensitivity analysis of the angle of attack based on the number of sampling
points used. In these analyses, a maximum of 2000 points was considered. For each tested
number of points, the process of picking control points on the circular line was performed
100 times with a random shift but with the same even distribution. The mean and standard
deviation of difference relative to the maximum points case were calculated. As shown
in Figure 11, the highest sensitivity was observed for the lowest number of control points
(five points) and for azimuth angles between 80° and 180°. The distribution of velocity
components Vx and Vy as a function of the angle of attack for various azimuth angles
reveals a local peak in these components within a narrow range of azimuths, resulting
from the presence of the wake behind the profile. For instance, at an azimuth of 0°, the
average component is 7.94 m/s, while its extreme value reaches —8.81 m/s. Moreover,
the area of the line where this peak occurs constitutes 1.63% of the total. Thus, evenly but
sparsely distributed control points may lead to significant errors in estimating the flow
velocity. The desired flow velocity V is the integral average of the flow velocity field
along a closed line around the airfoil. In conclusion, the figures above demonstrate
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that 200 sampling points provide sufficient accuracy for determining the true angle of
attack. This resolution ensures that the local flow characteristics are captured effectively,
minimizing errors and enhancing the reliability of the angle of attack estimation.

Figure 10. Velocity distribution around the airfoil at an azimuthal angle 6 = 48°. The circular sampling
line with evenly distributed points surrounds the airfoil, with arrows representing the local flow
velocities at each point.

Figure 11. Sensitivity analysis of the angle of attack (x — a(200)) based on the number of sampling
points along the circular line surrounding the airfoil as a function of the azimuth angle 0. Standard
deviation is chosen as an error measure.

In the previous paragraph, we discussed the methodology for estimating the local
angle of attack. This angle is essential for determining the local flow velocity at the rotor,
specifically on the rotor blade. Based on this velocity and the blade’s tangential velocity,
the relative airflow velocity vector can be estimated. Using the previously determined
tangential and normal components of this velocity, we can express it as follows:

- e
Viee =Vn+ Vi 6)

The sensitivity analysis for relative velocity was also performed in this case (Figure 12),
using the mean and the standard deviation approach as previously applied for the angle
of attack. As shown in the figure above, 200 sampling points are sufficient to achieve
an accurate estimation of the relative velocity. This resolution minimizes fluctuations
and ensures a reliable measurement across the azimuth range, demonstrating that higher
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sampling densities provide better stability and precision in capturing the true relative
velocity profile.

Figure 12. The mean relative velocity is represented by lines. Standard deviation is chosen as an

error measure.

4.2. Angle of Attack and Relative Velocity Analysis

Figure 13 presents the results of the local angle of attack and relative velocity obtained
using the scale-adaptive simulation (SAS) approach with the Transition SST model and the
angle of attack estimation method described in the previous subsection of this paper. In
this study, the local angle of attack was calculated based on the velocity field around the
blade, derived from 2-D CFD simulations with a resolution of Af = 5°. The «(0) and V,,;(0)
curves shown in this figure are thus developed from 200 points evenly distributed around
the blade trajectory. Due to fluctuations in the normal component of the aerodynamic load,
our local angle of attack predictions do not capture all the details of angle variations at Af
resolutions smaller than 5°. Despite these limitations, Figure 13 shows that the maximum
local angle of attack in the upwind part of the rotor reaches 9.65°, which closely matches
the independent result obtained by Melani et al. [45].

Figure 13. Validation of angle of attack («) and relative velocity (V,,) results obtained using the SAS
approach, compared with literature data from Melani et al. [45] and Cacciali et al. [8].
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Our analysis does not account for the rotating rotor shaft in the downwind region,
which explains the absence of an additional peak in «(f) around an azimuth of 270°.
Nevertheless, it is noteworthy that the local angle of attack in this part of the rotor also
aligns well with the results from [45]. The local angle of attack in the downwind part
remains relatively constant over most azimuths, ranging between —5.8° and —5.3°. For
the second independent dataset from Cacciali et al. [8], angles of attack starting from an
azimuth of approximately 92° are larger than those presented in this study and those
reported by Melani et al. [45]. This discrepancy arises from a different sampling approach
for the velocity used to calculate the angle of attack. Additionally, Cacciali et al. [8]
incorporated extra submodels in their ALM approach along with the Smagorinsky-Lilly
model. In Cacciali et al.’s study [8], the maximum local angle of attack reaches around
11°. Further differences are due to the use of external experimental airfoil data by the cited
researchers. As demonstrated in [22], the Transition SST approach used in this paper and
the k-w SST model applied in Melani et al. [45] yield significant differences in lift coefficient
characteristics (Cp) for angles below the critical angle, which is also documented in recent
independent experimental research by Rogowski et al. [56].

The relative velocity derived from the calculated local velocity field around the blade
is shown in the lower part of Figure 13. Despite the greater discrepancies in angle of
attack estimates compared to Cacciali et al. [8], the differences in relative velocity values
are minimal. The maximum local relative velocity calculated using the SAS approach
is 50.36 m/s, occurring at an azimuth of 15°. The minimum value of this velocity is still
observed in the upwind part of the rotor, at an azimuth of 175°, and is approximately
35m/s.

4.3. Dynamic Lift and Drag Coefficients Analysis

Figure 14 presents a comparison of dynamic lift (Cr) and drag (Cp) coefficients with
static data based on different turbulence models: Transition SST (y-Reg) and k-w SST [23].
The same coefficients are shown in two ways: as a function of azimuth (top plots) and as a
function of angle of attack (bottom plots). In each plot, the red open circles represent results
for the azimuth range from 0 to 180 degrees (SAS), the red filled circles represent results
for the range from 180 to 360 degrees (SAS), and the black open circles indicate reference
data from Melani et al. [45]. Presenting the results in this way allows for an understanding
of the differences in aerodynamic characteristics at various stages of the azimuthal cycle
and provides an assessment of the SAS-based results compared to established literature
data. The results obtained using the scale-adaptive simulation (SAS) approach exhibit
significantly more chaotic behavior, particularly in the upwind part of the rotor, starting at
an azimuth of approximately 50-60 degrees. This effect coincides with frequent changes in
the normal force, as shown in Figure 8. Since these fluctuations occur more frequently than
the sampling points for the angle of attack, we opted to display only the points on these
plots to capture the local values of the coefficients better.

It is notable that the slope of the static Cj, curve corresponds closely to that of the
dynamic curve despite the fact that the latter does not pass through zero angle of attack.
As noted by Bianchini et al. [36], this is due to the “virtual camber” effect, which can
influence results for the dynamic angle of attack. The k-w SST model, used in the study
by Melani et al. [45], appears to yield better results for more turbulent regions of the flow,
whereas the Transition SST model seems more suitable for regions with lower turbulence
intensity, such as the downwind part of the rotor. Presenting both dynamic and static
results provides valuable insight into how different turbulence models impact the accuracy
of aerodynamic calculations in various phases of the turbine’s operating cycle.

Rezaeiha et al. [57], who also considered the reference rotor presented in this study,
obtained fairly similar hysteresis loops for both lift and drag forces. In their research, a
slightly different method of sampling the velocity components was used to determine the
local angle of attack. Specifically, they applied velocity sampling at monitoring points
on a circular path with a fixed distance of 0.2d upstream of the turbine. Additionally,
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these researchers determined the aerodynamic force components using the geometric
angle of attack. The differences, particularly in the drag coefficient, are highly dependent
on both sides of the rotor. This suggests that our use of the SAS approach does not
significantly impact aerodynamic force predictions; rather, the primary influence comes
from the turbulence model.

Figure 14. The upper subfigures illustrate the drag coefficient Cp (a) and lift coefficient Cy, (b) as
functions of the azimuthal angle 6. The lower subfigures depict the same coefficients—drag (c)
and lift (d)—analyzed for varying angles of attack «. The presented data include results obtained
using the SAS approach, static results reported by Rogowski et al. [22], and reference data from
Melani et al. [45].

5. Impact of Rotor Configuration on Aerodynamic Force Components and Local Angle
of Attack

5.1. Number of Blade Effects

Figure 15 shows the coefficients of the aerodynamic blade load components, tangential
and normal. The results presented in these figures correspond to a rotor operating at a tip
speed ratio of 4.5. The colors, ranging from red to blue, represent four rotor configurations
based on the number of blades: red for the single-bladed rotor and blue for the four-bladed
rotor. The results displayed in these graphs suggest a significant influence of the blade
number on turbine performance. The primary consequence of a reduced blade count is
notably higher loads, especially tangential loads, in the downwind part of the rotor. For
the two- and three-bladed rotors, the tangential force is zero or even negative, indicating
a low or negative contribution of this component to energy production. In the case of
the normal components, the differences in load are less pronounced. However, for both
the tangential and normal components, the largest discrepancies are observed for the
single-bladed configuration.

208



Energies 2024, 17, 6264

18 of 25

Figure 15. Effect of the number of blades on the normal and tangential force coefficients, as well as
on the local angle of attack and relative velocity, as a function of azimuth 6 at a tip-speed ratio of 4.5.

Figure 15, bottom-left and bottom-right plots, compare the local angle of attack, x,
and relative velocity, V,,;, respectively, for a rotor operating at a tip speed ratio of 4.5,
as a function of the number of blades. The most significant differences in local angle of
attack are observed across the entire rotor, while for relative velocity, the differences are
mainly present in the downwind part of the rotor. The large variations in the angle of
attack correlate with significant differences in tangential force, as shown in this figure.
The maximum local angle of attack is observed at an azimuth angle of approximately
100-105 degrees and decreases linearly from 10.16 degrees for a single-bladed rotor to
6.34 degrees for a four-bladed rotor. As the number of blades decreases, the shape of the
angle of attack curve becomes more sinusoidal and approaches the geometric angle of
attack, as the angle of attack in the downwind region of the rotor increases. Increasing the
number of blades causes the local angles of attack in the downwind part to decrease, and
their distribution becomes almost flat, similar to the tangential force characteristics.

A reduction in the number of blades also causes the maximum local angle of attack to
approach or even slightly exceed the critical static angle of attack. This explains the local
peaks in the angle of attack, as well as the characteristic wavy pattern of the tangential and
normal force distributions in the azimuth range of approximately 70 to 210 degrees, which
results from the numerous vortices generated on the airfoil.

Figure 15 also shows that at zero azimuth, the local angle of attack is non-zero and
slightly increases with the number of blades, from —1.67 degrees for the single-bladed rotor
to —2.38 degrees for the four-bladed rotor.

Despite the significant influence of rotor solidity on the local angle of attack in both
the upstream and downstream regions, notable differences in relative velocity are only ob-
served in the downstream part of the rotor, starting around an azimuth angle of 155 degrees,
still within the wake region. A higher number of blades causes a greater deflection of the
relative velocity curve. Interestingly, all curves intersect at the same point, approximately
265 degrees. In the azimuth range from 155 to 265 degrees, the relative velocity decreases
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as the number of blades increases, while beyond this characteristic azimuth, the trend
is reversed.

Figure 16 presents a comparison of aerodynamic coefficients for different rotor config-
urations with one to four blades. The plots of drag coefficient Cp and lift coefficient Cy, as a
function of azimuth angle 0 (Figure 16a,b) illustrate how the number of blades influences
the distribution of aerodynamic forces during the last rotation of the rotor. The same
coefficients are also shown as a function of the angle of attack o (Figure 16¢,d), allowing
the observation of hysteresis loops. It is evident that as the number of blades increases, and
consequently the solidity increases (Equation (1)), the range of angles of attack decreases.
This, in turn, leads to a reduction in tangential force, as discussed in detail in the previous
paragraph. Additionally, the aerodynamic force characteristics acting on the rotor blade
elements exhibit fewer oscillations with an increasing number of blades, indicating more
stable aerodynamic properties.

Figure 16. The subfigures show the drag coefficient Cp (a,c) and lift coefficient C, (b,d) for dif-
ferent azimuthal angles (a,b) and angles of attack (c,d). The presented data shows comparison of
aerodynamic coefficients for 1-bladed, 2-bladed, 3-bladed, and 4-bladed configurations.

5.2. Pitch Angle Effects

Figure 17, top-left and top-right plots, compare the load characteristics of a two-bladed
rotor with three different pitch angles: —10, 0, and 10 degrees. As shown in the first figure,
both large positive and negative pitch angles result in a significant deterioration of the
rotor’s aerodynamic performance. However, current research trends in Darrieus wind
turbines are focused on evaluating the aerodynamic wake for different rotor configurations
and the potential for active and passive control of this wake. Therefore, in this comparison,
the more critical load component is the normal force. The figure illustrates the expected
trend in estimated loads and highlights the significant impact of dynamic effects, which
generate vortex structures manifesting as oscillations in the curves.
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Figure 17. Effect of the pitch angle on the normal and tangential force coefficients, as well as on the
local angle of attack and relative velocity, as a function of azimuth 6 for a 2-bladed rotor configuration
at a tip-speed ratio of 4.5.

Figure 17’s bottom-left and bottom-right plots illustrate the effect of pitch angles
on the local angle of attack and relative velocity, respectively. As observed in both fig-
ures, regarding the shape of the curves, the pitch angle does not significantly influence
the characteristics of the relative velocity compared to the number of rotor blades. For
the angle of attack, however, the pitch angle generally causes a shift in the curve by
about 10 degrees. The most notable differences are seen with a pitch angle of 10 degrees.
The angle of attack curve (Figure 17) displays several sharp peaks. This curve could
be smoother, and the number of peaks could increase if the angle of attack were sam-
pled with a much smaller azimuthal increment. Additionally, the case with a 10-degree
pitch angle represents the rotor under the heaviest load compared to the 0-degree and
—10-degree cases. However, this does not apply to the tangential load component, where
the average tangential force coefficients are —0.24, 0.08, and —0.14 for pitch angles of
10 degrees, 0 degrees, and —10 degrees, respectively. For the normal load, the average force
coefficients are 2.2, 0.5, and —1.16 for the same pitch angles, respectively. The maximum
magnitudes of the normal force coefficients are 5.45, 3.05, and 3.85, respectively.

As demonstrated in their work by Melani et al. [45], the static critical angle of attack
for the NACAO0018 airfoil, as predicted by the four-equation transition turbulence model,
is approximately 12 degrees. As shown in Figure 17, this angle is reached at an azimuth
of about 30 degrees. In the case of a 10-degree pitch angle, the absence of oscillations in
the normal force component is observed from around 28-30 degrees azimuth. Significant
oscillations in both aerodynamic load components and a sudden loss of tangential force
begin to appear around an azimuth of approximately 55 degrees. Therefore, it can be
inferred that in the azimuth range of approximately 30 to 55 degrees, dynamic effects
occur that do not cause a loss of lift. In the case of the downstream part of the rotor, the
obtained angle of attack values for a pitch angle of —10 degrees may indicate that the rotor
is operating within the range of maximum dynamic lift coefficients.
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As demonstrated in [9], due to significant 3-D effects in this case resulting from large
tip losses near the blade ends, the results obtained using the 2-D CFD approach should
be interpreted more qualitatively than quantitatively. For a more accurate quantitative
comparison, a rotor with a much higher blade aspect ratio would need to be constructed
than the reference rotor used in this study. However, in the same study [9], we showed that
for a pitch angle of —10 degrees, the impact of these tip losses is not as significant. The
oscillations in both the angle of attack and aerodynamic loads visible in the downstream
part of the rotor indicate high turbulence intensity and numerous vortices.

Figure 18 illustrates the effect of blade pitch angle on the aerodynamic coefficients of
the rotor. In plot (a), the drag coefficient Cp is shown as a function of azimuth angle 6. For
non-zero pitch angles, the drag coefficient is generally higher, which can be attributed to
the exceeding of critical static angles of attack in both cases. It is clearly visible that for
B =10°, a sharp increase in drag occurs in the windward region of the rotor, whereas for
the negative pitch angle (8 = —10°), a similar increase is observed in the leeward region. In
plot (d), a noticeable shift in the Cy, characteristic can be seen, depending on the pitch angle.
The highest values of the lift coefficient Cy, are observed for § = 10° in the windward section
of the rotor, reaching values close to 2. This analysis clearly shows that increasing the pitch
angle intensifies the lift force while significantly affecting the distribution of aerodynamic
forces as a function of rotor azimuth.

Figure 18. The subfigures show the drag coefficient Cp (a,c) and lift coefficient C. (b,d) for different
azimuthal angles (a,b) and angles of attack (c,d). The data presented above shows aerodynamic
coefficient comparison for varying blade pitch angles ( = —10°, 0°, 10°).

6. Conclusions

This paper analyzes the aerodynamics of a reference VAWT rotor using the well-
established Transition SST turbulence model combined with the scale-adaptive simulation
(SAS) approach to enhance the accuracy of velocity field representation in the rotor area.
Here are some key conclusions drawn from our study:
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The study demonstrates that the Line Average method is an effective approach for
accurately determining the local angle of attack, as it considers the effects of shed
and trailing vorticity around the airfoil. By averaging velocity components along a
circular line centered at the aerodynamic center, this method minimizes errors from
wake effects, particularly when using a sufficient number of sampling points. Our
analysis shows that 200 sampling points offer a reliable resolution, capturing essential
flow characteristics while minimizing sensitivity to the azimuth angle, especially
in regions prone to high variability. This method was validated for different rotor
configurations, and the trend in resulting values appears consistent and accurate
across configurations, supporting the robustness of this approach.

Furthermore, the findings of this work hold significant potential for advancing en-
gineering methodologies tailored to the aerodynamic analysis of vertical axis wind
turbines (VAWTs). Accurate determination of the local angle of attack is a crucial
step in aerodynamic modeling, as it enables precise estimation of aerodynamic loads
acting on the blades. These loads directly influence the design, performance optimiza-
tion, and operational stability of wind turbines. The methodology developed and
validated in this study could be instrumental in improving predictive capabilities for
aerodynamic performance and dynamic loading in future studies. We believe the
results presented here provide a strong foundation for the continued development of
engineering models aimed at enhancing the design and efficiency of wind turbines
with vertical axes.

The comparison of turbulence models highlights their varying performance in cap-
turing aerodynamic and dynamic characteristics within the rotor region. While the
SAS approach with the Transition SST model allows for more precise velocity field
mapping and captures oscillations in normal forces, the overall aerodynamic loads
remain similar to those obtained using the standard Transition SST model or even
the classical URANS approach reported by Rezaeiha et al. [57]. Additionally, the k-w
SST model yields results comparable to the Transition SST model for aerodynamic
load components, local angle of attack, and relative velocity. However, it differs
in capturing the dynamic characteristics of drag and lift coefficients as functions of
the local angle of attack. Furthermore, the Transition SST model shows better per-
formance in the upwind region of the rotor due to transitional phenomena, while
the k-w SST model is more effective in handling the higher turbulence levels in the
downwind region.

The analysis demonstrates that the number of blades has a significant impact on
the aerodynamic performance of the rotor. Fewer blades lead to notably higher
aerodynamic loads, especially tangential loads, in the downwind region, with single-
bladed configurations often showing minimal or even negative contributions to energy
production. Variations in the local angle of attack and relative velocity are also strongly
influenced by blade count, with fewer blades causing larger fluctuations in the angle
of attack, which approaches a sinusoidal pattern and even exceeds the critical static
angle at times. Higher blade counts stabilize the angle of attack and in the downwind
region, resulting in a flatter distribution of loads. This highlights the crucial role of
blade count in shaping the aerodynamic forces and flow stability around the rotor.
The analysis showed that large positive and negative pitch angles significantly impact
the rotor’s aerodynamic performance, especially by increasing loads on the normal
force component. Dynamic effects, including vortex formations, cause oscillations,
especially pronounced at a 10-degree pitch angle. While pitch angle has minimal
effect on relative velocity, it shifts the angle of attack curve, with the most considerable
differences observed for a 10-degree pitch. Notably, high turbulence intensity and
vortex shedding are evident in the downstream region, especially for a —10-degree
pitch angle. Varying the blade pitch angle alters the aerodynamic force characteristics,
with positive pitch angles (B > 0°) enhancing lift generation but also increasing drag,
particularly in the windward region. Negative pitch angles (8 < 0°) reduce drag in
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the upwind section but lead to higher drag in the downwind region, highlighting the
trade-off between aerodynamic efficiency and force distribution. Overall, these results
indicate that extreme pitch angles lead to performance fluctuations, which are further
amplified by 3-D effects and tip losses, suggesting the need for higher blade aspect
ratios for quantitative accuracy.

The next step of this work will be employing the Line Average method in the pitching
airfoil model. This model can be a simplified model of VAWT’s blade during rotation.
Determining the angle of attack during that airfoil pitch motion is crucial to investigating
dynamic phenomena influencing the airfoil aerodynamic loads. That will be the next
important step in analyzing the modeling of the aerodynamic performance of vertical axis
wind turbines methods.
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ABSTRACT

This study investigates the impact of zigzag tape on the aerodynamic performance and wake characteristics of
the Delft Vertical Axis Wind Turbine (VAWT). The primary aim is to understand how the zigzag tape affects
blade loads and the resulting aerodynamic wake. A comprehensive analysis was conducted using the Actuator
Line Model (ALM) with airfoil characteristics measured in the wind tunnel at the Technical University of
Denmark (DTU). Additionally, a 2-D CFD analysis with k- SST and y-Re, turbulence models were employed
to evaluate the influence of laminar transition phenomena on rotor characteristics. Results indicate that while
the zigzag tape linearizes the lift coefficient characteristic, it leads to a notable reduction in aerodynamic
efficiency due to increased drag and decreased lift below the critical angle of attack. The simulations were
performed at a tip-speed ratio (TSR) of 4.5 to avoid a dynamic stall, as this operating condition ensures that
the rotor blades remain below the static stall threshold and large offshore VAWTs are designed to operate near
their maximum aerodynamic efficiency (Cp) for the majority of their operational time. The aerodynamic wake
behind the rotor also shows significant changes, with the zigzag tape promoting asymmetry and affecting the
wake recovery distance. The study’s findings highlight the importance of considering surface contamination
effects, represented by zigzag tape, in evaluating VAWT performance and wake behavior, offering valuable

insights for wind turbine design and optimization.

1. Introduction

In 2015, Tescione et al. [1] conducted extensive experimental stud-
ies on a 2-bladed H-shaped VAWT at Delft University of Technology,
using Particle Image Velocimetry (PIV) in the Open Jet Facility (OJF).
The turbine, featuring NACA0018 aluminum blades, had a height and
rotor diameter of 1 m, with a chord length of 0.06 m. The blades were
mounted at a point 0.4c from the leading edge. Operating at a free
stream velocity of 9.3 m/s, it achieved a tip speed ratio of 4.5.

Since 2015, numerous numerical analyses of this rotor have been
conducted. Rotors based on this geometry have been studied using
the classical 2-D CFD approach with various boundary layer model-
ing methods [2-5] and more advanced three-dimensional unsteady
Reynolds-averaged Navier-Stokes (URANS) equations [6]. While 3-D
CFD, particularly URANS, provides valuable insights into complex flow
phenomena such as tip vortices and dynamic stall, its high computa-
tional cost remains a limitation. Therefore, lower-order models such
as blade element momentum (BEM) and actuator line model (ALM)
remain popular alternatives [7]. These methods rely on airfoil aerody-
namic characteristics and additional corrections (e.g., flow curvature,

* Corresponding author.
E-mail address: krzysztof.rogowski@pw.edu.pl (K. Rogowski).
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dynamic stall models) and can incorporate finite blade and added mass
effects [8].

The aerodynamics of a VAWT rotor are complex and challenging
to estimate, leading to significant differences in the aerodynamic char-
acteristics estimated by various researchers [9]. This variability arises
from the different modeling approaches employed, including numerical
methods such as computational fluid dynamics (CFD), as well as lower-
order models such as blade element momentum (BEM) and vortex
models, in addition to the inherent sensitivity of the NACA0018 airfoil
to operating conditions. For this turbine, the chord-based Reynolds
number Re, at a TSR of 4.5 is approximately 1.7 x 10> [10]. In the
“low Reynolds number” range (10° to 10%), viscous effects, laminar sep-
aration bubbles, and turbulence play a significant role [11]. According
to Winslow et al. [12], at low Reynolds numbers, the boundary layer
remains laminar over a larger portion of the airfoil surface, making
it more susceptible to separation due to an adverse pressure gradient.
The separated shear layer may transition to turbulence and reattach,
forming a laminar separation bubble (LSB). However, as the Reynolds
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number decreases, the reattachment point moves further downstream,
increasing bubble size and drag while reducing lift efficiency. In the
range of 10* < Re < 5 x 10*, the shear layer often does not reattach,
leading to trailing edge stall and significantly degraded aerodynamic
performance. The NACA0018 profile, common in VAWT design, was
not examined under low Reynolds number conditions in a wind tunnel
until recently. Early studies, such as those of Jacobs and Sherman
(J&S) [13], were limited and influenced by high levels of wind tunnel
turbulence. The widely used database by Sheldahl and Klimas (S&K)
published in 1971 [14,15] was dominant for a long time, but recent
wind tunnel studies and numerical tools such as XFOIL and CFD have
provided more accurate data [16-18]. Modern measurements of C;
and Cp at around Re = 150k differ significantly from the S&K and
J&S data, showing that flow around a clean profile at sub-critical
angles is dominated by laminar bubbles. This causes the C; (a) curve to
follow two different derivatives rather than one. Gerakopulos et al. [19]
identified the point that separates these two regions. Contemporary
studies indicate that advanced transition models, such as y — Re, and
eV methods, often misestimate this region without calibration [20].
The aerodynamic characteristics of the NACA0018 profile, as in most
airfoils, are sensitive to variations in the Reynolds number. However,
in the case of the NACAO0018 airfoil, which is often used in VAWT
applications, this sensitivity becomes particularly critical due to the
low Reynolds number regime in which these turbines are typically
operated [20,21].

An effective method to influence the behavior of the boundary layer
in experimental aerodynamics is the use of zigzag tape. In the TU Delft
VAWT experiment (Fig. 1), zigzag tape was applied at the length of the
8% chord on both sides of the blades to mitigate laminar separation
bubbles. The tape, a 3D-turbulator by Glasfaser Flugzeug, had a point
distance of 6 mm, was 0.20 mm thick, 12 mm wide, and followed a
zigzag pattern of 60° [1]. In addition to promoting transition, zigzag
tape is commonly used in experiments to improve control over the
aerodynamic characteristics of an airfoil by modifying the behavior of
the boundary layer and reducing the influence of laminar separation
bubbles [22], as well as mitigating aerodynamic noise [23].

The primary tool used to investigate the impact of zigzag tape on
VAWT aerodynamics in this paper is the Actuator Line Model (ALM).
To further verify these results and understand the impact of transition
phenomena, such as laminar separation bubbles, a 2-D CFD analysis
was also performed using the k- SST and y-Re, models. These models
have been shown to predict rotor loads accurately [4,24]. The k-w
SST model is a turbulence model that assumes a fully turbulent flow
throughout the boundary layer, providing robust and reliable predic-
tions, particularly in regions with strong adverse pressure gradients. It
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has also been used successfully to approximate the effect of zigzag tape
by enforcing the early transition [22]. In contrast, the y-Re, model is a
transition model that explicitly accounts for the laminar-to-turbulent
transition, making it more suitable for capturing transitional effects
such as laminar separation bubbles and their influence on aerodynamic
loads. This distinction is particularly relevant when analyzing flow
conditions at low Reynolds numbers, where transition plays a critical
role. Similarly, Kruse et al. [25] studied the aerodynamic characteristics
of the NACA 633-418 airfoil, demonstrating the significance of surface
roughness and transition modeling. Therefore, verifying whether the
k- SST model’s rotor blade loads match the zigzag tape trend provides
further justification for its use in our simulations.

Our analyses revealed several important issues for understanding
the relationship between airfoil aerodynamic characteristics and rotor
wake. Firstly, in addition to the significant impact on aerodynamic
blade loads, the zigzag tape also affects the wake downstream of the
rotor-an effect not previously considered for VAWTSs but crucial for
analyzing the influence of dirty blades on wake geometry. Additionally,
using the S&K database results in notable differences in velocity profiles
compared to clean airfoils.

This paper has two main parts. The first part presents the aero-
dynamic characteristics of the clean NACA0018 airfoil and the zigzag
tape airfoil, measured at the Technical University of Denmark (DTU).
Comparison of the obtained C; and C;, with XFOIL and the complete
2-D CFD results. The second part discusses VAWT aerodynamic char-
acteristics using the 3-D ALM approach, including a 2-D CFD analysis
to understand the impact of laminar transition effects on aerodynamic
loads and wake.

2. Experimental setup and wind tunnel testing

The blade model used for wind tunnel tests to determine aerody-
namic characteristics C; and C,, was crafted from a section of a wind
turbine blade, as shown in Fig. 2. The blade is an extruded aluminum
wing with a NACA0018 airfoil profile. The chord and length of the
rectangular wing section were 60 mm and 500 mm, respectively. The
airfoil surface was smooth and polished using 800-grit sandpaper to
ensure minimal surface roughness.

The dimensions of the wind tunnel test section are H X W x L =
0.5m x 0.75m x 2.0m with a contraction ratio of 8.5, which provides a
very low turbulence intensity (71 < 0.1%) of the mean flow, ensuring
that natural transition processes can develop. The maximum velocity
achievable in the tunnel is 40 m/s. Measurements were conducted with
a sampling rate of 125 Hz for 10 s at each angle of attack (a). Pressure
scanners from Pressure Systems were used, having a full range of

Fig. 1. The VAWT model (dimensions in mm) (a); Schematics of the Open Jet Facility (OJF) [1] (b).
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Fig. 2. Experiment equipment and blade configuration.

+2.5 kPa for wall pressures and +7 kPa for wake pressures. Aerodynamic
forces were measured using force gauges, wall pressure measurements,
and wake pressure readings for the drag. The lift measurements from
the force gauge and wall pressures showed good agreement. However,
wake measurements are reliable only for a < +20 degrees; at higher
angles of attack, the wake becomes too wide for the rake used. Also,
the airfoil exhibited tonal noise around an angle of attack of 0 degrees.

The baseline aerodynamic characteristics of the clean NACA0018
airfoil were presented in detail in [26], where the discussion of the
experimental setup and fundamental data was provided. Due to space
limitations, this article does not repeat those details. Instead, it focuses
on entirely new results concerning the influence of zigzag tape on the
aerodynamic performance of the airfoil.

2.1. Impact of Zigzag tape on NACA0018 airfoil performance

The main goal of the experimental part was to obtain the C; («) and
Cp(a) characteristics of the NACA0018 airfoil for a Reynolds number
as close as possible to the chord-based value, which for the considered
1-m VAWT at TSR=4.5 is 1.7x10°. Taking into account the chord length
of the airfoil (6 cm) and the maximum flow speed in the wind tunnel
(40 m/s), we obtained a Reynolds number of 1.6 x 10°. In our previous
work [26], we presented the characteristics of the NACA0018 airfoil for
a range of Reynolds numbers from 0.3x103 to 1.6x10°. The aerodynamic
forces that were obtained were validated based on experimental studies
by other authors and compared with the predictions of the XFOIL
approach. This work discusses the impact of zigzag tape on the airfoil
polars.

Fig. 3 shows the performance of the NACA0018 airfoil with zigzag
tape; the lift and drag coefficients, C;,, C;, and Cp,, were estimated
using a gauge, wall pressure taps, and a wake rake, respectively. These
aerodynamic force characteristics as a function of the angle of attack,
shown in this figure, were obtained for Re = 1.6x 10’ in the range from
—20° to 20°, and then back to —20° to obtain a complete aerodynamic
hysteresis loop. Two independent measurement techniques, pressure
taps, and force gauge, showed very similar lift coefficients. During the
“upward” measurement, the maximum lift coefficient, C; ., reached
1.02 at a critical angle of attack of 14°. The lift for the same angle of

Fig. 3. Experimental Lift Coefficient (C,) using wall pressure taps and a force gauge
(C,(K) as well as Drag Coefficient (C,) Variation with Angle of Attack (a) for zigzag
Configuration.

attack during the “downward” measurement decreased by 58.3%. The
Cpmayx during the “downward” measurement was 0.88 at an angle of
attack of 10°. A relatively large hysteresis loop is also visible in the drag
coefficient. The minimum drag coefficient, Cy,,;,, was 0.019. The tape
causes the lift coefficient to grow almost linearly for angles of attack
up to a,;, at such low Reynolds numbers, with the derivative dC; /da
equal to 4.87 rad™'.

A comparison of the obtained characteristics for the airfoil with
zigzag tape (Fig. 3) and the clean airfoil configuration is presented in
Fig. 4. The C; (a) characteristics of the clean airfoil are nonlinear below
a,,;;, which is due to the presence of laminar bubbles that form on both
sides of the airfoil up to the transition angle «, of approximately 6°-7°,
or only on the pressure side beyond «, [19,20]. Applying the zigzag
tape induces turbulence in the boundary layer, eliminating this effect.
Interestingly, despite removing laminar bubbles, the hysteresis loops
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Fig. 4. Comparison of aerodynamic performance for the NACA0018 airfoil: (a) lift
coefficient C, vs. angle of attack a, (b) drag coefficient C,, (c) lift-to-drag ratio C, /C,,,
and (d) C, vs. Cp,. Results are shown for both clean [26] and zigzag tape configurations.

for both the clean airfoil and the airfoil with zigzag tape remain quite
similar in terms of value and shape. However, the presence of the tape
increases the minimum drag by approximately 73.4%. The nonlinearity
of the C; (a) curve leads to a significant improvement in aerodynamic
efficiency (Fig. 4c).

2.2. The effect of Reynolds number on the performance of NACA0018
airfoil with zigzag tape

The results given in Fig. 5 are compared for Reynolds numbers
0.83 x 10° and 1.60 x 10°. This comparison aims to highlight the zigzag
tape’s significant impact on the airfoil characteristics, especially within
the range of such low Reynolds numbers. As shown in Fig. 5a, the
zigzag tape linearizes the C; characteristics, resulting in very similar
dC; /da derivatives for both Reynolds numbers. The derivatives of
both characteristics, calculated in the range from 0° to 10°, have an
average value of 4.87 rad™'. This value is 22.5% lower compared to
the theoretical derivative of 2z of a thin airfoil as predicted by Thin
Airfoil Theory [18]. As mentioned earlier in the previous subsection,
two regions can be distinguished for the clean airfoil characteristics:
in the first region, laminar separation bubbles occur on both sides
of the airfoil, while in the second, they appear only on the suction
side. Gerakopulos et al. [19] demonstrated that for Re = 0.8 x 10°,
the derivative in the angle of attack range 0° < a < 6° is 0.14,
while in the range 6° < a < 10°, it is 0.03. In our measurements, the
transition angle «; occurred slightly earlier, at approximately 4°, with
aerodynamic derivatives for the first and second regions being 0.145
and 0.056, respectively. For Re = 1.6 x 10°, Gerakopulos et al. [19]
obtained derivatives for the first region (0° < a < 8°) of 0.11 and for
the second region (8° < a < 14°) of 0.02. Our predictions are 0.108
for the first region (0° < a < 8°) and 0.027 for the second region
(B° <a<14°).

Moreover, the Reynolds number significantly affects C;,,,,, with
the observed differences becoming more pronounced as the Reynolds
number decreases. This effect is particularly evident in the case of the
clean configuration, where the lack of surface modifications leads to
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Fig. 5. Comparison of the lift coefficient C; (a) and drag coefficient C), (b) for the
zigzag configuration of the NACA0018 airfoil, with clean airfoil data from [26], across
three Reynolds numbers (Re = 83k and Re = 160k) for angles of attack ranging from
0° to 20°.

greater sensitivity to flow separation and boundary layer behavior at
lower Reynolds numbers. The C; . for the lowest examined Re is 0.8
at a = 8° for the clean airfoil and 0.94 at a = 12° for the zigzag config-
uration. When comparing these results to other studies, specifically for
the clean airfoil case, as no similar investigations involving zigzag tape
are known to the authors of this paper, Gerakopulos et al. [19] reported
a Cj oy Of 0.88 at @ = 10° for Re = 0.8 x 10°, and 1.02 at « = 14° for
Re = 1.6 x 10°. For the higher Reynolds number of Re = 1.6 x 10°, the
differences in C;,,,, between the clean and zigzag configurations are
relatively small. The C;,,,, for the clean configuration is 1.027, which
is 8% lower compared to the zigzag configuration. For Re = 1.6 x 10°,
the critical angle of attack a; is 14°. This analysis demonstrates that
the measurement results presented in this paper are acceptable. The
differences between our results and those taken from the literature
increase as the Reynolds number decreases, and these differences are
influenced by the conditions in the wind tunnel and the measurement
tools used.

The Reynolds number also significantly affects the drag coefficient
(Fig. 5b). The clean airfoil’s minimum drag coefficient strongly depends
on the Reynolds number. As shown in [26], Cp,,, increased from
0.0084 for Re = 1.6x10° to 0.014 for Re = 0.83x 10°, that is, by 65. 5%.
The zigzag tape, however, causes the drag coefficient to increase more
slowly, from 0.0195 for Re = 1.6 x 10° to 0.0196 for Re = 0.83 x 10°.
The increase in the angle of attack first causes a slight increase in
drag, followed by a sharp increase. Both the Reynolds number and
the zigzag tape significantly affect the angle of attack at which this
sharp increase in drag occurs. For Re = 0.83 x 10°, this sharp increase
appears in a = 7.95° for clean airfoil and 12.04° for zigzag tape. For the
highest Reynolds number studied in this work, a sharp increase in drag
is observed at the same angle of attack.

220



K. Rogowski et al.
3. Methodology
3.1. Actuator line approach

The three-dimensional Actuator Line Model (ALM), developed by
Sgrensen and Shen [27], combines classical blade element theory with
Navier-Stokes-based flow models. This study uses the turbinesFoam
library by Bachant et al. [28] within the OpenFOAM CFD frame-
work, significantly reducing computational costs compared to RANS
simulations solved with 3D blades.

The ALM represents wind turbine blades as lines of actuator ele-
ments at their quarter-chord position, using 2-D airfoil lift and drag
coefficients. Blade forces are calculated from local velocities using the
angle of attack and relative velocity for each blade element. The blade
element method couples with a modified Leishman-Beddoes dynamic
stall model [29-31] to determine dynamic blade force coefficients. The
calculated body forces are reintroduced into the Navier-Stokes solver
as momentum equation terms.

The relative flow velocity and angle of attack for each blade element
are computed using the vector sum of the tangential velocity ¥, and
the local inflow velocity U;,. The tangential velocity V, = —wR is
determined by the rotor angular velocity ® and the rotor radius R,
while Uy, is obtained from the surrounding flow field at the position of
the quarter-chord of the blade element. In OpenFOAM, the interpo-
lationCellPoint class is used for linearly weighted interpolation
of cell values, ensuring smooth sampling of U;,. According to Mendoza
et al. [32], this approach mitigates abrupt velocity variations caused by
mesh resolution, particularly when the mesh size is comparable to the
chord length and blade elements traverse approximately one cell per
time step.

Prandtl’s lifting line theory is applied in the ALM to account for
the blade’s end effects. The geometric angle of attack is expressed
as a function of the non-dimensional span position, allowing for the
determination of unknown Fourier coefficients that describe the cir-
culation distribution along the span. These coefficients are then used
to adjust the lift coefficient distribution, ensuring consistency with the
physical effects of blade-tip vortices. Based on the normalized spanwise
lift coefficient distribution, the correction function is incorporated into
the ALM to model the lift force variations near the blade tips accurately.

In this study, dynamic effects on lift and drag are taken into ac-
count using the Dynamic Stall Model (DSM), which ensures proper
aerodynamic modeling in different operating conditions. These effects
are characterized by the reduced frequency k = ISR< ' where k depends
on the tip speed ratio (TSR), the length of the blade chord ¢, and the
radius of the rotor R. For the turbine examined in this manuscript, at
TSR = 4.5, the reduced frequency is 0.27, matching the conditions of
an experimental turbine studied by Bachant et al. [33]. Although the
range of attack angles experienced by the turbine blades in this study
did not exceed critical static stall angles, rendering the dynamic stall
effects negligible [7], the DSM was still implemented consistently [32]
to ensure robustness and accuracy in aerodynamic modeling.

Based on Mendoza et al. [7], who investigated various Large Eddy
Simulation (LES) approaches (including Smagorinsky, dynamic
k-equation, and dynamic Lagrangian turbulence models) and found
minimal differences, the Smagorinsky LES approach was used in this
study to calculate the velocity field. A detailed description of the ALM
methodology and additional models is available in Bachant et al. [33].
The Navier-Stokes equations for incompressible flow are solved using
the Pressure-Implicit with Splitting of Operators (PISO) algorithm [34].

The TU Delft VAWT (Fig. 1) simulated in this study is based on the
geometry of Tescione et al. [1], with the struts and supporting towers
excluded for simplicity. The simulation domain (Fig. 6) was set to 20D
to examine the wake at a greater distance behind the rotor.

The uniform distribution of hexahedral cells was used near the tur-
bine rotor, with a local refinement level of n = 4, gradually transition-
ing to a coarser mesh further from the rotor to accurately capture the
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Fig. 6. Schematic of the numerical simulation domain for the TU Delft VAWT for the
ALM approach.

details of the wake (Fig. 7). This topology remained consistent and was
globally refined, with the mesh scaled proportionally in all directions.
The finest refinement region extends 1D upwind and 11D downwind
from the central shaft, covering 1D horizontally and vertically from the
equatorial blade section.

Fig. 8 compares the power coefficient ¢, for the entire rotor at three
mesh resolutions: D/60, D/80, and D/96. Although small differences
in the curves can be observed, particularly for finer mesh resolutions,
these differences remain minor and are natural in the case of the
applied LES approach, where finer meshes capture more detailed flow
structures. This observation is consistent with the findings of Mendoza
et al. [7], who showed that increasing mesh density within the range
of D/40 to D/96 leads to minor changes in aerodynamic wake profiles.
However, these changes remain at the flow details level and do not
significantly impact the velocity profiles behind the rotor, which could
influence the power characteristics of a downstream turbine.

Similar conclusions were drawn by Huang [35], who validated the
ALM approach for a similar but slightly smaller rotor with a diameter
of 0.3 m. Huang’s work, which involved PIV measurements of a signifi-
cantly longer aerodynamic wake, demonstrated that using the k-epsilon
turbulence model provides sufficiently accurate results to estimate the
wake deficit, even with less dense computational meshes.

Given the scope of our study, the reference mesh resolution for this
work is D/80. This resolution offers a practical balance between compu-
tational efficiency and accuracy, ensuring reliable predictions of flow
characteristics within the rotor aerodynamic wake, which are crucial
for assessing the potential placement of downstream wind turbines in
a wind farm.

As recommended by Mendoza et al. [7], the maximum Courant
number (Co) should be kept below 0.25. In this study, it remained
below 0.15.

3.2. 2-D CFD modeling

The 2-D computational domain (Fig. 9) represents the equatorial
plane of the TU Delft VAWT with a high blade aspect ratio (H/c) of
16.7 and a zero-pitch angle; therefore, the 3-D tip effects are insignif-
icant [2,36]. The domain width is W = 25D, providing a blockage
ratio, defined as the ratio of turbine diameter D to domain width W/,
of 4%. Rezaeiha et al. [37] showed that for CFD simulations of VAWTs,
a blockage ratio of less than 5% is necessary to minimize the effect of
boundary conditions on the results. The distance from the inlet to the
rotor axis was set to 10D, while the total domain length was 35D. In the
rotor area, a moving ring with an outer diameter of 2D and an inner
diameter of 0.5D was used. The dimensions of our domain meet the
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Fig. 7. Mesh for VAWT simulations using the ALM approach. The figure shows the
full view of the mesh in the x-z plane with a zoomed-in section illustrating different
levels of local refinement: n=1, n=2, n=3, and n=4.

Fig. 8. Comparison of the moment coefficient ¢,, for a single rotor blade (top) and
the power coefficient ¢, for the entire rotor (bottom) at three mesh resolutions: D/60,
D/80, and D/96.

minimum criteria specified in Rezaeiha et al. [37] for small VAWTs of
low solidity that operate at moderate tip speed ratios.

Fig. 9 presents the mesh for the TU Delft VAWT, consisting of
quadrilateral mapped elements. Following a grid independence study
(Fig. 10) conducted on meshes ranging from 1000 to 2000 nodes on
the airfoil edges, a mesh with 1460 nodes and a total of approximately
1,276,000 elements was selected for use. The grid convergence study
was conducted using a refinement factor of V2. The coarser mesh
contained approximately 1,033,000 elements, while the finest mesh
comprised 2,104,000 cells.

The boundary conditions applied include a uniform velocity at
the inlet, zero gauge pressure at the outlet, no-slip conditions on the
airfoils, and symmetry along the domain sides. The rotating ring is
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connected to the stationary surrounding domain via a sliding mesh
interface. The turbulence intensity (TI) at the inlet was set to 5%, while
the turbulence length scale was assumed to be 0.004 m. The turbulence
decay is observed, and TI levels before the rotor become 0.25-0.35%,
consistent with the estimation formula proposed in the ANSYS Fluent
Theory Guide [38]. The turbulence intensity level is consistent with the
experiment [1] where the maximum available values of TI are 0.5%.

Fig. 10 presents the results of the instantaneous moment coefficient
at the 20th rotor revolution for the three investigated mesh distribu-
tions. As can be seen from the figure, the differences between the curves
are minimal. Furthermore, the coefficient of determination R? of the
curves compared to the finest mesh result is greater than 0.9999 for
both N = 1460 and N = 1000 cases.

4. Results and discussion
4.1. Aerodynamic blade loads

Fig. 11 presents the local angle of attack of the TU Delft VAWT
blade calculated using the 3-D ALM approach based on the lift and
drag characteristics of the NACA0018 airfoil measured in the DTU wind
tunnel. The blue curve represents the data for the clean airfoil, while
the red curve shows the zigzag tape configuration. For comparison, the
figure also displays the angle of attack obtained using the airfoil char-
acteristics from Sheldahl and Klimas [14] (black curve). The blade’s
angle of attack calculated using this database is almost perfectly in
line with the results of Mendoza et al. [7], who also used polars from
the S&K database in their work. This confirms that the ALM approach
implemented in this study is accurate and reliable.

Figs. 12 and 13 compare the components of the sectional aero-
dynamic blade load, namely the normal and tangential components,
calculated using the 3-D ALM and 2-D full CFD approaches. The angle
of attack of the blade and the sectional forces differ slightly from
each other. It is essential to clarify that the “sectional angle of attack”
refers to the angle of attack calculated locally for the blade element
in the equatorial plane based on the velocity components and airfoil
characteristics specific to that section. This term differs from the “blade
angle of attack”, which represents the angle calculated for the entire
blade, assuming uniform flow conditions. In Fig. 11, the local blade
angle of attack is compared with the sectional blade angle of attack
for the blade element in the equatorial plane. The color scheme of
the curves corresponding to the various airfoil characteristics has been
preserved, but dashed lines have been used for differentiation. Fig. 11
shows that, particularly in the upwind part of the rotor, the differences
between the () curves are small enough that an additional zoomed-
in plot Fig. 11b was prepared to capture them. Higher angles of attack
are achieved for the S&K database and for the zigzag configuration,
which corresponds to linear C; (a) characteristics. For the zigzag case,
the maximum sectional angle of attack is 13.48° at an azimuth of 106°,
while for the S&K database, it is 13.46° at an azimuth of 103.3°. In the
case of the clean airfoil, the maximum angle of attack is 12.9° at an
azimuth of 104.3°. The average sectional maximum angle of attack is
3.22% lower compared to the blade angle of attack.

For the S&K database, the maximum static lift coefficient of the
NACA0018 at Re = 1.6 x 10° is reached at a; = 12°, meaning that
dynamic stall effects are not significant, as also confirmed by Mendoza
et al. [7]. For the VAWT blade angle of attack with the measured airfoil
characteristics, the static Cj ., is never reached for both the clean
airfoil and the zigzag configuration, a;, = 13.92° (Fig. 5).

The differences between all curves are also insignificant in the
downwind part, although they are slightly larger than in the upwind
part. For the azimuth range of § ~ 260° — 280°, there is a slight
deviation in the angle of attack characteristics calculated for the S&K
case compared to the results of Mendoza et al. [7]. This discrepancy
arises only because the effect of the rotating tower is not considered in
our simulations. However, even without accounting for this effect, the

222



K. Rogowski et al.

Energy 321 (2025) 135344

Fig. 9. Computational domain and numerical grid for 2-D CFD simulations. The top scheme illustrates the overall computational domain with boundary conditions and key
dimensions. The bottom left image shows a cross-sectional view of the mesh, while the bottom right images provide detailed views of the mesh refinement around the blade.

Fig. 10. Instantaneous moment coefficient from 2-D CFD simulations. Mesh sensitivity
test. N is the number of nodes on the airfoil edges.

differences between our calculated results and those from the literature
are minimal.

The azimuth range corresponding to the largest differences in the
angle of attack estimation is @ ~ 197° — 300°. These differences are

caused by the velocity field affected by the blade moving in the upwind
part of the rotor and by the airfoil characteristics. The velocity field
behind the clean airfoil is more disturbed due to laminar separation
bubbles that form on the airfoil surfaces, shed vortices, and evolve in
the wake, as also shown in Section 4.2. The differences between the
blade and the sectional angle of attack are also more significant than
in the upwind part of the rotor.

Since the rotor of the considered TU Delft VAWT operates at a TSR
= 4.5, dynamic stall effects are not particularly significant. Therefore,
the primary influence on the aerodynamic blade loads, namely the
normal and tangential components shown in the non-dimensional form
in Figs. 12 and 13, is exerted by the local angle of attack and static
airfoil characteristics. The instantaneous sectional loads obtained using
the 3-D ALM method and presented in these figures are additionally
compared with the 2-D CFD predictions.

It is worth noting that the differences between the 2-D CFD results
for the two turbulence models, the k- SST and the y-Rey, are minimal,
despite the noticeable differences in the static C;(«) and Cp(«) char-
acteristics generated by both models, as shown in studies by [16,20].
Similar conclusions regarding aerodynamic loads for this 2-D VAWT at
TSR = 4.5 examined using SST-based turbulence models can be found
in [10]. Determining the local angle of attack using the full 2-D CFD
approach is quite challenging. Melani et al. [39], who attempted to
determine the local angle of attack for the considered VAWT, concluded
that the resulting angle of attack trends showed significant sensitivity
to the chosen method, especially in the range of azimuths where the
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Fig. 11. Local angle of attack characteristics for the TU Delft VAWT. The results
obtained by Mendoza et al. [7] using the LES approach are included for comparison.

blade angles of attack reach their maxima. Nevertheless, these authors
demonstrated that, depending on the method used, the maximum local
blade angle of attack ranges between 8 and 11 degrees. Therefore, the
flow should be considered as mostly attached. Furthermore, within the
angle of attack range of 8 to 11 degrees, the C; () results obtained with
the k- SST model are slightly higher compared to the y-Re, approach,
which explains the slight excess in tangential blade loads (Fig. 13).
Laminar separation bubble effects captured by the y-Re, model are
evident in the aerodynamic load coefficients up to approximately 6 ~
80°. It can be observed that the loads generated by the transition model
are slightly greater, with small vortex structures appearing.

It should be emphasized that the differences between the results
from the ALM with polars of the clean airfoil (excluding the S&K
database) and 2-D CFD are minimal in the upwind part of the rotor,
while they are somewhat larger in the downwind part. This results
from the two different ways of modeling rotor flow: 3-D ALM and
full 2-D CFD. In the downwind part, the 2-D CFD approach has the
advantage of determining aerodynamic characteristics by considering
local flow conditions. On the other hand, in the ALM approach, airfoil
characteristics measured or calculated under low-turbulence conditions
are used for the entire rotor revolution. However, the full 2-D CFD
does not account for the influence of the third dimension. Huang [35]
analyzed the TU Delft VAWT for various aspect ratios (AR) ranging
from 1 to 10 (where AR = H /D) using the ALM approach. He showed
that for AR = 10, the 3-D effects are much less significant. Therefore,
it can be assumed that the aerodynamic loads in the downwind part of
a 3-D rotor will be smaller than suggested by the 2-D CFD model, as
also demonstrated by Lam and Peng [6].

The aerodynamic blade loads obtained for airfoil characteristics
with zigzag tape differ the most from the others but are qualitatively
the closest to the blade loads computed using the S&K database. The
differences arise from the balance between the lift and drag coefficients.
As shown in the experimental section, the airfoil with the zigzag tape
maintains the maximum lift coefficient at the level of the clean airfoil’s
Cpnax- Still, the lift is significantly lower below the critical angle of
attack. Since, as discussed in the paragraph on the local angle of attack,
the static critical angle of attack is not exceeded, the rotor blade at
TSR = 4.5 operates at much lower C; and simultaneously at higher C;
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Fig. 12. Comparison of the normal force characteristics for the TU Delft VAWT using
different airfoil polars and a 2-D CFD approach.

Fig. 13. Comparison of the tangential force characteristics for the TU Delft VAWT
using different airfoil polars and a 2-D CFD approach.

than the clean blade. This finding explains the much lower maximum
values of the tangential and normal force coefficients than the other
characteristics. Due to the similar linear behavior of the lift coefficient
in the case of the S&K database, the nature of the aerodynamic loads
is similar to that of the zigzag configuration. However, the very low
drag coefficients in the case of this database mean that the maximum
aerodynamic loads are higher than the zigzag.

There are publications [25] showing that the k-w SST turbulence
model, treating the entire boundary layer as turbulent, can approximate
the effect of zigzag tape or profile contamination to some extent. This
particular example shows that the impact of the applied zigzag tape
on airfoil performance is significant enough that attempting to model
the effect of the tape using the 2-D CFD approach with the k-w SST
turbulence model yields results that are more similar to those of the
clean airfoil.

To contextualize these findings further, it is worth noting that
similar observations have been made in previous studies. For exam-
ple, Mendoza [40] analyzed a 3-bladed 12 kW turbine operating at an
optimal TSR of 3.44, comparing results obtained using two independent
sources for airfoil polars: XFOIL and the S&K database. Their findings
indicated that the Cp curve was significantly underestimated when
using S&K data, while XFOIL results led to a slight overestimation.
Despite the fact that the rotor diameter in Mendoza’s study was more
than six times larger than that of the TU Delft VAWT, the normal force
results obtained for both polar sources showed qualitative agreement
with our findings.

Furthermore, Mendoza [40] noted that the dynamic stall model
(DMS) they applied tended to overestimate drag, which consequently
led to an underestimation of the tangential force and thus lower C; val-
ues. This aligns with our findings regarding the impact of different polar
sources on aerodynamic loads, particularly for the zigzag configuration.
These results reinforce the need for further refinements in dynamic stall
modeling within the ALM framework to improve simulation accuracy.
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Fig. 14. Comparison of the normalized u, velocity profiles at various distances x/D downstream of the rotor, obtained using the ALM with experimental results from [1] and

velocity profiles from [7].
4.2. Velocity profiles in the aerodynamic wake

Fig. 14 compares the profiles of the average u, velocity component
normalized by the undisturbed flow velocity ¥, at various distances
x/D downstream behind the rotor, obtained by the Actuator Line
Model. In the experiment, the velocity profiles were recorded up to
x/D = 2.0. Our paper extends this range to x/D = 10 to demonstrate
the effect of the zigzag tape on the aerodynamic wake at a distance
suitable for installing another wind turbine. For this comparison, we
used two sets of polars from our experiment and two from the litera-
ture: Bianchini et al. [41] and Sheldahl and Klimas [14]. The velocity
profiles from Mendoza et al. [7] were also used for comparison. The
figure shows that the velocity profiles using S&K polars, calculated
by both this study (green curve) and Mendoza et al. (orange dashed
curve), are similar. The minor differences in these profiles are likely
due to the influence of the rotating shaft and struts, which were not
included in our simulations. This conclusion is supported by Huang
et al. [42], who also neglected the struts and supporting towers in
their simulations of the TU Delft VAWT. The velocity results show the
asymmetry of u, profiles around y/D = 0 for the S&K polars and zigzag
tape, compared to the clean profile, which is due to vortex structures
generated on the profile with the free transition. Fig. 14 shows that, for
a turbine operating in the wake of another, this effect can be significant
at x/D > 1.75. As shown in Fig. 15, the profile’s surface condition has
little impact on the lateral velocity component u,, in the wake. However,
effects related to laminar bubbles remain noticeable at x/D = 4.

Fig. 16 shows the u, velocity component distributed along lines
parallel to the turbine shaft at several x/ D positions. The ALM approach
with S&K characteristics yields results similar to Mendoza et al. [7]. Up
to x/D = 1.0, the ALM with both S&K and zigzag tape characteristics
closely matches the experimental data. However, accuracy declines
as x/D increases, likely due to modeling issues, such as boundary
conditions and empirical relationships for a finite-length blade.

4.3. Velocity fields in the wake of a rotor

The previous subsection discussed velocity distributions along se-
lected lines behind the rotor, showing that the zigzag tape increases

wake asymmetry. This section presents instantaneous and averaged
velocity fields in the rotor area to highlight further this asymmetry
caused by the absence of laminar bubbles. The experiment by Tescione
et al. [1] included PIV measurements of the velocity field in the rotor
area, with an example of the instantaneous velocity u,/V; shown in
Fig. 17. The results of the ALM approach from Mendoza et al. [7] are
presented alongside. Fig. 17 compares our ALM-derived velocity field
distributions for the clean and zigzag tape configurations. Compared
to Mendoza et al. [7], the slightly coarser grid reveals fewer details.
For the clean profile, a wide, more symmetrical low-velocity region is
visible compared to the zigzag tape results. Fig. 18 essentially shows
the same results as Fig. 17, but it covers a much longer area behind
the rotor, extending ten rotor diameters. The figure compares the
instantaneous velocity u, /|, for the clean profile and zigzag tape. From
this perspective, two features are apparent: the aerodynamic wake is
wider for the clean profile, and wake recovery occurs later for the
zigzag tape profile.

Fig. 17 shows that both turbulence models in our 2-D CFD simula-
tions yield similar results, closely matching those from the zigzag tape
and the ALM approach by Mendoza et al. [7] using S&K data.

Fig. 19 provides another view of the velocity field behind the rotor,
showing time-averaged streamwise velocity contours at various x/D
locations. At x/D = 10, the wake recovers faster with S&K data and
zigzag tape than with the clean airfoil. Closer positions, up to x/D =~
4.0, reveal a higher velocity region for negative y/D.

5. Conclusions

The research presented in this paper focuses on investigating the
impact of zigzag tape on the performance of the TU Delft VAWT and
the aerodynamic wake downstream behind it. Numerical studies were
conducted using the actuator line model and airfoil characteristics
measured in the DTU wind tunnel. The conclusions drawn from this
study are as follows:

» The measured aerodynamic characteristics of a rectangular wing
with a NACA0018 airfoil, without the use of turbulators, show a
strong nonlinearity in the C; () characteristic, resulting from the
formation of laminar bubbles on both the suction and pressure
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Fig. 15. Comparison of the normalized u, velocity profiles at various distances x/D downstream of the rotor, obtained using the ALM, with experimental results from [1].

Fig. 16. Comparison of the normalized u, velocity profiles at various distances x/D downstream of the rotor, obtained using the ALM, with experimental results from [1] and
velocity profiles from [7].

sides of the airfoil. This indicates that the selected airfoil performs » The zigzag tape, despite “linearizing” the static lift coefficient
poorly under these flow conditions, especially at such a low characteristic without reducing the maximum lift, significantly
Reynolds number. The application of turbulators allows for the lowers the aerodynamic loads on the rotor blades operating at

a tip-speed ratio where high aerodynamic efficiency, i.e., a high
power coefficient, is expected. It also leads to a substantial change
in the wake velocity field behind the rotor.

linearization of the lift coefficient characteristic without a signif-
icant loss in the maximum C; value. However, this procedure
ultimately leads to a deterioration of the overall aerodynamic
characteristics of the rotor, as the lift coefficient values below «, The zigzag tape, in addition to controlling flow separation on
degrade significantly, and the presence of turbulators generates the airfoil, can also be used to emulate surface contamination
substantial additional drag. caused by factors such as insects, dust, etc. A tape of such a large

crit

10
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Fig. 17. Contour plots of the normalized instantaneous u//V; velocity component in the turbine wake for clean and zigzag tape configurations. The top row compares PIV
measurements with the ALM model from [7], the middle row shows velocity distributions for both configurations, and the bottom row presents 2-D CFD results.

of the rotor. Higher angles of attack are observed for the S&K
database and zigzag configurations, while the clean airfoil has
a slightly lower maximum angle of attack. The static maximum
lift coefficient is not reached for the measured airfoil character-
istics, regardless of the clean or zigzag configurations. The most
significant differences in estimating the angle of attack occur in
the downwind azimuth range, which is influenced by the velocity
field and airfoil characteristics. These differences are primarily
caused by the more disturbed velocity field in the clean airfoil
case due to the laminar separation bubbles.

The 2-D CFD results indicate little difference between the turbu-
lence models used, even though the static airfoil characteristics
vary between them. The k-w SST model produces slightly higher
lift coefficients compared to the y-Re, model within the relevant
angle of attack range, which explains the minor increase in tan-
gential blade loads. Overall, the flow around the blade should be
considered mostly attached, and the laminar separation bubble
effects are visible only in the early stages of the rotor cycle.

The comparison between ALM and 2-D CFD shows that the aero-
dynamic blade loads are very similar in the upwind part of the
rotor but differ more in the downwind section. This difference
Fig. 18. Contour plots of the normalized instantaneous /¥, velocity component in arises from the 3-D ALM approach considering blade characteris-
the far wake downstream behind the rotor. tics under low turbulence, whereas the 2-D CFD accounts for local
flow conditions. Although 2-D CFD does not capture 3-D effects,
existing studies suggest that the actual 3-D aerodynamic loads in
the downwind section may be lower than predicted by the 2-D
model.

size relative to the blade’s chord length can simulate a case of The nonlinear lift characteristic results from the formation of

rather extreme surface contamination. Therefore, the results of laminar separation bubbles on the airfoil surface. This leads to
this study can be considered as a test for such situations. a “fuller” and more symmetric aerodynamic wake compared to
the case with a linear lift characteristic. The turbulization of the
+ The analysis shows that the differences in the angle of attack boundary layer also causes the appearance of a small side force
estimation are generally small, especially in the upwind section acting on the rotor.
11
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Fig. 19. Contours of normalized streamwise velocity and in-plane velocity fields from 1 to 10 D downstream of the VAWT velocity downstream behind the rotor.
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Abstract: The geometry of a conventional two-bladed Savonius rotor was used in this study based
on a report available in the literature. A two-dimensional rotor model consisting of two buckets
and an overlap ratio of 0.1 was prepared. The unsteady Reynolds averaged Navier-Stokes (URANS)
equations and the eddy-viscosity turbulence model SST k-w were employed in order to solve the
fluid motion equations numerically. Instantaneous velocities and pressures were calculated at defined
points around the rotor and then averaged. The research shows that the operating rotor significantly
modifies the flow on the downwind part of the rotor and in the wake, but the impact of the tip speed
ratio on the average velocity distribution is small. This parameter has a much greater influence on
the characteristics of the aerodynamic moment and the distribution of static pressure in the wake. In
the upwind part of the rotor, the average velocity parallel to the direction of undisturbed flow is 29%
lower than in the downwind part.

Keywords: Savonius; wind turbine; VAWT; CFD; RANS; turbulence

1. Introduction

In recent years, global concern about the consequences of exploiting fossil fuel re-
sources has increased. Some of the effects of this exploitation include global warming
and environmental pollution. One of the ways to protect the environment is to invest in
renewable energy sources and decentralize energy sources. The Savonius wind turbine can
be an alternative for distributed power generation.

The Savonius wind turbine rotor (Figure 1) is a fluid-mechanical device that many
researchers have investigated since 1931 [1,2]. There are many different applications of this
device, such as driving an electrical generator, providing ventilation, or due to high torque,
pumping water. The Savonius rotor is also used to measure the velocity of ocean currents.

Due to the relatively low aerodynamic efficiency at tip speed ratios larger than one,
they cannot compete with either a Darrieus or a propeller-type wind turbine. However, it
has several advantages compared to typical horizontal axis wind turbines, such as high
starting torque [3], low noise emission [4], the ability to operate under complex turbulent
flows [5,6], and relatively simple construction at low cost [7,8]. The great interest in
Savonius wind turbines is also due to their potential as hydrokinetic devices [9].

The aerodynamic performance of a conventional Savonius turbine depends, among
other things, on the aspect ratio, the tips speed ratio, airflow parameters, the number of
blades, the overlap, the turbine shaft, the number of steps, end plates, and, to a lesser
extent, the Reynolds number [9-11]. Depending on these geometric, flow, and operational
parameters, the aerodynamic efficiency of the device, the rotor power coefficient, may
reach maximum values in the range of around 0.05-0.30 [12]. Generally, the Savonius wind
turbine is a device whose axis of rotation is perpendicular to the direction of undisturbed
flow (to the direction of the wind). The rotor uses drag to generate torque, although lift
is also created on its blades as the rotor rotates. During the operation of the device, the
aerodynamic forces acting on its buckets change cyclically during each full rotation of the
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rotor. Therefore, the torque created by the rotor, at a constant angular velocity, cyclically
varies during the device’s rotation [11].

Figure 1. Silhouette of the Savonius wind turbine.

In recent years, thanks to the development of computational fluid dynamics techniques,
researchers have devoted much attention to the analysis of the influence of the rotor
geometric parameters on its performance. Among other things, the influence of the gap
length, 3D effects, blade shapes, shaft, and stages were analyzed [12-14].

Zhou and Rempfer compared the aerodynamic performance of Bach and Savonius
rotors using a two-dimensional unsteady numerical model [15]. Roy and Ducoin [16]
analyzed the instantaneous lateral lift and longitudinal drag forces acting on each of the
blades of the conventional and modified Savonius rotor. These authors also performed a
time-dependent analysis of the flat flow around the rotors.

Unfortunately, a detailed analysis of the Savonius rotor flow around requires the use
of three-dimensional numerical models. In recent years, such studies have been conducted,
among others, by Jaohindy et al. [17], Mendoza et al. [18] or recently, Marini¢-Kragi¢ [19].
Jaohindy et al. [17] studied the transient aerodynamic loads acting on rotors with different
aspect ratios. Mendoza et al. [18] studied the flow around Savonius wind turbines with
twisted blades using OpenFOAM. Marini¢-Kragi¢ et al. [19] optimized the performance of
the multi-blade rotor based on circular arc segments.

In the literature, there are also numerical-experimental studies of the performance
of the Savonius wind turbine. Ferrari et al. [14] studied 2D and 3D models using the
CFD code—OpenFOAM. These authors provided a tool for the geometric optimization of
the rotor. In their work, these researchers analyzed, among other things, the influence of
geometric parameters, such as rotor height, on the flow around the wind turbine rotor and
its power coefficient. They also studied the influence of the tip speed ratio. Talukdar et al. [9]
analyzed both numerically and experimentally the effect of the number of rotor blades on
the performance of the Savonius hydrokinetic turbine. These researchers compared the
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aerodynamic efficiency of both two- and three-bladed rotors. They also investigated the
performance of the elliptical blade rotor, confirming its inferior aerodynamic properties
compared to a two-bladed Savonius hydrokinetic turbine with conventional semicircular
blades. Nasef et al. [20], however, conducted experimental and numerical studies of the
influence of the overlap ratio on the aerodynamic characteristics of Savonius. The authors
of these studies managed to present, in addition to static and dynamic loads, pressure
distributions along the walls. The influence of the buckets overlap ratio of a Savonius wind
rotor was also analyzed numerically by Akwa et al. [12].

In recent years, there have also been many CFD studies aimed at improving the aero-
dynamic performance of Savonius by using various types of aerodynamic devices, such
as, for example, deflectors [21] or a system of ducted nozzle [22]. El-Askary et al. [23] pro-
posed three methods of controlling the wind direction around the area of the conventional
Savonius wind turbine.

Other contemporary trends in the study of various types of wind turbines, including
the Savonius wind turbine, are the investigation of their efficiency in the vicinity of various
types of terrain obstacles that may occur, for example, in urbanized areas [24,25] and in
wind farms [26,27].

The results obtained using CFD techniques may be sensitive due to the computational
grid used and the choice of the turbulence model [28]. However, the ability to solve
momentum equations on finite-volume grids makes it possible to analyze the performance
of these devices with almost any rotor configuration operating in rugged terrain, for
example, in urbanized areas [29,30].

The review of the literature presented above shows that many researchers in their
work focus mainly on the analysis of the aerodynamic performance of the Savonius wind
turbine—the torque coefficient and the power coefficient of the rotor. The causes of some
physical transient phenomena, such as vortex structures flowing off the rotor blades, are
explained in these works using instantaneous distributions of flow parameters such as
velocity and pressure. Understanding the nature of the flow of such a complicated device
as the Savonius wind turbine, however, requires an in-depth study of the fields of both
instantaneous and time-averaged flow parameters. To the best of the authors” knowledge,
this paper is the first attempt to estimate the two velocity components, axial and lateral, in
the vicinity of a Savonius wind turbine rotor. This work aims to determine what influence
both velocity components have on flow deflection and how these values depend on the
tip speed ratio. This work is extremely important for several reasons. Firstly, the results of
the presented research allow for a deeper understanding of the impact of the two velocity
components on the nature of the flow around the working rotor. Secondly, knowledge of
the averaged values of velocities and pressures in the rotor area can significantly help in
the design of additional devices that improve the efficiency of the rotor, such as deflectors.
Third, this article proposes a new method for obtaining these averaged flow parameters. It
is possible to use the same procedure for a Darrieus wind turbine and a classical horizontal
axis wind turbine. This method, therefore, makes it possible to compare wind turbines of
various types in terms of the distribution of averaged flow parameters in the rotor area.

2. Numerical Model of the Savonius Wind Turbine
2.1. Description of the Rotor

Two-dimensional modeling for the geometry of the vertical-axis Savonius turbine in
operation is performed in Figure 2. The rotor consists of two semicircular blades, whereas
the dimensionless overlap ratio of this turbine, s/d, is equal to 0.10. The reason for choosing
this overlap is the need to conduct a validation study based on the experimental results
published in the report [10]. The dimensions of the vertical-axis Savonius turbine are given
in Table 1.
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Figure 2. Conventional two-bladed Savonius wind turbine.

Table 1. Turbine dimensions.

Parameter Value
blade/bucket diameter, d [m] 0.5
number of buckets, N 2
diameter of the turbine, D [m] 0.95
overlap ratio, OR 0.1
sheet thickness, 5 [m] 0.0005

2.2. Benchmark

In order to validate the CFD results, measurement data from the Sandia Laboratories
report by Blackwell et al. were used [10,31]. The report by Blackwell et al. [10] is one
of the older works on the aerodynamics of the Savonius wind turbine. However, the
authors of this report put in a lot of effort to measure fifteen different rotor configurations
in the wind tunnel. The aerodynamic performance of two- and three-bladed rotors was
compared for different rotor heights, and different overlap ratios, for one- and two-stages
and for two Reynolds numbers. The results of these measurements are a benchmark for
many researchers [12-14,32-37]. Roy and Ducoin [16] compared the results of the average
torque coefficient for three experiments by D’Alessandro et al. [38], Roy and Saha [39],
and Blackwell et al. [10]. Although the experimental conditions for each reference were
different, these compared characteristics are very similar. In the studies of Mereu et al. [27],
Cp and Cg coefficients were compared for 2D and 3D rotor models. It also turns out that
the comparison of the results of numerical research using CFD methods with experimental
results from different periods gives similar conclusions. That is, if the numerical model of
the rotor is two-dimensional, then the obtained Cp values are overestimated in comparison
with these experiments [9].

Research by Blackwell et al. was carried out for two Reynolds numbers 4.32 x 10°
and 8.67 x 10°. As this larger Reynolds number was much less often taken into account
by researchers, all simulations presented in this paper have been performed for the larger
Reynolds number. The Reynolds number is based on the rotor diameter and the bulk velocity:

DV
- v

Re €]

where v is the kinematic viscosity of air. The validation process is based on dynamic
experimental data [10].
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2.3. Rotor Aerodynamic Performance

The torque, Q, generated by the rotor at a constant angular velocity, w, cyclically
varies during the rotation of the rotor. The rotor power, P, which is directly related to the
torque, is used to evaluate the efficiency of the device. In order to calculate the aerodynamic
efficiency of the device, called the power factor Cp, the power, P, produced by the rotor
should be divided by the power, P,,iip1, available in the air stream flowing through the
rotor cross-sectional area at the wind velocity Veo:

P Quw

Cp= = = Cg'TSR 2
F Pavailable (l/Z)PAVoe’O Q @)

where: A is the area of the rotor projected at the flow direction, Cg is the torque coefficient
and TSR is the tip speed ratio. The last two values are defined, respectively, as follows:

Q

€0 = G paR2 @)
TSR = “‘;—R )

where R is the rotor radius. In this paper, the area A in Equations (2) and (3) is equal to:
A= (2d—s)-H=(2d —s)-1 = 0.95m? (5)
where: rotor high H in the present paper equals 1 m.

2.4. Computational Domain and Boundary Conditions

The computational domain consists of two parts: a rectangular fixed domain, and
a circular rotating domain containing the wind turbine rotor, that rotates with the same
angular velocity as the Savonius wind turbine. Too small a computational domain may
affect the obtained aerodynamic characteristics. If the domain is not large enough and its
boundaries are too close to the rotor, then air is artificially forced into the rotor because there
is not enough room to flow around the turbine. This in turn causes an overestimation of
the torque and aerodynamic efficiency of the device. Mohamed proved that the minimum
distance from the rotor in each direction should be at least ten rotor diameters [40,41]. On
this basis, in this study, a square computational domain, Figure 3, with a length of 12 m
was selected for the simulation; therefore, the distance from the axis of rotation of the rotor
to the boundaries of the domain is D/L = 12.63.

As shown in Figure 3, the velocity inlet boundary condition was assumed on the left
vertical edge of the square domain, and on the right edge, the pressure outlet condition. On
the other hand, the symmetry condition was defined on the upper and lower edges. The
boundary condition “symmetry” can be employed to model zero-shear slip walls in viscous
flows [42]. A circular sliding interface was used between the two parts of the domain, fixed
and circular [11,12]. The distance between the rotor surfaces and the interface should be
large enough that there are no errors in estimating distributions of vorticity [43,44]. To
avoid numerical errors on the interface and their impact on the results of the velocity and
pressure fields, the diameter of the circular part of the domain was set to 2 m. In Figure 4,
the distributions of static pressure and velocity magnitude on the interfaces for the fixed
and moving parts of the mesh are shown. This figure clearly shows that both the velocity
and pressure profiles are the same on each mesh in the interface zone.

2.5. Solver Settings and Turbulence Model

For all 2D simulations presented in this paper, the time step size is equivalent to
1000 time steps per one complete revolution of the rotor, corresponding to 0.36° per time
step. For unsteady Reynolds-averaged Navier-Stokes (URANS) simulations, the well-
known SIMPLE algorithm was employed for pressure—velocity coupling. The gradients
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are computed employing the least-square cell-based method. All variables were calculated
using second-order upwind schemes.

Figure 3. Computational domain and boundary conditions.

(@) (b)

Figure 4. Flow parameters across the two sides of the interface zone: (a) Velocity profiles; (b) static
pressure profiles.

In this paper, the average fields of flow parameters in the rotor area are analyzed for
three tip speed ratios: 0.75, 1.00, and 1.25. Each of these tip speed ratios corresponds to
a different angular velocity of the rotor; the angular velocities for individual tip speed
ratios are, respectively, equal to 22.10, 29.47, and 36.84 rad/s. For all the analyses shown in
this paper, fifteen full rotations of the rotor were simulated in order to avoid the effect of
initial conditions.

Popular CFD solvers such as ANSYS Fluent offer their users a wide choice of different
turbulence models. The most popular and most frequently chosen models are the k-¢ and
k-w models. These are, of course, the basic variants of these models. In applications with
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(@)

rotating blades and when using unstructured meshes, modified variants of these models are
highly recommended, e.g., the realizable k-¢ model or the SST k-w model that blends both
k-e and k-w turbulence models. The SST k-w approach was used in this work due to its
stability and high accuracy in solving the boundary layer [29]. The governing equations of
these turbulence models are not presented in this paper because they are clearly described
in the documentation of CFD solvers offering this turbulence model.

2.6. Mesh Convergence Study

In order to determine an efficient mesh and to prevent divergence generated by an
unsuitable mesh refinement strategy, a grid convergence study must be performed. In this
paper, the computational domain was discretized using a hybrid mesh that consists of a
quadrilateral structured mesh near the blades and a triangular unstructured mesh in the
rest of the domain, as it is shown in Figure 5. The growth rate of the unstructured mesh was
managed as 1.06; therefore, the grid density changed gradually, starting from the rotating
domain. The structured part of the mesh was applied in order to capture the boundary layer
viscous effects near the blades. The mesh first layer thickness from the blades was equal to
26 um, which fulfills condition y+<1 required by turbulence models [40,45]. The number of
structural mesh layers was 75, while the bias factor was 50. For a structured mesh, this bias
factor corresponds to a growth rate of 1.06. We intended to provide a numerical grid that
satisfies three assumptions at once: it will ensure small numerical dissipation of turbulence
parameters between the inlet and the rotor; provides a smooth transition between structural
and unstructured mesh elements; gives better numerical results of the wake behind the
rotor. A grid independence study was performed for the three cases, as shown in Table 2.
The three meshes used in the mesh sensitivity test differed in the number of nodes, N, on
the edges of the rotor blades. The following three cases were investigated: N = 500, N = 750,
and N = 1000. As can be seen from Table 2, the torque and power coefficients obtained
for the coarse mesh are not significantly different from those for the fine mesh. Also, two
publications proved that the number of nodes on the edges equal to 620 is sufficient for the
solution to be independent of mesh density [46,47].

(b)

Figure 5. 2D mesh for two-bladed rotor: (a) Mesh of the rotating domain; (b) the zoom view on mesh
details around the blade.

245



Energies 2023, 16, 281

8of 17

Table 2. Grid analysis.

Name TSR Cells Co Cp Err
Fine 1 498,766 0.2815 0.2815 -
Medium 1 388,328 0.2810 0.2810 —0.16%
Coarse 1 277,898 0.2818 0.2818 0.11%

2.7. Validation

In these studies, the validation process was performed based on two data sources.
The first source is the experiment [10] (Figure 6a,b), while the second is the numerical
results from the publication [12] (Figure 7a,b). However, this second comparison is not
direct because the results for a different value of the overlap ratio and a different value of
the Reynolds number were compared. The second comparison makes sense, however, for
two reasons. Firstly, Blackwell et al. [10] proved in their experiment that the differences in
rotor aerodynamic performance are minimal for both Reynolds numbers 4.32 and 8.64. In
Figure 6a,b, two sets of experimental data are summarized for these two Reynolds numbers.
Second, the CFD results presented in this study were compared with two sets of numerical
results by Akwa et al. [12]. These two datasets represent two overlap ratios of 0.0 and 0.15.
These values are relatively close to those used in this study. As can be seen from Figure 6a,b,
the nature of the numerical results is close to experimental. The obtained CFD values are
also slightly different from the numerical results obtained by Akwa et al. [12], in particular,
to those with an overlap ratio of 0.15.

@ ()

Figure 6. Comparison of CFD results with the experiment [10]: (a) Torque coefficient; (b) power coefficient.

@ ()

Figure 7. Comparison of CFD results with numerical results from [12]: (a) Torque coefficient;
(b) power coefficient.
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Also, significant differences in the CFD (2D model) and experimental results were
also observed by, among others, Talukdar et al. [9]. These authors concluded that the
dimensionality effect excluded during the CFD simulations may be responsible for this
minor discrimination. Ferrari et al. [14] conducted CFD studies of one of the Blackwell
et al. [10] configurations (overlap ratio of 0.2 and Re = 4.32-10%). Ferrari et al. [14] obtained
similar accuracy of the numerical results for the 2D model compared to the experiment
as the authors of this paper. Ferrari et al. proved that only the 3D model significantly
improves the results.

2.8. Flow Parameters Averaging Method

The primary purpose of this paper is to examine the averaged fields of flow parameters
in the rotor area and the wake downstream behind the rotor, depending on the tip speed
ratio. The averaged flow parameters analyzed in this work are two components of air
velocity and static pressure. In order to study these values, two series of points were
defined, where these instantaneous flow parameters were calculated, which were then
saved to a file and then averaged. One series of checkpoints was typically arranged behind
the rotor, as shown in Figure 8a. The second one was located around the rotor every 10
degrees at the distance D/2+d (according to the dimensions given in Table 1) from the axis
of rotation of the rotor—Figure 8b. The sampling rate, f, was:

_ 1Bw
oo

f (6)

(@) (b)

Figure 8. Checkpoints for recording speeds and pressures: (a) Points in the wake; (b) points around
the rotor.

3. Results
3.1. Torque Coefficient and Forces Acting on the Rotor

The dimensionless torque and power coefficients shown in Figures 6 and 7 are, of
course, the result of integrating the aerodynamic torque for one complete revolution of the
rotor. Unlike conventional horizontal-axis wind turbines, the Savonius rotor’s aerodynamic
moment significantly changes with azimuth. The lower the number of rotor blades, the
larger the difference between the minimum and maximum torque. At the same time,
the larger the number of rotor blades, the larger the number of torque changes per rotor
revolution. Figure 9 shows the rotor aerodynamic moment as a dimensionless coefficient,
according to Equation (3). The torque coefficient is also compared for three different
values of the tip speed ratio. As can be seen in Figure 9, relatively small changes in the
tip speed ratio provide significant differences in the amplitude of changes, i.e., in the
difference between changes in the maximum and minimum value of the torque coefficient.
The differences of these changes for TSR = 0.75, 1.00, and 1.25 are equal to 5, 10, and 15
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respectively. It is also worth noting that at a constant angular velocity, the changes in the
power coefficient for the first and second halves of the rotation are the same. Moreover,
as can be seen in Figure 9, the maximum values of the torque coefficient are the highest
for the optimal tip speed ratio. On the other hand, the modules of the minimum values of
this coefficient increase with the increase of the tip speed ratio. It is also clear that the tip
speed ratio significantly affects these lower values of the torque coefficient. The last thing
worth observing is the faster occurrence of the minimum values of the torque coefficient
for higher and higher tip speed ratios.

Figure 9. Torque coefficient as a function of azimuth.

In addition to the total torque acting on the entire rotor (Figure 9), it is also interesting
how the individual blades contribute to this torque. Figure 10 compares the torque char-
acteristics for one blade for three tip speed ratios. In addition, for TSR = 1.0, the torque
characteristics were compared separately for the first and second blades. As it turns out,
the torque characteristics for each of the blades are not as different from each other as the
total torque acting on the rotor. The maximum values of the torque coefficient for the two
largest tip speed ratios investigated in this work reach almost the same value. The largest
differences between the three curves are visible in the results for the downstream part of
the rotor. The most important observation, however, is that each blade produces a positive
torque in the azimuth range from 34-38 to 222-245 degrees, depending on the tip speed
ratio. That means, as the tip speed increases, the aerodynamic drag acting on the blade in
the downstream part of the rotor increases.

3.2. Averaged Flow Parameters

Figures 11 and 12 show the average flow parameters around the rotor. Figure 11a,b
shows the two components of the flow velocity, a component, V, parallel to the wind
direction, and a component, V, perpendicular, respectively. In contrast, Figure 12a,b
shows the flow angle and the static pressure distribution around the rotor, respectively.
The velocities in Figure 11 have been normalized by the undisturbed flow velocity V.
This flow angle is defined as tan ~!(V; / V) [48] and expressed in degrees. All results are
compared for three tip speed ratios.
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Figure 10. Torque coefficient acting on individual blades.

@) (b)

Figure 11. Average flow parameters around the rotor: (a) Vy velocity component; (b) Vy, velocity component.

Analyzing the distribution of the V, component of the flow velocity (Figure 11a),
two characteristic decreases in this velocity can be seen. The first is for the windward
part of the rotor, for azimuth in the range of 0 to 180 degrees, and the second is for the
leeward part, for azimuth in the range of 180 to 360 degrees. Of course, the velocity drop
in this second part of the rotor is greater compared to the velocity drop in the windward
part. What is evident from these results, however, is that the velocity distribution is not
significantly TSR-dependent. The average velocity for all tip speed ratios for the windward
part of the rotor is 12.49 m/s and for the leeward part, it is equal to 8.79 m/s. It is worth
emphasizing that with increasing tip speed ratio, average V decrease, but these differences
are negligible. The difference in average velocity V, for TSR = 0.75 and 1.25 is 0.08 m/s for
the windward part and 0.48 for the leeward part. This is therefore a difference of less than
one meter per second. This is a different tendency than in the case of the Darrieus wind
turbine, for which the distribution of the average velocity V, depends quite significantly
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on the tip speed ratio [49,50]. In addition, unlike the Darrieus wind turbine, a significant
increase in the average velocity V can be seen near the azimuth of 180 degrees. In the case
of the Darrieus wind turbine, for this azimuth and for optimal TSR, it can be seen that the
local flow velocity V, reaches or slightly exceeds the wind velocity Vi [50]. In contrast,
in the case of the Savonius wind turbine, the local velocity V can increase by up to 32%
on average compared to the undisturbed flow velocity V. It is also interesting that the
maximum value of this velocity is localized for the azimuth of 190-200 degrees. Thus, it
appears already in the downwind part of the rotor. On the other hand, the area for which
the velocity ratio Vy/ V. is greater than one and extends in the azimuth range from 140 to
220 degrees. This local increase in the average speed V, up to the azimuth of about 200
degrees entails a decrease in the rotor torque coefficient (Figure 9), which for the azimuth
of 172-200 degrees, depending on the tip speed ratio, reaches a minimum value.

@) (b)
Figure 12. Average flow parameters around the rotor: (a) Flow angle; (b) static pressure.

In the downwind part of the rotor, a significant decrease in Vy velocity down to a
negative value is visible, which means that locally, the flow velocity is opposite to the
direction of the wind (In the leeward part of the rotor, a significant decrease in Vy velocity
down to a negative value is visible, which means that locally the flow velocity is opposite
to the direction of the wind). This local velocity V, drop also significantly modifies the
velocity component field V), (Figure 11b), and the static pressure field (Figure 12b). The
minimum value of the velocity V, was obtained with an average of —0.73 m/s, which
corresponds to an azimuth of 300 degrees and a maximum flow angle of 122 degrees on
average (Figure 11b).

The pressure reaches a local minimum value at the azimuth of 220 degrees, which is
shown in Figure 12a. At this azimuth, both blades simultaneously achieve a very similar
torque value close to zero, which can be seen in Figure 10. This pressure peak seen in the
graph is also directly related to the presence of a vortex structure that is formed at the tip
of the blade from an azimuth of about 136 degrees (Figure 13).

Figures 14-16 illustrate the distribution of pressure and velocity components in the
wake downstream behind the rotor. These results shown in the graphs were calculated
on defined rakes located behind the rotor as shown in Figure 8. The instantaneous values
were then averaged, as discussed in Section 2.8 of this paper. In contrast to the velocity
distributions, the characteristics of the pressures behind the rotor differ significantly more
depending on the tip speed ratio. Therefore, in Figures 14 and 15, these relationships are
shown separately for each of the rakes. It is clear from these graphs that these results are
a function of both the tip speed ratio and the x and y coordinates. The largest pressure
drop is visible for the location x/R = 1 and the case TSR = 0.75. However, this research
has shown that the greatest impact on the velocity distribution, especially the component
parallel to the direction of undisturbed flow, has the distance from the rotor axis. Therefore,
in order to save space, only the results for the case TSR = 1.00 are presented in this article
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in Figure 16. These studies have shown that as the x coordinate increases, the velocity
distribution Vy becomes more and more symmetric concerning the y = 0 coordinate. This is
due to the weakening of the vortex flowing down from the lower blade.

Figure 13. Instantaneous static pressure distributions for the tip speed ratio of 1.00.

(@) (b)

Figure 14. Static pressure in the wake: (a) Location x/R =1 behind the rotor axis; (b) location x/R =2
behind the rotor axis.
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(a)

(b)

Figure 15. Static pressure in the wake: (a) Location x/R = 3 behind the rotor axis; (b) location x/R = 4
behind the rotor axis.

(@)

(b)

Figure 16. Velocity components in the wake at TSR = 1.00 for four x/R locations: (a) Velocity
component Vy; (b) velocity component V.

4. Conclusions

In this paper, the average values of static pressure and velocity components around

the rotor were studied. The purpose of this analysis is to examine the effect of the tip speed
ratio on the average velocity field and the pressure field around the rotor and to compare
the flow parameters for two rotor halves: windward and leeward. Based on the conducted
research, the following conclusions were obtained:

Aerodynamic performance, rotor power coefficient, directly depends on aerodynamic
torque. The aerodynamic torque of the two-bladed rotor changes significantly with
azimuth. The operation of the rotor at these tip speed ratios requires, of course, the
use of a second additional rotor section with blades rotated 90 degrees relative to the
first section;

Each blade produces a positive torque in the azimuth range from 34-38 to 222-245
degrees, depending on the tip speed ratio. As the tip speed increases, the aerodynamic
drag acting on the blade in the downstream part of the rotor increases;

Contrary to the Darrieus rotor, in the case of the Savonius rotor, the tip speed ratio
has little influence on the average speed distribution around the rotor. This applies
to both the velocity component parallel to the direction of undisturbed flow and
the perpendicular component. In the upwind part of the rotor, the average velocity
parallel to the direction of undisturbed flow is on average 29% lower than in the
downwind part;
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e Inthe case of the Savonius wind turbine, an increase in the V, velocity can be observed
locally in relation to the undisturbed flow velocity. Locally, the velocity component V
may be as much as 32% higher when compared to the velocity V. In addition, the
maximum of the velocity component V is observed already in the leeward part of
the rotor;

e  Inthe downwind part of the rotor, the flow is much more complex. Both the pressure
and the flow angle reach their extreme values. On the other hand, the velocity compo-
nent Vy reaches a locally negative value. This is directly influenced by the geometry of
the rotor and the aerodynamic performance of the rotor blades;

e  Negative static pressure is visible throughout the area on the downwind part of the
rotor. This is another significant difference compared to Darrieus wind turbine rotor
with high solidity and operating at low tip speed ratios [49];

e  The influence of the tip speed ratio on the pressure distribution in the wake down-
stream behind the rotor is much larger than in the case of the pressure distribution
around the rotor;

e  Asin the case of the distribution of velocity components around the rotor, the impact
of the tip speed ratio on the velocity distributions in wake is definitely much smaller;

e  Both the static pressure and the tip speed ratio are a function of the distance from the
axis of the rotor;

e  As the distance from the rotor axis increases, the velocity V, distribution becomes
more symmetrical with respect to the y = 0 coordinate; and

e  Moving away from the rotor axis has a much greater effect on the pressure distribution
than on the velocity distribution.
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Abstract

This paper presents an in-depth analysis of the aerodynamic performance of the NACA 0018 airfoil at low
Reynolds numbers, focusing on the behaviour of laminar separation bubbles and the predictive capabilities of
various turbulence models. Conducted at a Reynolds number of 160,000 and for angles of attack of 4° and 8°,
this study employs both 2-D and 3-D models using the Transition SST and k-w SST approaches to capture
the nuanced aerodynamic behaviour of the airfoil in wind energy applications. Comparative simulations using
the 2-D y-Reg transition model with calibrated transition onset parameters, alongside the 3-D Scale Adaptive
Simulation (SAS) methodology, allow for an assessment of how model dimensionality and transition
calibration influence the accuracy of C, distributions and laminar bubble prediction. Results are validated
against experimental data to evaluate model precision, particularly in regions associated with pressure
recovery. The study confirms that increasing the angle of attack shifts the laminar separation point closer to
the leading edge, with the 3-D SAS approach aligning closely with the 2-D URANS results for pressure
distribution. However, the k-w SST model, which lacks transitional prediction capabilities, significantly deviates
from experimental observations, underscoring the importance of transition-aware models for accurate low
Reynolds number simulations. This work offers valuable insights into turbulence model selection for low-
turbulence environments, particularly relevant to wind turbine design and optimization, where sustained
efficiency and model fidelity are crucial for performance prediction and reliability.

Keywords: airfoil, laminar separation bubble, Transition SST, URANS

1. Introduction

In recent years, the famous series of four-digit NACA airfoil profiles has gained considerable
interest, particularly in the context of wind energy [1-4]. Although these profiles were not originally
designed for operation at low or very high Reynolds numbers, they are now being intensively
studied within these ranges [5,6]. In both cases, they are typically not optimal solutions; however,
they continue to be utilized, especially in vertical-axis wind turbines, for two main reasons. First,
these profiles are among the most extensively studied, both experimentally and numerically, and
serve as valuable references for validation and as a starting point for optimizing airfoils for specific
conditions. Second, a significant amount of research, especially on the aerodynamics of vertical-
axis wind turbines, has been conducted using these profiles [7].

Experimental studies show that these profiles, particularly the NACA 0018 profile considered
here, perform poorly in low Reynolds number flows, and calculating their characteristics is
challenging for modern analytical tools such as the Transition SST turbulence model [8]. Our
previous experiences with turbulence modelling using this tool have shown significant difficulties in
accurately determining the geometry of the laminar separation bubble, especially within the angle of
attack range below the critical angle [1].

Our research presented in this paper concerns the characteristics of the NACA 0018 profile at
a Reynolds number of 160,000. The necessity of studying this profile at such a low Reynolds
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number arises from the flow conditions encountered in wind turbine studies conducted in wind
tunnels [9]. Reynolds numbers based on the blade's chord often reach values below 200,000 and in
some cases, even as low as 20,000-30,000. Such studies are essential for subsequent upscaling
and for validating numerical methods [6].

At such low Reynolds numbers, the lift characteristic is usually nonlinear due to the presence
of the laminar separation bubble. The Transition SST turbulence model is a so-called general-
purpose model based on correlations derived from flat plate experimental results [10]. It can be
calibrated by adjusting constants related to specific physical phenomena in the wall boundary layer
associated with the laminar-turbulent transition. One of the aims of this work is to examine the
impact of the s; constant (Csl), which affects the point of laminar separation. As Ruiz and
D’Ambrosio [11] demonstrated with the SD7003 airfoil at Re=60,000, changing this parameter can
significantly influence the drag coefficient characteristics by shifting the position of the laminar
separation.

Additionally, traditional two-equation turbulence models, such as the k-w SST model,
generate an unrealistic lift curve that is linear up to the critical angle of attack, as bubble-related
effects are entirely omitted [8]. This is due to the model’s treatment of the entire boundary layer as
turbulent, thus increasing drag. In contrast, the Transition SST model provides a more accurate
representation by accounting for laminar regions.

An additional aim of this paper is to determine whether modelling the flow around the airfoil in
three dimensions significantly alters the laminar bubble characteristics. To the best of our
knowledge, the results of such a test have not yet been published. Within the angle range below the
critical angle of attack, two regions exist: one below an angle of attack of 6.5°, and the other above.
In the first range, laminar bubbles appear on both sides of the airfoil, while in the second, they only
occur on the suction side. Therefore, the results presented in this study were compared for two
angles of attack: 4° and 8°.

2. Methodology

2.1 URANS Model Description

The numerical model of the virtual wind tunnel, developed in both 2-D and 3-D configurations,
was based on the experimental setup. All geometric dimensions of the working section in the actual
wind tunnel were carefully preserved, including the tunnel width and the distance from the inlet to
the airfoil mounting point. The simulations were conducted for two angles of attack, 4° and 8°. The
4° angle represents a region where laminar separation bubbles may form on both the suction and
pressure sides of the airfoil. For an angle of attack of 8°, experimental studies indicate the presence
of laminar separation bubbles only on the suction side [12].

To ensure consistent mesh topology for both angles of attack, a circular domain with a
diameter of 3 times the chord len gth was defined around the airfoil (Fig. 1). This approach
facilitated accurate comparison and alignment of numerical and experimental data across the
chosen angles.
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Figure 1 — Schematic of the computational domain for the virtual wind tunnel

In this study, the Unsteady Reynolds-Averaged Navier-Stokes (URANS) model was employed to
analyze the flow around a NACA 0018 airfoil at low Reynolds numbers. The analysis was conducted
at a Reynolds number of Re=160,000, which corresponds to a freestream velocity Vy=11,7m/s and
and a chord length ¢=0,2m. The air properties were defined with a density p=1,225kg/m® and a
dynamic viscosity p=1,7894x10°kg/(ms).

The URANS simulations were carried out with a time step At=10s to accurately capture
unsteady flow phenomena, with a total of 50,000 time steps for adequate temporal resolution. To
replicate realistic conditions, an inlet turbulence intensity Tli,=0.3% was set, along with an inlet
turbulence length scale 1=0,02m. These values were chosen to approximate the low-turbulence
environments typically encountered in wind tunnel testing for aerodynamic profiles like the NACA
0018.

The NACA 0018 airfoil, known for its symmetrical shape and extensive use in wind turbine
studies, provided a well-documented profile suitable for examining the effects of low Reynolds
numbers on laminar separation and the performance of turbulence models, particularly the
Transition SST model applied in this URANS framework. The model setup in this study aimed to
capture both the aerodynamic forces and the onset of laminar separation bubbles at specific angles
of attack, contributing valuable insights for validating turbulence models under these conditions.

The 2-D and 3-D model meshes, as shown in Figure 2, were designed based on our prior
experience with simulating the NACA 0018 airfoil at similar Reynolds numbers. For the 2-D model,
both edges of the airfoil were divided into 800 equal segments. Around the airfoil edges, a
structured mesh was applied, with the first layer having a thickness of 1.29E-05 to satisfy the wall y+
< 1 condition. This structured mesh consists of 40 layers with a growth rate of 1.1.

In the 3-D model, the spanwise direction of the wing was divided into 40 uniform sections, with
the cross-sectional cell distribution matching that of the 2-D mesh. Boundary conditions were set as
follows: velocity inlet at the domain inlet, pressure outlet at the domain outlet, and wall (no-slip) on
the airfoil surfaces. To simplify the model and avoid calculating the boundary layer on the tunnel
walls, slip wall boundary conditions were applied to the side walls of the computational domain.
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Figure 2 — Mesh around the NACA 0018 airfoil. The top view shows the structured mesh near the
airfoil surface, focusing on the boundary layer, while the bottom view highlights the uniform
spanwise cell distribution for 3-D simulations.

2.2 Turbulence Modeling Approaches for Transition Prediction

In this paper, the primary approach utilized is the Transition SST (Shear Stress Transport)
turbulence model, which is specifically designed to handle the transition from laminar to turbulent
flow. This model's ability to account for intermittency and transition onset Reynolds numbers makes
it particularly suitable for applications involving low Reynolds number flows, such as those around
airfoils in vertical-axis wind turbines (VAWTS). Additionally, the Transition SST model is compared
with the algebraic turbulence model and the two-dimensional k-w SST model. These comparisons
provide insights into the relative performance of each model in accurately predicting transition
phenomena and capturing the effects of boundary layer development, turbulence intensity, and
laminar separation bubbles.

The Transition SST model is a widely-used turbulence model in computational fluid dynamics
(CFD) that addresses the transition from laminar to turbulent flow, which is particularly relevant for
airfoils at low Reynolds numbers, such as the NACA 0018. This model, built upon the traditional
SST k-w turbulence model, includes additional equations to predict laminar-turbulent transition,
focusing on both the onset and length of transition zones. Unlike conventional models, which often
assume fully turbulent flow, the Transition SST model incorporates intermittency and transition onset
Reynolds numbers as variables, allowing for a more accurate representation of boundary layer
development and laminar separation bubbles. This model employs local flow properties, allowing it
to adapt to changes in turbulence intensity and Reynolds number within the flow, which is especially
useful for modeling the unstable flow regimes typical of low-turbulence wind tunnels and the
environments VAWTSs encounter [1].

The algebraic turbulence model presented in this study focuses on simulating the transition
from laminar to turbulent flow in boundary layers under various conditions, including bypass,
separation-induced, and wake-induced transitions. This model employs the concept of intermittency,
where intermittency (denoted as y) represents the fraction of time during which the flow is turbulent
at a given point. The model modifies production terms in the k-w turbulence framework by Wilcox,
incorporating mechanisms for handling high-frequency disturbances in laminar flows and providing a
breakdown pathway for laminar shear layers under free-stream turbulence. Calibration and
validation were performed using flat plate flows and turbomachinery cascades, showing effective
performance across different turbulence levels and flow regime [13].

The Scale-Adaptive Simulation (SAS) model is an advanced turbulence model used to
capture unsteady turbulent structures by dynamically adjusting the turbulence length scale to the
resolved flow scales. Unlike traditional URANS models, which can only simulate large-scale
unsteadiness in unstable flows, the SAS model adapts to smaller turbulent eddies, providing results
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comparable to Large Eddy Simulation (LES) while being less computationally intensive. This is
achieved by introducing a source term in the turbulence frequency equation, which allows the model
to respond to flow instabilities more effectively [14].

In this study, the URANS approach was applied to determine the aerodynamic characteristics
of a 2-D airfoil profile. The primary objective was to evaluate how adjustments to the s; constant in
the Transition SST model could enhance prediction accuracy. For the 3-D model, the SAS approach
was additionally employed to achieve a more precise velocity field behind the airfoil.

3. Results

3.1 Pressure Distributions on the Airfoil

The results of static pressure coefficients from 3-D SAS k-w SST and y-Reg simulations, as
well as from 2-D y-Reg simulations with different transition onset values (s;=2.0 and s,=3.0), are
presented in Figure 3. Experimental data from [2] are included for validation, highlighting differences
in Cp predictions among the models, especially in the pressure recovery region. This figure clearly
demonstrates the expected trend that an increase in angle of attack shifts the laminar separation
point of the boundary layer toward the leading edge. The 3-D SAS approach shows very similar
pressure distribution results to the 2-D URANS model. As anticipated, the predictions from the two-
equation k-w SST model deviate the most from the experimental data.

Figure 3 — Pressure coefficient distributions Cp along the NACA 0018 airfoil surface for angles of
attack AoA=4deg (left) and AoA=8deg (right).

3.2 Analysis of Laminar Separation Bubble Geometry Using Transition SST Model

Figure 4 shows the geometry of the laminar separation bubble calculated using a 2-D CFD
approach with the Transition SST turbulence model. The locations of the separation, transition, and
reattachment points were determined based on the skin friction coefficient (Cy) distribution in the
final computed time step, following the method outlined in studies [8] and [15]. The separation and
reattachment points of the laminar boundary layer are identified at the two extreme points of the C¢
function. The laminar-turbulent transition location was found between the separation and
reattachment points, specifically at the point where the C; curve shows a sharp rise.

The position of the separation location can be adjusted by tuning the constant s1, which
accounts for the influence of Kelvin-Helmholtz instabilities on the flow within a detached boundary
layer exposed to low turbulence levels outside the layer. The default value of this constant is set to
2. Figure 4 illustrates the dependency of the s; constant on position relative to the airfoil chord. An
increase in s; generally causes a delay in the separation location on both the suction and pressure
sides, except for the case at AoA=8deg on the pressure side, where an inverse trend is observed,
albeit with minor differences.

Currently, we lack experimental data to validate the accuracy of the s;(x/c) distribution obtained
in this study. More precise experimental studies of pressure distributions on the pressure side are
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needed. Additionally, it is notable that reattachment on the pressure side is absent, and for
AoA=8deg, the Transition SST model does not detect a transition location either. Comparison with
experimental results suggests that as the angle of attack increases, the required s; value also needs
to be higher to improve the prediction accuracy.

Figure 4 — Distributions of the s1 parameter as a function of the x/c coordinate for both the suction
and pressure sides of the airfoil at angles of attack (AoA) of 4° and 8°.

3.3 Turbulence Modeling Approaches for Transition Prediction

Figure 5 presents normalized iso-surfaces of the Q-criterion, colored by velocity magnitude, to
illustrate the vortex structures behind the airfoils at an angle of attack (AoA) of 8°, obtained using
the Transition SST and k-w SST models. The Transition SST model reveals prominent, irregular
vortex structures in the wake, suggesting a more detailed capture of turbulent flow dynamics. In
contrast, the k-w SST model, even with the application of the SAS model, does not display large
vortex structures, indicating a smoother, more streamlined wake pattern. This difference implies that
the k-w SST model could serve as a suitable surrogate for simulating "dirty wing" flow conditions,
where large-scale vortex dynamics may be less critical. The velocity magnitude color scale further
aids in distinguishing flow speeds within these vortex structures, offering insights into the intensity
and distribution of turbulent regions around the airfoils.
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Figure 5 — Comparison of wake structures behind an object simulated using two turbulence models:
Transition SST (top) and K-Omega SST (bottom).

4. Conclusions

The flow around a NACA0018 airfoil is complex due to the physical phenomena occurring in the
boundary layer, and its accurate simulation requires advanced numerical tools. For a more precise
prediction of the geometry of laminar-turbulent bubbles, the original formulation of the Transition
SST approach requires calibration. This study also investigates whether the use of a 3-D model
combined with the advanced Scale Adaptive Simulation (SAS) technique can improve the results
generated by a 2-D model.

The comparison of static pressure coefficient predictions from 3-D SAS k-w SST and y-Reg
simulations, along with 2-D y-Reg models at different transition onset values, reveals distinct model
behaviors. As angle of attack increases, the laminar separation point of the boundary layer moves
closer to the leading edge, a trend consistent across simulations. The 3-D SAS model shows good
alignment with the 2-D URANS approach, while the k-w SST model demonstrates the greatest
deviation from experimental trends.

The findings indicate that the geometry of the laminar separation bubble and the locations of
separation, transition, and reattachment points can be effectively determined using a 2-D CFD
approach with the Transition SST turbulence model, based on skin friction coefficient distribution.
The study highlights the influence of the s; constant on the separation position along the airfoll
chord, suggesting that tuning this parameter can adjust separation to improve prediction accuracy.
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However, the lack of experimental data limits validation. Further experimental research, particularly
on the pressure side at higher angles of attack, is recommended to refine the model and improve
the predictive accuracy of laminar-to-turbulent transition locations.

The use of a 3-D model combined with the uncalibrated Transition SST turbulence model does
not improve the accuracy of the laminar transition location compared to the 2-D model.

The results indicate that while the Transition SST model captures detailed and complex vortex
structures in the wake, the k-w SST model provides a smoother representation, even when using
the SAS approach. This suggests that the k-w SST model could be effectively utilized as a
surrogate for simulating conditions with less pronounced vortex dynamics, such as those found in
"dirty wing" flows, where large-scale turbulence structures are less critical.
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ABSTRACT

This study examines the aerodynamic behavior of the symmetric National
Advisory Committee for Aeronautics (NACA) 0018 airfoil at a chord-based
Reynolds number of 30,000, utilizing Direct Numerical Simulation (DNS) as the
primary tool, supplemented by selected Large Eddy Simulation (LES) cases.
DNS covers a full sweep of angles of attack from 0° to 10°, while LES was
conducted at « = 4° and 8° to verify consistency between the two approaches.
Despite the limited LES dataset-restricted by computational cost, the results
showed nearly identical aerodynamic loads and surface pressure distributions,
thereby reinforcing confidence in the DNS database. To further assess
robustness, two additional DNS cases were performed for the NACA 0012
airfoil at o = 3° and 6° under identical grid resolution and flow conditions. These
simulations demonstrated very good agreement with published experiments,
extending validation beyond a single geometry. In both DNS and LES, clean
inflow conditions were imposed, ensuring that the domain inlet did not introduce
resolved turbulence. The results captured laminar boundary-layer separation on
the suction side without reattachment, producing bluff-body-like wake dynamics
dominated by periodic vortex shedding, while classical Kelvin—Helmholtz
instabilities were not significant. Computed aerodynamic coefficients, including
time-averaged lift, showed good agreement with measurements. The novelty of
this work lies in providing the first DNS dataset for a thick symmetric airfoil
(NACA 0018) at Re = 30,000, further validated through NACA 0012
comparisons. The findings establish a benchmark for future investigations of
unsteady aerodynamics, particularly dynamic stall in pitching motions, and are
directly relevant for the design of low-Reynolds-number devices such as micro
air vehicles, unmanned aerial vehicles, and vertical-axis wind turbines.
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1. INTRODUCTION

In recent years, there has been a substantial increase
in interest regarding the aerodynamics of flows at very low
Reynolds numbers. Winslow et al. (2018) narrowed the
range of small chord-based Reynolds numbers from 103-
10¢ to 10*10% a shift of particular significance for the
design of micro air vehicles (MAVs), unmanned aerial
vehicles (UAVs), small vertical-axis wind turbines, and
low-speed flight systems. Research into low chord-based
Reynolds number flows is crucial due to the growing
interest in MAVS, which are driven by advancements in
compact electronics and the need for situational awareness
in environments where conventional aircraft and larger
UAVs face significant challenges. These vehicles hold
potential for military, civilian, and scientific applications,

including reconnaissance in hostile territories, scouting
dangerous environments, and even Mars exploration as a
mobile alternative. Numerous studies have been
conducted in this area, including both experimental
studies, such as those by Ohtake et al. (2007), and
numerical studies, such as those by Winslow et al. (2018).

Research on airfoils at low Reynolds numbers
remains highly relevant, as comparable flow regimes are
frequently encountered in wind tunnel experiments
involving wind turbines. These conditions are significant
for upscaling, where the velocity field data obtained in the
wake of small-scale turbines is applied to large-scale
rotors, enabling more accurate predictions and
optimization of wind farm performance (Huang et al.,
2023). Recent experimental investigations by Verma and
Sarkar (2024) using high-speed particle image
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velocimetry (P1V) have further highlighted the complexity
of wake dynamics behind low-Reynolds-number airfoils,
underlining the need for temporally resolved flow
measurements to complement numerical predictions. Even
though thick airfoils from the four-digit NACA series are
not optimal for use in low-Reynolds-number applications
(McMasters and Henderson, 1979; Winslow et al., 2018),
their utilization becomes necessary due to the
requirements of upscaling (Bensason et al. 2024). In
studies conducted by leading research teams, the chord-
based Reynolds numbers of rotating blades are typically in
the range of 30,000 to 200,000 (see Molina et al. 2019;
Huang et al. 2023; or Tescione et al. 2014).

A significant challenge in analyzing aerodynamic
characteristics at low Reynolds numbers is the limited
predictive capability of turbulence models available in
commercial CFD solvers, such as, e.g., the k-¢ family or
the k-o family, which are generally unsuitable for
accurately capturing transitional flows. To address this,
transition models have been developed specifically for
simulating such flow regimes. In the literature, examples
can be found comparing experimental results with
numerical simulations, showing varying degrees of
agreement. Generally, the lower the Reynolds number, the
greater the discrepancies are observed. Based on available
comparisons, such as those by Melani et al. (2019a,
2019b), it can be noted that the y-Rey transition model
generates relatively acceptable aerodynamic force
predictions for airfoils at Reynolds numbers of 100,000 or
higher, even for thick symmetric profiles like the NACA
0021, as demonstrated by Balduzzi et al. (2018). A similar
agreement is confirmed by independent experimental and
numerical studies of the NACA 0018 airfoil at a Reynolds
number of 160,000 (Rogowski et al., 2025a). Lee et al.
(2015) analyzed the aerodynamic performance of the
NACA 0012 airfoil at Reynolds numbers of 10,000,
30,000, and 50,000, utilizing, among other methods, the
Baldwin-Lomax turbulence model. They demonstrated
that this approach predicts the separation point closer to
the trailing edge than the two-dimensional laminar
simulations and three-dimensional implicit large-eddy
simulations. However, as the boundary layer flow on the
airfoil’s surface is assumed to be fully turbulent when
using the Baldwin—Lomax model, the separation bubble
was not captured. Furthermore, the study revealed that no
nonlinearity in the lift curve is observed below the critical
angle of attack, underscoring the intrinsic limitations of
RANS-based turbulence models in accurately capturing
transitional low-Reynolds flows. This underlines the
necessity for further development of advanced modelling
approaches, which must be supported by detailed
experimental investigations and high-fidelity LES/DNS
data.

A fundamental conclusion from the work of Lee et al.
(2015) is that only eddy-resolving techniques, such as LES
or DNS, are capable of providing quantitative results for
both aerodynamic loads and the detailed characteristics of
phenomena occurring within the boundary layer. Similar
evidence supporting the effectiveness of the LES approach
in studying the aerodynamic characteristics of thin airfoils
at low Reynolds numbers has also been presented by other
authors, including Anyoji et al. (2014) and Kojima et al.
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(2013). Accurately capturing the intricate flow dynamics
and transition phenomena, which lie beyond the
capabilities of RANS-based turbulence models,
necessitates the use of eddy-resolving methods. The two-
dimensional laminar model and the implicit LES (iLES)
approach, as outlined in the work of Lee et al. (2015),
effectively captured the nonlinear behaviour of the lift
coefficient (C.), including its negative values at low
angles of attack. Additionally, the impact of the angle of
attack on the location of the laminar separation bubble was
also examined. This work provides a foundation for
further research utilizing DNS and LES approaches. None
of the previously cited studies have analyzed the NACA
0018 airfoil at a Reynolds number of 30,000 using LES or
DNS. The application of these eddy-resolving approaches
enables the evaluation of the aerodynamic performance
and flow characteristics of a thick, symmetric airfoil under
challenging low-Reynolds-number conditions.

While thin airfoils such as NACA 0012 have been
extensively studied at low Reynolds numbers using DNS
and LES, there is still a clear lack of high-fidelity data for
thick symmetric airfoils in this regime. To the best of our
knowledge, the present study provides the first DNS/LES
dataset for the NACA 0018 airfoil at Re = 3 x 10* This
gap is significant because, although thick four-digit
NACA sections are not optimal for practical low-Re
applications (McMasters & Henderson, 1979; Winslow et
al., 2018), their use becomes essential in laboratory-scale
wind tunnel studies of vertical-axis wind turbines
(VAWTS). In such scaled experiments, blockage effects
constrain the chord-based Reynolds number to values as
low as 30,000, while maintaining realistic rotor solidity.

Recent experimental research confirms the increasing
importance of thick airfoil data in this context. For
instance, Bensason et al. (2024, 2025) demonstrated that
the aerodynamic interaction between closely spaced
VAWTSs strongly depends on the underlying blade
aerodynamics at low Reynolds numbers, which directly
motivates the need for accurate reference datasets on thick
symmetric profiles. Moreover, comparative studies of
symmetric airfoils at high Reynolds numbers (Re ~ 3 x
10¢) showed that differences between NACA 0012, 0015,
and 0018 are relatively minor up to the stall angle and can
be reliably predicted with classical turbulence models
such as k-0 SST (Rogowski et al., 2020). Substantial
differences emerge only in the post-stall regime, where
thicker sections exhibit a more gradual loss of lift. In
contrast, at Re ~ 3 x 10* the aerodynamic force
characteristics of these airfoils diverge dramatically, with
strong implications for rotor performance and wake
development. The limited availability of aerodynamic data
for thick profiles at very low Reynolds numbers is further
illustrated by the well-known Profilpolaren fir den
Modellflug report by Althaus (1980). While polar data for
the NACA 0012 are available down to Re = 40,000, the
corresponding dataset for the NACA 0033 begins only at
Re = 80,000, leaving a clear gap at lower values. Notably,
even at Re = 80,000, the comparison between NACA 0012
and NACA 0033 reveals substantial differences in lift and
drag characteristics, highlighting the importance of
systematically documenting the performance of thick
airfoils in this regime.
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In this sense, the novelty of the present work lies in
delivering the first high-fidelity DNS/LES dataset for a
thick symmetric airfoil (NACA 0018) at Re = 30,000. The
results not only provide new benchmark data for the
community but also address a pressing need arising from
scaled VAWT experiments and wind farm wake studies.
By bridging this gap, the present study establishes a solid
foundation for both validating transition/turbulence
models and accurately analyzing turbine wake interactions
at low Reynolds numbers.

2. AERODYNAMICANALYSISOF THE NACA 0018
AIRFOIL AT LOW REYNOLDS NUMBERS

This study analyzes the symmetric NACA 0018
airfoil (Fig. 1). The four-digit NACA airfoil series,
developed by the National Advisory Committee for
Aeronautics (NACA), is widely used in aerodynamics as
classical airfoil shapes. These airfoils are described by
simple parameters that define their maximum thickness,
camber, and position of the maximum camber, making
them easily adaptable for various aerodynamic
applications. Furthermore, these airfoils are commonly
employed in theoretical and experimental analyses as
benchmarks, serving as baseline models for more complex
aerodynamic designs (Jacobs and Sherman, 1937; Abbott
and Von Doenhoff, 1959) and flight mechanics studies
(Lichota et al., 2020; Lichota, 2023). This study examines
the aerodynamic performance of an airfoil with a 6.cm
chord length at a Reynolds number of 30,000. Tests were
conducted under steady flow conditions to provide reliable
aerodynamic data essential for the reduced-order
modelling of wind turbine aerodynamics. The results are
particularly relevant to aviation, where accurately
characterizing airfoils at low Reynolds numbers remains a
major challenge and a limiting factor in designing efficient
flight systems.

This paper examines the aerodynamic characteristics
of an airfoil at low Reynolds numbers through numerical
simulations, which are validated against existing
experimental measurements. Experimental data for the
NACA 0018 airfoil at low Reynolds numbers were
obtained in the Red Wind Tunnel (RWT) at the Technical
University of Denmark. The tunnel configuration and
measurement techniques are described in Rogowski et al.
(2025). For the numerical simulations presented here, both
the airfoil geometry and the actual test-section dimensions
of the wind tunnel were faithfully reproduced. The
working section of the tunnel has an approximately
rectangular shape, and the airfoil was mounted at the
quarter-chord position, i.e., 25% of the chord length from
the leading edge.

3. NUMERICAL APPROACH

The eddy-resolving strategies employed in this study used
a 3D model to predict the aerodynamic performance of
the NACA 0018 airfoil in a low Reynolds number
regime. The model was implemented using the ANSYS
Fluent solver, configured with a pressure-based transient
solver to capture the time-dependent characteristics
of the flow field. The working fluid was air, treated as an
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Fig. 1 2D schematic (top) and 3D view (bottom) of
the computational domain, including the coordinate
system and boundary conditions

incompressible fluid with constant properties: a density of
1.225 kg/m®, a viscosity of 1.7894x10% kg/(ms).

The solution method employed the SIMPLE (Semi-
Implicit Method for Pressure-Linked Equations)
algorithm  for pressure-velocity coupling.  Spatial
discretization used least-squares cell-based gradients and
a bounded central differencing scheme for the convective
terms in the momentum equations. The unsteady
integration consisted of 20,000 time steps, each 0.0001 s
in size, with up to 20 inner iterations per step. At each time
step, convergence was enforced by driving the residuals of
all governing equations below 10°¢. Although SIMPLE
was originally introduced for segregated RANS solvers,
its application in eddy-resolving simulations is well
established: for example, LES of the canonical circular
cylinder at Re = 3900 has been successfully performed
with a pressure-based finite-volume code based on
SIMPLE, with results validated against detailed
measurements Rajani at al. (2016). Similarly, recent LES
in ANSYS Fluent continue to employ SIMPLE-family
schemes (e.g., SIMPLEC) for unsteady external flows,
including LES of turbulent flow over staggered tube
clusters (circular cylinders), which reported good
agreement with experiments Bedrouni at al. (2020). More
recently, wall-resolved LES at comparable Reynolds
numbers have explicitly solved the pressure-velocity
coupling with SIMPLE, further underscoring the method’s
suitability for unsteady, separated flows Zoschg (2024). In
our setup, the combination of a small time step and strict
per-step convergence (residuals <<10°¢ with ~20 inner
iterations) minimizes splitting errors and yields a time-
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accurate solution; in line with established best-practice
guidelines for scale-resolving simulations, the overall
sensitivity to the pressure scheme is typically moderate on
high-quality meshes, provided consistent spatial/temporal
resolution is ensured (Menter, 2015).

The computational domain was defined with specific
boundary conditions to accurately replicate the flow
environment. A constant velocity was specified at the
inlet, and the outlet was set to a static pressure equal to
atmospheric pressure to permit flow discharge at ambient
conditions (Fig. 1). Symmetry boundaries were set on the
sides of the domain in a spanwise z-direction to minimize
computational costs and simulate an unbounded flow
environment. An interface was defined between the
circular and rectangular domains to ensure smooth data
transfer between zones. A no-slip wall condition was
applied to the airfoil surface to accurately model boundary
layer development. The upper and lower walls of the
domain were treated as slip walls to mimic free-stream
conditions. On the lateral (spanwise) boundaries, we
imposed symmetry rather than periodic conditions. For
low to moderate incidence angles (¢ < 10°) of an isolated
section, published studies suggest that this choice does not
affect near-wall quantities. For example, VVenkatachari, et
al. (2024) compared Ct maps of the Pazy wing at Re. =
3.4x10° and « 6° using periodic and symmetry
boundaries, and reported “virtually no discernible
difference” between the two. Moreover, several fully
three-dimensional airfoil simulations at comparable
Reynolds numbers have employed spanwise symmetry
and achieved excellent agreement with experimental data.
For example, Solis-Gallego et al. (2020) carried out a wall-
resolved LES of the FX 63-137 airfoil using symmetry on
the spanwise boundaries with a modest spanwise extent
(L/c = 0.164) and matched both aerodynamic force
coefficients and the normal-to-airfoil distribution of
streamwise velocity. Likewise, Chen et al. (2021)
employed LES/DDES for a NACA 65(12)-10 section with
symmetry in the spanwise direction, accurately
reproducing the measured Sound Pressure Level (SPL)
spectra. Taken together, these studies support the use of
spanwise symmetry for pre-stall angles investigated here,
provided that the spanwise extent is sufficient.

In the LES approach, the dynamic Smagorinsky—Lilly
model, as proposed by Germano et al. (1991), was
employed to represent the subgrid-scale shear stresses. A
clean inlet condition, without unresolved perturbations at
the domain inlet, was imposed. The experiments were
conducted in a low-turbulence wind tunnel, where the
turbulence intensity at the inlet was less than 0.1%. In the
present DNS/LES we intentionally prescribe a clean
uniform inflow (0% resolved turbulence) to establish a
controlled baseline for low-Reynolds-number separated
airfoil flow. This approach is common in high-fidelity
studies at comparable Re to isolate intrinsic shear-layer
and wake dynamics from externally imposed fluctuations;
e.g., Rodriguez et al. (2013) imposed a uniform inlet for
DNS of a symmetric airfoil (NACA 0012) at Re = 50,000,
focusing on fully stalled conditions, while Trias et al.
(2015) prescribed a constant-velocity inlet in DNS of a
bluff body (square cylinder) at Re = 22,000, explicitly
targeting reference data rather than reproducing tunnel
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freestream turbulence intensity.

For DNS, the continuity and momentum equations are
formulated as:

V-u=0 (€]

ou 1 2
— . - _= 2
6t+(u Vu pr+vVu

where: u is the velocity vector, p is the pressure, p is the
density, and v is the kinematic viscosity.

3.1 Grid Generation and Quality Assessment

In this study, a 3D numerical hybrid grid was
employed (Fig. 2). The computational grid was developed
based on the 2D mesh model previously analyzed by
Rogowski et al. (2021). The key features include a hybrid
mesh, consisting of a structured grid near the airfoil
surface and an unstructured grid in the remaining regions.
The structured mesh comprises 37 layers with a growth
rate of 1.13 and an initial wall-adjacent element thickness
of 5 x 10-¢ meters, ensuring a wall y* value of less than 1.

Although a purely structured mesh (e.g., an O-grid or
C-grid) is commonly used for steady airfoil simulations,
we opted for a hybrid unstructured mesh in this study to
better accommodate the problem setup and future needs.
First, our computational domain directly replicates a
rectangular wind tunnel test section (Rogowski et al.,
2025); forcing a single-block structured O- or C-grid to fill
this rectangular domain would introduce distortions or
require complex multi-block interfaces. In contrast, the
chosen hybrid mesh (structured prism layers near the
airfoil and unstructured elements in the far field) naturally
conforms to the rectangular boundaries, thereby
preserving fidelity to the experimental geometry. Second,
while the present case is static, this mesh strategy provides
flexibility for planned dynamic simulations (e.g., pitching
or oscillating airfoils), where unstructured grids adapt
more readily to moving boundaries or localized
refinement. Third, extensive literature shows that
unstructured meshes can achieve accuracy on par with
structured meshes for Large-Eddy Simulations, provided
that near-wall regions are sufficiently resolved Cao and
Tamura (2016) or Lloyd and James (2016). For example,
Cao and Tamura (2016) compared LES results on
structured vs. unstructured grids for flow over a bluff body
and found both approaches produced similarly accurate
time-averaged and RMS flow quantities. Likewise, Lloyd
and James (2016) reported that an unstructured grid can
even resolve wake flow features better than a structured
grid of comparable size, given equivalent boundary-layer
resolution. These findings demonstrate that a hybrid mesh
does not compromise solution fidelity. In our case, the use
of 37 high-quality prism layers (growth ratio 1.13, first-
layer y*<1) around the airfoil ensures the viscous sublayer
is well-resolved, satisfying the same criteria a structured
mesh would. Therefore, our hybrid mesh choice is well-
justified by the rectangular domain requirements, future
dynamic applications, and evidence from prior studies
confirming the accuracy of unstructured LES meshes.

The spanwise extent of the computational domain was
set to L, = 0.15¢ (with ¢ = 0.06c¢). Near the airfoil, the
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surface mesh was constrained to a nominal surface
element size of 6-10~5m, which yields ~150 cells
across the span at the airfoil and ensures adequate
spanwise resolution; the airfoil edge itself was discretized
with 830 divisions in the streamwise direction. In the outer
tunnel block, the structured grid was extruded with 25
layers in the z-direction. Historically anchored and moving
to unconfined cases, we note that Zhang & Samtaney
(2016) surveyed airfoil DNS/LES practice and
documented that spanwise aspect ratios used in numerical
simulations are most commonly in the range AR =
L,/c = 0.1 —0.2. Inthe present study (@ < 10°,Re = 3 -
10*), our choice L, = 0.15c¢ lies within this documented
band for unconfined low-to-moderate-AoA airfoils. Each
static angle-of-attack case required on the order of 10?
wall-clock hours on 960 Cray XC40 cores.

To evaluate the quality of the computational grid and
its suitability for resolving near-wall turbulence in LES
simulations, the dimensionless wall distance (y*) and the
grid resolutions in the streamwise (4x*) and spanwise
(4z%) directions were analyzed. These parameters were
assessed for the unstructured triangular grid, with
particular attention given to the case of a Reynolds number
of 30,000 and an angle of attack () of 4 degrees.

For the suction side of the airfoil, the average y* was
approximately 0.052, with a minimum of 0.0023 and a
maximum of 0.21. On the pressure side, the averaged y*
value was 0.081, with a minimum of 0.017 and a
maximum of 0.19. These results confirm that the near-wall
grid resolution was sufficiently fine, maintaining y+ value
within the recommended range for accurate capture of
near-wall turbulence effects.

Regarding grid resolution, on the suction side-where
the element size was relatively uniform, the average 4x*
and Az* were approximately 1.36. On the pressure side, the
averaged Ax* and 4z* values were slightly higher at 2.09.
These results suggest that the grid was adequately refined
in both directions to capture key flow features around the
airfoil. The grid resolution achieved in this study is
entirely sufficient to accurately resolve the physical
phenomena within the boundary layer, particularly at the
low Reynolds number considered (Kojima et al., 2013).

A final grid resolution assessment was performed by
evaluating the ratio of the local grid spacing (4) to the
Kolmogorov  length scale, n = (v3/e)/*. The
dissipation, ¢, was derived under a local equilibrium
condition, & = (vg4552) following Youetal. (2007). In the

formula, wses and S denote the subgrid-scale viscosity
and the time-averaged magnitude of the strain-rate tensor,
respectively. Figure 3 presents the distribution of the A/y
parameter in the vicinity of the airfoil. As demonstrated by
Pope (2000) the scales 4/ sized between 8 and 60 are
responsible for the bulk of dissipation. The results show
that the maximum value of 4/y does not exceed 3.5.
Following the recommendations by Pope and the results
by Kubacki et al. (2013) and Kubacki at al. (2014), it was
concluded that a sufficient grid resolution was achieved to
capture the relevant flow structures in LES, but also in
DNS (Pope, 2000).
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Fig. 2 Computational mesh used for DNS and LES
simulations

Fig. 3 Distribution of the grid resolution parameter
Aly around the airfoil at a=4°

3.2 Mesh Sensitivity Test

The mesh sensitivity study was performed for an
angle of attack of 8°. Specifically, we investigated how
changes in mesh density affect the accuracy of the
computed aerodynamic force coefficients and the surface
distribution of flow quantities. In particular, the influence
of mesh resolution on the lift (C.) and drag (Cp)
coefficients was examined, alongside its effect on the
pressure coefficient (Cp) and skin friction coefficient (C)
distributions.

The main mesh parameter varied in this study was the
surface element size. For the nominal mesh, this size was
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0.00006 m (as described earlier), resulting in
approximately 52 million elements. A coarser mesh was
generated by increasing the element size to 0.000085 m,
which produced about 40 million elements. In contrast, the
finest mesh used a smaller element size of 0.00005 m,
yielding roughly 62 million elements. In other words,
reducing the surface element size by about 17% (from
0.00006 m to 0.00005 m) increased the mesh by nearly 10
million elements.

Table 1 presents the resulting aerodynamic force
coefficients computed using the three grids. For clarity,
the coarse mesh is labeled CG (Coarse Grid), the nominal
mesh NG (Nominal Grid), and the fine mesh FG (Fine
Grid). As shown, the differences in the force coefficients
across the grids are very small. In fact, the lift coefficient
values differ only in the fifth decimal place, indicating
excellent consistency between the meshes. Slightly larger
differences are observed for the drag coefficient—for
example, refining the mesh by 17% (reducing the element
size) changes the predicted drag by less than 5%. This
level of variation is acceptable, suggesting that the
solution is essentially mesh-independent for the quantities
of interest (Zoschg, 2024).

Table 1 Mesh sensitivity test results for the three
considered grids (CG = Coarse Grid, NG = Nominal
Grid, FG = Fine Grid)

Case CL Co

CG 0.10073 0.18759
NG 0.10051 0.19270
FG 0.10173 0.20189

Additionally, Fig. 4 compares the pressure coefficient
and skin friction coefficient distributions obtained using
the coarse, nominal, and fine meshes. These results have
been time-averaged and also averaged along the spanwise
direction for a representative comparison. It can be seen
that the Cp and Cs profiles for all three cases are practically
identical. This further confirms that the solution shows
very little sensitivity to the mesh density in the examined
scenario.

4. RESULTS

4.1 Aerodynamic Force Predictions from DNS and
LES at Low Reynolds Numbers

Figure 5 presents the aerodynamic characteristics,
specifically the lift coefficients, as functions of the angle
of attack for a Reynolds number of 30,000, obtained using
LES and DNS simulations. For completeness, we note that
DNS covers a = 0°-10°, whereas LES is shown at a = 4°
and 8° to provide direct cross-validation with DNS at
representative low-AoA conditions. These results are
compared with experimental data acquired in the Red
Wind Tunnel (RWT) at the Technical University of
Denmark (DTU), as reported by Rogowski et al. (2025).
Previous studies by Kojima et al. (2013) indicated good
agreement of the 3D LES approach over a wide range of
angles of attack and satisfactory performance of the 2D
DNS approach at low angles of attack. As observed from
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Fig. 4 Mesh sensitivity test at a = 8°: (a) static
pressure coefficient and (b) skin friction coefficient

@

(b)

Fig. 5 Comparison of lift (a) and drag (b) versus angle
of attack for the NACA 0018 airfoil. DNS and LES
are compared with the experiments of Rogowski et al.
(2025): Cvp from wall-pressure taps, Cig from a force
balance, and Cowake from a wake-rake survey

the experimental data obtained using both wall pressure
measurements and force gauges, identifying the critical
angle of attack, acit, for this relatively thick airfoil is
challenging. The critical angle of attack is typically
associated with a sharp drop in lift, resulting in a distinct
bending of the C.(a) curve. At low Reynolds numbers,
viscous forces dominate, leading to an extended laminar
boundary layer and severe flow separation. The separation
point can be highly sensitive to minute flow disturbances
or surface roughness, making accurate prediction difficult.
The critical angle of attack is also influenced by airfoil
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geometry, including airfoil thickness and leading-edge
shape, as discussed by Kurtulus (2022).

The negative lift value was accurately reproduced
using DNS at an angle of attack equal to 2°. The LES
simulations were performed only for two angles of attack,
4 ° and 8°, yielding aerodynamic force coefficients nearly
identical to those obtained from the DNS. Experimental
results from other researchers, such as Ohtake et al.
(2007), and numerical studies by Kojima etal. (2013), also
confirmed the occurrence of this effect, caused by strong
inverse pressure gradients. A similar phenomenon was
observed by Yarusevych (2006), who analyzed the
aerodynamic performance of a NACA 0025 airfoil. In his
experimental study, negative lift coefficients were
reported at Reynolds numbers as low as 55,000 and
100,000, even for positive angles of attack up to 5°, due to
the formation of large separation regions on the suction
side without flow reattachment. The asymmetry of
pressure distributions at low Reynolds numbers resulted in
a net downward force, which is atypical for symmetric
airfoils.

Comparable observations were made by Ohtake et al.
(2007), who investigated the NACA 0012 airfoil at
Reynolds numbers ranging from 10,000 under low
turbulence intensity conditions (==approximately 0.1%).
However, a comparison between the present study and the
findings by Yarusevych (2006) and Ohtake et al. (2007)
reveals that the extent of the negative-lift region increases
with airfoil thickness. For the NACA 0012 airfoil,
negative lift is typically confined to the range of 1°-2°. In
our analysis of the thicker NACA 0018, this range extends
to approximately 2° in experiments and up to 4° in DNS
simulations. In contrast, Yarusevych (2006) reported
negative lift values at o = 5° for the even thicker NACA
0025 profile.

It is also noteworthy that this phenomenon becomes
negligible or even absent when the turbulence intensity
increases. For instance, studies by Tsuchiya et al. (2013)
and Albrecht et al. (2022) demonstrated that at higher
freestream turbulence levels, the lift curve regains its
expected monotonic and symmetric shape, with minimal
deviation from classical thin-airfoil theory.

Table 2 reports the error metrics between the
numerical predictions and the experiments for both lift and
drag. Errors are evaluated at the DNS angles of attack after
interpolating the experimental series onto the same a-grid.
For a quantity g, the pointwise error is Aq(a;) =

qpns(a;) — qup(ai)' We list: RMSE = \/1/N ZiAqizx

MAE = 1/N };|Aq;l, max|Al = max;|Aqg;| and
NRMSE = RMSE/(qup,max - qexp,min)-
As shown, DNS accurately reproduces the

experimental lift trends. Overall, the magnitudes of
RMSE/MAE and the modest NRMSE confirm good
predictive skill in the @ = 0° — 10° range. Although the
absolute drag errors (RMSE/MAE) are small, the
normalized error (NRMSE) can be comparable to or larger
than that for lift because the experimental Cp variation
over this narrow o-interval is itself small. Residual
differences are expected at low Reynolds numbers, where
Cp is highly sensitive to near-separation losses and to
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Table 2 Error metrics between DNS and the
experiments of Rogowski et al. (2025)

RMSE MAE max|A| | NRMSE
Cob 0.02456 0.0224 0.0396 0.324078
Cu 0.09516 0.0882 0.1526 | 0.319445
Cug 0.06832 0.0578 0.1086 0.242585

wake-based measurements (here Cpwae from the rake).
Taken together, the metrics substantiate the visual
agreement in the figure and provide a concise, quantitative
validation beyond lift alone.

The skin friction coefficient (C¢ and o,) and pressure
coefficient C, for angles of attack & = 4° and 8° are
presented in Figure 6. Here, C; = t,,/(0.5pV¢) is defined
as the skin-friction coefficient, representing the total wall
shear stress, o, is the x-component of the wall shear stress
in pascals (Pa), while C, = (p — p.)/(0.5pVZ) is the
static pressure coefficient, representing the pressure
relative to freestream conditions.

Figure 6 presents a comparison between the surface
pressure coefficient distributions obtained from the
present DNS simulations at « = 10° and the experimental
measurements reported by Yarusevych and Boutilier
(2010). To the best of our knowledge, these are the only
pressure distributions available in the literature for the
NACA 0018 airfoil at Reynolds numbers close to those
considered in the present study. Although the DNS was
performed at Re = 30,000 and the experimental data
correspond to Re = 40,000, the overall agreement is
encouraging. Both datasets show the characteristic sharp
suction peak near the leading edge, followed by a gradual
recovery toward the trailing edge. The most noticeable
differences appear at the leading edge, where the DNS
predicts a stronger suction peak, which can be attributed
to the lower Reynolds number used in the simulation and
the clean inflow condition (Tl = 0%) compared with the
finite turbulence level in the wind tunnel. Downstream of
x/c = 0.2, the correspondence between the DNS and the
measurements improves significantly, with the predicted
C, profiles closely following the experimental trend. Some
discrepancies in the mid-chord region may also reflect the
limited readability of the experimental curves, as
Yarusevych and Boutilier (2011) plotted multiple
Reynolds numbers (40,000-70,000) on the same figure,
leading to partial overlap. It should also be noted that
Yarusevych and Boutilier (2011) distinguished two
qualitatively different regimes of C, distributions: one for
Reynolds numbers between 40,000 and 70,000 and
another for Reynolds numbers above 100,000, where the
flow characteristics change markedly. Within these
limitations, the present comparison demonstrates that the
DNS captures the essential features of the low-Reynolds-
number pressure distribution on the NACA 0018 airfoil,
further supporting the reliability of the simulations as a
reference dataset.

Both LES and DNS predict the separation of the
laminar boundary layer on the airfoil's suction side at x/c
~0.25and x/c= 0.13 for « = 4° and 8°, respectively. For
a = 4°, the flow experiences near-zero shear stress in the
region between x/c = 0.7 and 0.9 (see also Figure 7) prior
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Fig. 6 Comparison of static pressure coefficient (Cp)
distributions at « = 10° for the NACA 0018 airfoil.
The present DNS results at Re = 30,000 are shown
alongside the experimental measurements of
Yarusevych and Boutilier (2010) at Re = 40,000

Fig. 7 Skin friction coefficient (Cs), X-wall shear stress
(ox), and static pressure coefficient (Cp) at two angles
of attack, computed using DNS (orange curves) and
LES (blue curves). Solid lines represent the pressure

side, while dashed lines represent the suction side

to re-separating more abruptly near the trailing edge, while
for a = 8°, an earlier onset of near-zero shear stress is
observed along the streamwise extent from x/c=0.4t00.7.
The results show that no transition to turbulence is
observed on the suction side for either case.

4.2 High  Angle-of-Attack
Characteristics

Flow and Stall

Figure 8 presents the flow visualization around
the NACA 0018 airfoil for angles of attack from 0° to 10°
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Fig. 8 Flow visualization around the NACA 0018
airfoil at 0°-10° angles of attack from DNS. Q-
criterion isosurfaces colored by normalized x-velocity

based on DNS simulations. The visualizations use Q-
criterion iso-surfaces colored by normalized streamwise
velocity V,/V,, which clearly reveal the evolution of
vortex structures in the wake.

At low angles of attack (a < 4°), the flow remains
largely attached over the suction side, with only minor
separation near the trailing edge. As the angle of attack
increases to 6°-8°, flow separation moves progressively
upstream, and spanwise vortices begin to develop more
prominently in the wake. At a = 10°, which exceeds the
stall angle for this airfoil under the present Reynolds
number and inflow conditions, the laminar boundary layer
separates around mid-chord (x/c =~ 0.5) and does not
reattach, resulting in a large separated wake region. This
wake is characterized by strong, coherent vortices shed
from the separated shear layer, as well as a highly unsteady
flow pattern.

These results illustrate how increasing the angle of
attack leads to earlier separation, more complex wake
dynamics, and eventually massive separation at post-stall
conditions, demonstrating the capability of the present
numerical approach to capture key features of the flow
across a wide range of a.

4.3 Flow Separation and Wake Dynamics at Low
Reynolds Numbers

In  the context of low-Reynolds-number
aerodynamics, the flow over the symmetric NACA 0018
airfoil at angles of attack (8° and 4°) exhibits the
prominent emergence of coherent vortex structures on the
suction side. The vortical formations initiated in the
vicinity of the leading edge exert a decisive influence on
the downstream evolution of the boundary layer,
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mediating the onset of complex flow phenomena observed
further along the airfoil surface, particularly in the
proximity of the trailing edge. The immediate
neighborhood of the leading edge is characterized by early
separation of the laminar boundary layer, while the
trailing-edge region reveals the development of large-
scale, organized vortical structures indicative of intricate
interactions between shear layer instabilities and the outer
flow.

Figure 9a shows the mean streamwise velocity profiles at
mid-span along the airfoil surface covering the streamwise
distances from x/c=0.4 to 0.99 for Re=30,000 and « = 4°.
The figure indicates that the boundary layer remains
separated over a large portion of the suction side, from
approximately x/c=0.4. The boundary layer separation is
significant,  with a  thickness  corresponding
to 15% of the chord at the trailing edge. Importantly, the
suction side shows neither shear layer reattachment nor the
presence of a separation bubble. Such a separation bubble
is only expected to form at significantly higher Reynolds
numbers, around 100,000 (Yarusevych and Boutilier,
2011).

Fig. 9 (a) Mean streamwise velocity profiles at
selected chordwise locations on the suction side of the
NACA 0018 airfoil at Re = 30,000 and « = 4°. (b)
Streamwise evolution of the displacement thickness
&* and shape factor Hi. = 6*/6 extracted from the
velocity profiles shown in (a)
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Further analyses were undertaken to determine if the
Kelvin—Helmholtz instability develops in the flow over
the NACAOQ018 profile. We evaluated the displacement
thickness, §*, and the shape factor, H,, = §*/6, from the
DNS data. The resulting values are shown in Fig. 9b. The
elevated magnitudes of §*and H,, are primarily due to the
large separated region extending over 60% of the profile.
To corroborate these findings, we also performed XFOIL
calculations (the force-coefficient results from XFOIL are
discussed in Rogowski et al., 2025). A direct comparison
confirmed large shape-factor values, with Hi, reaching
approximately 25. XFOIL reproduced the initial growth of
H12 on the fore part of the chord, but farther downstream
its empirical transition correlations (e.g eN -based
triggering) attempted to enforce transition under
conditions of massive separation, which makes those
predictions unreliable for the present case. In contrast, the
DNS exhibit no evidence of a laminar-to-turbulent
transition driven by the Kelvin—Helmholtz instability and
subsequent boundary layer reattachment.

Figure 10 presents the energy spectra of the
streamwise fluctuating velocity component (Fig. 10a) and
the static pressure fluctuations (Fig. 10b) obtained at
several locations along the airfoil surface, starting from
x/c=0.35. The velocity and pressure signals were acquired
at a wall-normal location corresponding to the
recirculation region near the airfoil surface. The dominant
frequency, fs, corresponding to the peak of Eu, Iis
measured at 219 Hz. This peak is attributed to vortex
shedding. Additionally, a subharmonic peak is observed at
approximately 95 Hz, along with a higher harmonic at 438
Hz, which is typical of periodic flow phenomena. The
presence of these peaks indicates complex flow
interactions, such as dynamic boundary layer separation
and breakdown of the vortex structures. Aligned with the
observations by Yarusevych (2006) and Yarusevych and
Boutilier (2011), the dominant frequency identified herein
can be linked to the effects of vortex shedding behind the
airfoil in the absence of boundary layer reattachment. The
pressure fluctuations induced by vortex shedding have a
significant impact on the flow dynamics near the airfoil
surface. As illustrated in Fig. 8a, the energy spectra imply
that the flow is predominantly in a separated and
transitional state, with the f>/3 slope, characteristic of
small-scale turbulence, observed only in a small fraction
of vortex structures at frequencies exceeding 500-600 Hz
(x/c=0.45-0.8).

To further characterise the dominant frequency (fs =
219 Hz) identified in Fig. 10, two definitions of the
Strouhal number were adopted. The first Strouhal number,
Sty = f; - 0/V;, is defined using the momentum
thickness, 6, and the mean velocity, Vs, at the separation
point. The Strouhal number characterizes the receptivity
mechanism of the Kelvin—-Helmholtz (K-H) instability,
which results in the roll-up of the separated shear layer.
Yang and VVoke (2001) state that the Kelvin—Helmholtz
instability occurs when the Stk falls within 0.005-0.011
range, whereas Talan and Hourmouziadis (2002) propose
a slightly different range (0.008-0.012). In our work, the
Strouhal number based on the momentum thickness falls
within the 0.25-0.29 range, which lies outside the
mentioned ranges. Thus, the present results indicate that
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Fig. 10 Energy spectra of streamwise velocity
fluctuations (a) and static pressure fluctuations (b)
measured along the airfoil at Re = 30,000 and angle of
attack AoA = 4°. x/c denotes the normalized
streamwise distances

the observed flow unsteadiness does not support the
presence of the K—H instability. The second definition
given by St, = f; - d/V,, where d is the projected height
of the airfoil in the y-direction and Vo is the freestream
velocity, follows the approach previously adopted by
Yarusevych (2006) and Yarusevych and Boutilier (2011).
Based on the present simulations, the estimated value of
Sto is 0.3366. This result is in strong agreement with the
experimental data reported by Yarusevych and Boutilier
(2011) for Re. = 30,000-60,000, concerning flow over a
NACAO0018 airfoil at a 10° angle of attack (see their Fig.
5b). This indicates a common origin of fluctuations near
the airfoil surface, namely the vortex shedding process in
flow without boundary layer reattachment.

Previous results did not indicate the presence of
classical Kelvin—-Helmholtz (K-H) instability. However,
based on the hypothesis proposed by Yarusevych and
Boutilier (2011), it isexpected that in the absence of shear-
layer reattachment, transition to turbulence occurs within
the separated free shear layer, resulting in the formation of
large-scale vortex structures. Figure 1la illustrates the
streamlines shaded by instantaneous velocity magnitude,
while Figure 11b depicts the instantaneous velocity vectors,
coloured by the instantaneous z-direction vorticity, for the
flow at Re = 30,000 and & = 4°. In Figure 11, the vorticity
contours are colored by the z-component of vorticity (w.),
which corresponds to the out-of-plane vorticity in this
configuration. This component is used because it
highlights the spanwise (transverse) vortex structures shed
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Fig. 11 Flow at Re = 30,000 and « = 4°. (a) Flow
streamlines colored by instantaneous velocity
magnitude. (b) Close-up view of the separated shear
layer and vortex shedding near the trailing edge,
colored by vorticity in z-direction

in the wake of the airfoil, making it easier to visualize the
flow pattern. The wake development resembles that of a
bluff body without reattachment, characterized by a wider
wake compared to flows at higher Reynolds numbers
(Yarusevych and Boutilier, 2011). To further investigate
the nature of flow unsteadiness close to the airfoil surface,
additional spectral analysis was performed in the wake
region. Informed by the velocity vector distribution
depicted in Fig. 11b, monitoring points were placed at y/c
= 0.07 downstream of the airfoil trailing edge (see Fig. 1
for the coordinate system), with their streamwise positions
extending from x/c = 1.0 to x/c = 2.75. Figure 12 presents
the energy spectra of the y-velocity component, wherein
the spectral peak corresponding to a wake vortex shedding
frequency of 230 Hz is closely aligned with the previously
determined shedding frequency of f; = 219 Hz in the
vicinity of the airfoil surface (Fig. 10).

The Strouhal number, calculated using the height of
the airfoil projection on a plane normal to the flow and the
measured shedding frequency, was determined to be 0.36.
Yarusevych and Boutilier (2011) reported a Strouhal
number of approximately 0.25 in their studies; however,
their experiments were conducted at an angle of attack of
10°. The results obtained by Huang and Lin (1995) for a
NACA 0012 airfoil further confirm that the Strouhal
number decreases with a reduction in angle of attack.
Additionally, their values for a similar Reynolds number
range and an angle of attack of 5° are very close to those
obtained in the present work. A similar flow behavior has
been experimentally observed by Yarusevych and
Boutilier (2010), who studied the NACA 0018 airfoil at «
= 10° and Re = 30,000. Although our simulations were
carried out at o = 4°, the qualitative agreement is notable.
Both studies report a wide wake, absence of boundary
layer reattachment, and coherent vortex shedding under
low-turbulence inflow conditions. Yarusevych and
Boutilier (2010) identified a shedding frequency of
approximately 12 Hz, corresponding to a Strouhal number
around 0.2, based on projected airfoil height. In the present
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Fig. 12 Energy spectra of the y-fluctuating velocity
component gathered at various streamwise positions
x/c behind the airfoil trailing edge

work, the dominant shedding frequency is higher (f; =~
219 Hz), but the resulting Strouhal number (St =~ 0.3366)
remains within the expected range for bluff-body-type
flows at low Reynolds numbers. These observations
further support the conclusion that, for thick, symmetric
airfoils like the NACA 0018, flow separation without
reattachment can persist over a range of angles of attack,
and the associated unsteadiness is not driven by the
classical Kelvin—Helmholtz instability.

Figure 13 illustrates the mean x-velocity, V,/Vo, and
the root mean square (RMS) of the fluctuating x-velocity
component, v’/Vo, as obtained from LES computations, in
the wake downstream of the airfoil trailing edge over the
range of x/c = 1.25 to 3.0. The mean velocity profiles
indicate a velocity deficit of 0.43 at x/c = 1.25 and y/c = 0.
This value is consistent with the experimental
measurements of Yarusevych and Boutilier (2011),
showing Vi«/Vo=0.45-0.50, at a Reynolds number of
30,000, although their profiles were obtained at an angle
of attack of 10°. As the flow develops downstream, a
steady recovery of the symmetric wake velocity is
observed. The velocity deficit increases from 0.43 at
x/c=1.25 to 0.755 at x/c=1.75 and further to 0.8345 at
x/c=2.0, indicating rapid initial growth. Beyond x/c=2.0,
the more gradual spreading of the wake region is observed,
suggesting a stabilization of the wake characteristics. The
V’/Vo profiles (Fig. 13b) reveal a distinct double-peak
distribution, corresponding to the shear layer cores
generated by flow separation from the upper and lower
surfaces of the airfoil (Yarusevych and Boutilier, 2011).

4.4 Comparison of NACA 0012 and NACA 0018
Airfoils

This  subsection compares the aerodynamic
performance of two symmetric NACA four-digit airfoils
with different relative thicknesses, namely 18% (NACA
0018) and 12% (NACA 0012). The NACA 0012 airfoil
has been investigated more extensively in the literature,
both experimentally and numerically, which provides a
broader reference database for comparison. Figures 14 and
15 present the lift and drag characteristics, respectively.
For NACA 0012, two independent experimental datasets
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Fig. 13 (@) Mean wake velocity profiles and (b) RMS
wake velocity profiles

are considered: Ohtake et al. (2007) and Althaus (1980).
In addition, results from two independent LES studies are
included: Kojima et al. (2013) at Re=23,000 and Lee et al.
(2015) at Re=30,000, both assuming zero free-stream
turbulence intensity.

To further validate the DNS approach described in
Subsection 3, two additional DNS simulations were
performed for the NACA 0012 airfoil at angles of attack
of 3° and 6°. These simulations employed the same grid
distribution and identical flow conditions (Re=30,000,
T1=0%) as in the case of the NACA 0018 computations.
The DNS results are shown in Figures 14 and 15 using red
markers. The agreement between LES and DNS is very
good, providing additional confirmation of the reliability
of the DNS methodology used in this study.

The lift and drag coefficients of NACA 0012 were
also compared directly with those of NACA 0018
presented earlier in Section 4. Both DNS data and
experimental curves from Rogowski et al. (2025) were
employed for this purpose. Figures 14 and 15 clearly
demonstrate the influence of airfoil thickness on the
aerodynamic loads.

A comparison of drag coefficients between the
experiments of Rogowski et al. (2025) and Ohtake et al.
(2007) reveals similar trends and a distinct upward shift in
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Fig. 14 Lift coefficient (CL) versus angle of attack for
NACA 0012 and NACA 0018 airfoils. Experimental
data for NACA 0012 are taken from Ohtake et al.
(2007) and Althaus (1980), while LES results are from
Kojimaetal. (2013) and Lee et al. (2015). Additional
DNS simulations for NACA 0012 at a= 3° and 6° are
shown with red markers. Experimental and DNS
results for NACA 0018 are taken from
Rogowski et al. (2025)

Fig. 15 Drag coefficient (CL) versus angle of attack for
NACA 0012 and NACA 0018 airfoils

the range of angles of attack from 0° to 8°. In this interval,
the mean drag coefficient equals 0.026659 for the NACA
0012 and 0.085880 for the NACA 0018. The average
increase in drag, defined as the difference between the
mean drag of the thicker and thinner airfoil, amounts to
0.059221. The relative increase, calculated with respect to
the thinner airfoil, reaches 222.14%. In other words,
increasing the relative thickness from 12% to 18% results
in more than a threefold increase in drag in the low-angle
range of 0-8°.

Equally pronounced differences are observed in the
characteristics of the lift. In this case, the comparison was
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performed using the experimental datasets of Rogowski et
al. (2025) and Ohtake et al. (2007) over the angle of attack
range 0-9°. The mean lift coefficient is 0.324018 for the
NACA 0012 and 0.105225 for the NACA 0018. This
corresponds to a relative decrease of —67.53%. In other
words, the thicker airfoil loses approximately two-thirds
of its lift in this angle-of-attack range.

Figure 16 compares the Q-criterion isosurfaces for
the NACA 0018 and NACA 0012 airfoils. The isosurface
threshold values are identical in both visualizations. In
both cases, the angle of attack is 6° and the chord-based
Reynolds number is 30,000. The flow structures obtained
for the NACA 0012 airfoil closely resemble those
photographed by Kim et al. (2009) for the same airfoil at
an angle of attack of 6° and Reynolds numbers of 2.3x10*
and 3.3x10* In addition, Kojima et al. (2013), using
implicit LES to analyze the velocity field around NACA
0012, reported very similar flow structures at Re =
23,000 and =6° Figure 16 clearly demonstrates that,
despite the relatively small difference in thickness ratio
between the two airfoils, the nature of the boundary-layer
development and subsequent flow structures is entirely
different. For the thicker NACA 0018 section, the
separated shear layer rolls up into large, more coherent
vortical structures, producing a bluff-body-like wake,
whereas for the thinner NACA 0012 the flow rapidly
transitions into smaller, irregular vortices, yielding a more
turbulent and disordered wake. Consistent with this
picture, the Q-criterion fields in Figure 16 further
corroborate the presence of Kelvin-Helmholtz (K-H)
instability in the separated shear layer over NACA 0012 at
a=6": spanwise-coherent rollers form and subsequently
break down into hairpin-like structures. This behavior
mirrors the iLES observations of Kojima et al. (2013),
who explicitly link the periodic 2-D vortices to K-H
instability arising from a hyperbolic-tangent-like shear-
layer profile.

Fig. 16 Q-criterion isosurfaces for the NACA 0018
and NACA 0012 airfoils at a = 6° and Re = 30,000
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As already shown in Figure 14, the lift coefficients of
NACA 0012 and NACA 0018 differ markedly across the
entire angle-of-attack range considered. These differences
stem from the underlying pressure distributions. Figure 17
compares DNS static-pressure coefficients C,(x/c) at
a=6", Re = 3.0 x 10%, for the two airfoils. NACA 0012
exhibits a sharper leading-edge suction peak and a faster
recovery toward the trailing edge—features consistent
with stronger bound circulation and higher lift—whereas
NACA 0018 shows an attenuated suction peak and a
broad, gently recovering plateau on the suction side,
indicative of earlier separation/longer laminar-bubble
behavior at this low Reynolds number. For reference, the
figure also includes NACA 0012 iLES at Re = 2.3 x 10*
from Kojima et al. (2013), which agrees closely near the
leading edge and follows the overall trend, with modest
mid-/aft-chord deviations attributable to the lower
Reynolds number and methodological differences.

Fig. 17 DNS static-pressure coefficient, C,,(x/c), at
a=6": NACA 0012 vs NACA 0018; includes NACA
0012 iLES at Re=23,000 (Kojima et al., 2013)

5. CONCLUSION

This study evaluated the aerodynamic performance
and flow dynamics of the NACA 0018 airfoil at a chord-
based Reynolds number of 30,000 using Direct Numerical
Simulation (DNS) as the primary methodology,
complemented by a limited set of Large Eddy Simulation
(LES) cases at a = 4° and 8°. The LES results closely
matched DNS predictions, thereby reinforcing the
reliability of the DNS dataset. Both methods successfully
captured the key aerodynamic features, including laminar
boundary layer separation, vortex shedding, and wake
development under clean inflow conditions.

The simulations revealed an early separation of the
laminar boundary layer past the leading edge, with no
reattachment occurring along the suction side, resulting in
a bluff-body-like wake structure. The energy spectra of the
fluctuating velocity and pressure measured near the airfoil
surface revealed a dominant vortex shedding frequency,
aligning with previously reported experimental findings
(Yarusevych and Boutilier, 2011). The estimated Strouhal
numbers confirmed the absence of classical Kelvin—
Helmholtz instabilities, further supporting the bluff-body
shedding mechanism.
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Comparison with experimental data demonstrated
very good agreement in terms of aerodynamic forces, skin
friction distribution, and wake characteristics, validating
the accuracy of the LES and DNS approaches. The mean
wake velocity profiles indicated steady wake recovery
downstream, in line with established low-Reynolds-
number flow behavior.

Overall, the results underscore the importance of
employing eddy-resolving methods, such as DNS and
LES, for predicting complex flow phenomena at low
Reynolds  numbers, thereby providing valuable
benchmarks for future studies on small UAVS, rotorcraft,
and microwind turbines.

This study provides a reference for future work on
analyzing pitching motion and the influence of inlet
turbulence intensity on airfoil characteristics.

In the present work, a clean inflow (0% resolved
turbulence) was prescribed instead of the ~0.1% measured
in the wind tunnel. This choice was intentional, as it
isolates the effect of wake flow on the separated boundary
layer in the absence of freestream turbulence. Introducing
resolved inlet fluctuations would have required a
substantially finer mesh upstream of the airfoil, which was
beyond the available computational resources.

Although LES was restricted to two representative
angles of attack due to computational cost, its excellent
agreement with DNS indicates that future LES studies can
be confidently extended to broader parameter ranges. In
this way, LES provides a supporting role in validating
DNS and highlights the robustness of both eddy-resolving
strategies for low-Reynolds-number separated flows.

While the present LES dataset was restricted to o = 4°
and 8° due to computational cost, we are extending the
simulations to additional angles to further populate the
low-Re map. These forthcoming results will be reported
together with studies on pitching motion and on the
sensitivity to freestream turbulence intensity.

Finally, we note that the spanwise symmetry
boundary condition, supported by published URANS and
LES results for isolated wings and airfoils, is appropriate
for the present a < 10° cases; for strongly three-
dimensional post-stall flows or for configurations
exhibiting  spanwise-coherent  shedding at long
wavelengths, a periodic treatment and/or increased L, may
be preferable.

The NACA 0012 airfoil proves to be significantly
more aerodynamically efficient than the NACA 0018 in
the low-angle-of-attack regime at Re = 30,000. In contrast,
the thicker NACA 0018 airfoil should only be considered
in applications where structural strength and resistance to
torsional loads are prioritized, such as in H-type VAWTS,
and this comes at the expense of aerodynamic efficiency.
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