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Kurzfassung

Diese Dissertation befasst sich mit der Vorhersage des Ubergangs von laminarer zu tur-
bulenter Stromung und dem Einfluss von Einstréom-Turbulenz fiir ein reales Profil eines
Windturbinenblattes bei einer realistischen Reynolds-Zahl. Dazu werden hochgenaue,
wandauflosende Large-Eddy Simulationen (LES) mit modellierter (anisotroper) Einstrom-
Turbulenz eingesetzt. Die Arbeit konzentriert sich auf drei Hauptaspekte:

(1) Analyse von Instabilitdten und deren Wechselwirkungen innerhalb der Grenzschicht,
die den Ubergangsprozess beeinflussen, (ii) Entwicklung von Methoden zur Identifizierung
des Ubergangs, die auch unter Bedingungen hoher Einstréom-Turbulenz anwendbar sind,
und (iii) Untersuchung der Empféinglichkeit der Grenzschicht fiir externe Stérungen und
des entsprechenden Stérungsverstarkungsfaktors N, der dem Ubergangsort entspricht.

Modale Instabilitdten entstehen durch viskose Effekte und adverse Druckgradienten,
wahrend Einstrom-Turbulenz ’Streaks” in der Grenzschicht induziert. Mit steigender Tur-
bulenz bewegt sich die Transition stromaufwarts, obwohl die Streaks die Grundstromung
beeinflussen und den Beginn der modalen Instabilitdten stromabwarts verschieben. Eine
Erhohung der Turbulenzintensitét von 2.4 auf 4.5 % (Reynolds-Zahl = 1M) fiihrt auf-
grund einer starken Unterdriickung der modalen Instabilitaten zu einer stromabwartigen
Verschiebung der Transition. Bei weiterer Erhohung auf 7 % verlagert sich die Transition
erneut stromaufwarts, wird nun vom Zerfall der Streaks dominiert. Das Vorhandensein
der Streaks und der laminarer Abloseblase beeinflusst den instationdren Ablésepunkt.

Die herkommlichen Methoden zur Transitionserkennung, basierend auf dem Reibungs-
koeffizienten oder dem Formfaktor, sind bei einer Reynolds-Zahl von 1M, wo die Transition
durch Streak-Zerfall bestimmt wird, nicht anwendbar. Diese Methoden sagen eine zu grofie
Ausdehnung des Transitionsbereiches in Stromungsrichtung voraus oder verschieben die
Transition zur Vorderkante, wiahrend eine turbulente Stromung nach etwa 40 % der Sehnen-
lange vorliegt. Ein neuartiger Ansatz zur Transitionserkennung, basierend auf maximalen
Geschwindigkeitsschwankungen in der Grenzschicht, wurde entwickelt und erweist sich als
effektiv in allen Féllen, einschliefflich solcher mit geringer Turbulenzintensitét.

CFD wird zur Vorhersage von Auftriebs- und Widerstandskraften an Profilen verwen-
det. Zur Vorhersage des Ubergangs wird die eN-Methode mit dem Verstirkungsfaktor
N eingesetzt. Die Mack-Korrelation, die oft zur Berechnung von N verwendet wird,
basiert auf isotroper EinstromTurbulenz und einer ebenen Platten-Grenzschicht, was
nicht den realen Bedingungen entspricht. In dieser realistischeren Studie wird gezeigt,
dass die Mack-Korrelation bis zu einer Turbulenzintensitat von etwa 2.4 % zuverléssig
bleibt und mit der aus LES-Daten abgeleiteten Korrelation tibereinstimmt. Bei hoheren
Turbulenzintensitéten dominiert jedoch der Zerfall der Streaks den Ubergang, was eine
neue Formulierung des N-Faktors erfordert, die mithilfe von LES-Daten entwickelt wird.

Zusammenfassend betrachtet werden in dieser Arbeit verschiedene Instabilitdten mittels
LES vorausberechnet und die Analyse zeigt deren Wechselwirkungen und Auswirkungen
auf die Transition. AbschlieBend wird basierend auf dem dominierenden Ubergangsmecha-
nismus festgestellt, dass zwei Korrelationskurven erforderlich sind, um den Verstarkungs-
faktor vorherzusagen, bei dem die Stromung turbulent wird.






Abstract

This thesis is concerned with predicting laminar-turbulent transition and the impact of
inflow turbulence on a real wind turbine blade cross-section at a realistic Reynolds number.
For this purpose, high-fidelity, wall-resolved large-eddy simulations (LES) with modeled
(anisotropic) inflow turbulence are used. The thesis focuses on three main issues:

(i) analyzing instabilities and their interactions within the boundary layer, which influences
the transition process, (ii) developing methodologies to identify transition also applicable
to high inflow turbulence conditions, and (iii) investigating boundary layer receptivity to
external disturbances and the corresponding disturbance amplification factor N, which
corresponds to the transition location.

Modal instabilities develop due to viscous effects and adverse pressure gradients. Inflow
turbulence induces the formation of boundary layer streaks, which increase with the
turbulence intensity. Transition moves upstream with increasing turbulence intensity,
even though streaks modulate the base flow and shift the onset of modal instabilities
downstream. However, increasing the turbulence intensity from 2.4 to 4.5 % at a Reynolds
number of 1M leads to a downstream shift of the boundary layer transition due to a strong
suppression of modal instabilities. On further increasing the turbulence intensity to 7 %
transition moves upstream again, but now it is dominated by streak breakdown. Streaks
coexisting with a separation bubble causes a shift in the instantaneous separation point,
either upstream or downstream depending on the streak type.

The conventional methods for detecting transition based on the slope of the friction
coefficient or the peak in the shape factor are not applicable to the data at a Reynolds
number of 1M, where boundary layer transition is governed by streak breakdown. These
methods either suggest excessively large chordwise regions for transition or shift the
transition point to the leading edge, while turbulent flow is observed only downstream
of 40 % chord. Therefore, a novel transition detection approach based on the maximum
streamwise velocity fluctuations within the boundary layer is developed and found to be
effective across all cases, including those at low turbulence intensities.

CFD is often used for predicting the lift and drag forces on airfoils across various
conditions. The prevalent transition prediction method is the eN method, where N is the
amplification factor. Mack’s correlation, commonly used for the calculation of N, assumes
isotropic inflow turbulence and a flat plate boundary layer, which may not reflect real-
world conditions. This study incorporates more realistic anisotropic inflow turbulence and
demonstrates that Mack’s correlation remains reliable and agrees with the LES-derived
correlation up to a turbulence intensity of approximately 2.4 %. At higher turbulence
intensities, streak breakdown dominates transition, necessitating a new formulation of the
N factor which is provided based on the LES data.

In summary, the LES predictions resolve various instabilities and the analysis reveals
their interaction and effect on transition. Finally, based on the dominating transition
mechanism it is found that two correlation curves are necessary to predict the amplification
factor at which the flow turns turbulent.

1ii
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1 Introduction

1.1 Wind Power: Current Status and Future Prospects

The cost of energy produced by wind turbines has been steadily decreasing, primarily
due to larger rotor diameters which reduce the CapEx (initial capital expenses) and
OpEXx (operational expenses) costs since fewer turbines are needed to produce the same
amount of power (Wiser et al., 2021). Technological innovation and industry maturation,
such as automation and risk mitigation, have also contributed to increased capacity
factors and thus lower costs. In 2021, wind energy supplidd % of the EU-27 + UK's
electricity demand (Komusanac et al., 2022). This was a record year for new installations
amounting to 17.4 GW. This surpassed the 17.1 GW recorded in 2017. As a result, the
total installed capacity at the end of 2021 was 236 GW. However, despite the all-time
high in new installations, the installed capacity wasll % lower than forecasted, and
according to Komusanac et al. (2022) it is not even half of what needs to be installed to
achieve the EU's 2030 climate and energy goals. Furthermore, many nations are seeking
to achieve these targets even sooner than originally planned due to the current political
scenario. Komusanac et al. (2022) further report that the failure to meet projections is
due to permitting bottlenecks, where legislative changes are slower than expected, and
global supply chain issues are also a contributing factor.

WindEurope projects the installation of 116 GW of wind power within Europe from
2022 to 2026 (see Fig. 1.1). It is clear that the year-on-year wind energy installation
capacity has not yet peaked, and any further reductions in the levelized cost of energy
would contribute positively to the growth of wind energy capacity.

To reduce the cost of energy, plant manufacturers are constantly developing larger ma-
chines and optimizing load-speci c components. The rotor blades, after the tower, have
the largest individual costs (Stehly and Beiter, 2018) and are the determining compo-
nent for both performance and loads. Wind turbine rotors are typically designed using
one-dimensional blade element momentum (BEM) theory and other simplifying codes,
which require reliable airfoil lift and drag coe cients over a wide range of Reynolds num-
bers (Scha arczyk, 2020). Obtaining such data through experiments in wind tunnels
or even the free atmosphere is expensive and challenging. To overcome this di culty,
computational uid dynamics (CFD) models have been developed.

To achieve high e ciency (Scha arczyk, 2014), there is an increased use of special
aerodynamic pro les (Jones, 1990) that have large areas of low-resistance, maintaining
laminar ow. Designing such pro les and predicting the aerodynamic coe cients of exist-
ing pro les with a high degree of agreement comparable to that achieved by wind tunnel
experiments (Ceyhan et al., 2017) requires including the laminar-turbulent transition in
the three-dimensional CFD simulations of wind turbine blades.
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Fig. 1.1. WindEurope projections of new wind potential from 2022 to 2026 (Komusanac et al.,
2022). Reproduced with permission from WindEurope.

1.2 General Overview and Motivation

To date, no CFD model predicts the location of the laminar-turbulent transition across
a wide range of operating conditions. Several factors contribute to the transition pro-
cess, such as three-dimensionality e ects, largely caused by blade rotation (Schreck et al.,
2007). Other factors include separation, unsteadiness, etc. In addition, the properties
of the incoming ow eld, such as the free-stream turbulence (FST) intensity, length
scales, and anisotropy, play an important role and are in uenced by the atmospheric
boundary-layer dynamics in addition to the interaction and breakup of wakes from up-
stream structures (Ozgakmak et al., 2020). Ozcakmak et al. (2020) showed that under a
partial wake, where only a section of the rotor is in the shadow of an upstream wind tur-
bine, the transition scenario changes as the blade passes through this region and recovers
outside of it.

When using CFD to determine airfoil polars (lift vs. drag coe cient), fully-turbulent
ow is often considered (Sgrensen, 2009). However, in reality, there may be signi cant
regions of laminar ow on the suction side (Ozgakmak et al., 2020), especially with
the use of proprietary airfoils designed speci cally for wind turbines, known as laminar
airfoils (Scha arczyk et al., 2017). Accurate predictions of blade performance under
di erent ow conditions are essential for designing more e cient wind turbine blades.
A better understanding of the laminar-turbulent transition is especially important for
determining lift and drag coe cients as well as a more accurate prediction of the stall angle,
as emphasized by previous studies (Gross et al., 2012; Scha arczyk, 2020). An increasing
number of CFD simulations implement a correlation-based transition model (Menter et al.,
2004), which typically results in improved drag predictions (Sgrensen, 2009). This marks
a signi cant improvement over prior computations assuming fully turbulent ow.

The design of wind turbine blades usually involves testing airfoil sections in wind
tunnels, which do not account for in ow turbulence or rotor rotation. This can result
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in signi cant deviations in the aerodynamic performance of wind turbines operating in
real-world atmospheric conditions. Moreover, the transition process in the free atmosphere
could di er from wind tunnel studies because of the varying spatial and temporal scales
of the impinging FST (Madsen et al., 2019; Scha arczyk et al., 2017). This is highlighted
in Scha arczyk et al. (2017), where turbulence spectra in the free atmosphere are compared
to those from two wind tunnels. The value of the normalized energy density spectrum,
S(f), for f = 100 Hz in the lower atmospheric ow is approximately10 8(ms 1)2= Hz
(as seen in Fig. 1.2), while it is10 4(ms 1)?=Hz or 10 °(ms 1)?=Hz in two di erent
wind tunnels with 2 % or 0.2 % turbulence intensity T1), respectively (see Scha arczyk
et al. (2017)). This represents a di erence of a few orders of magnitude compared to the
lower atmosphere. Therefore, wind tunnel investigations cannot be directly transferred to
real-world conditions.

Fig. 1.2. Power spectral density of 2D atmospheric laser cantilever anemometer (blue line) and
cup anemometers (red symbols) in the lower atmosphere (Jelgzomin et al., 2014). The
power spectral density spectrum is normalized according too1 S(f) o = % ve |

Reproduced with permission.

To better model and predict transition on wind turbine blade sections at Reynolds
numbers corresponding to modern-day wind turbines, which lie in the order of a few
million, it is important to understand the various transition mechanisms that arise under
varying conditions of in ow turbulence at these high Reynolds numbers.

With the aim of better understanding and predicting transition, it is also of interest
to determine a possible low-frequency cut-o of the turbulence spectra that a ects wind
turbine blade aerodynamics. Figure 1.2 shows measurements of atmospheric turbulence in
the lower atmosphere (Jeromin et al., 2014). The highest energy during the measurement
period is located in the order ofl0 ? Hz, followed by a decay according to the well-known
Kolmogorov 5/3 law (Kolmogorov, 1941a,b). The frequency df0 2 Hz corresponds to a
period of 100 sand a measurement period of at leas200 sto record these disturbances
(Nyquist criterion). The highest energy in the spectra is a determining factor in the
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calculation of the turbulence intensity and is directly dependent on the duration of the
collection of turbulent statistics. Longer measurement periods allow for lower frequencies
(larger ow structures) to be sampled. Thus, determining a lower limit of the turbulence
spectra that a ects blade aerodynamics would be a valuable step in standardizing mea-
surement periods for determining in ow turbulence intensity for rotor blade aerodynamics,
and in particular, transition studies.

Regarding transition studies, a few experiments have been conducted on wind turbine
blades to gain a better understanding of the transition process. The MexNext project
involved wind tunnel experiments on a rotor model with a diameter o5 m and found
good agreement between the experimental data and the simulations in terms of detecting
transition and identifying the growth of Tollmien-Schlichting (T-S) disturbances as the
main mechanism (Lobo et al., 2018). Additionally, seven CFD simulations were conducted,
and the results showed good agreement concerning the transition location determined from
the experimental data and the CFD simulations (Scha arczyk et al., 2018).

In a study by Scha arczyk et al. (2017), measurements were taken onl®b m long
rotor blade in the free atmosphere to examine the boundary layer behavior under di erent
operational conditions. At the instrumented section of the blade, laminar ow was detected
based on hot- Im measurements at low rotational speeds corresponding to a Reynolds
number in the order of 1(°. However, a high turbulence intensity of 22.7 % was measured,
which is unusual for a non-turbulent boundary layer. This can be attributed to the
fact that the atmospheric in ow contains most of its energy in the frequency range of
10 ? Hz (Jeromin et al., 2014). Such low frequencies, as discussed above, may not directly
contribute to boundary layer transition. When the rotational speeds and the corresponding
Reynolds number were increased to the order aff, the hot- Im sensors were able to
distinguish between regions of laminar, transitional, and turbulent ow.

In 2009, the DAN-AERO experiments (Madsen et al., 2010) compared the in ow to
an airfoil section in a wind tunnel and on a 2.0 MW rotor and analyzed the di erence
through pressure uctuations in the laminar boundary layer at the airfoil's leading edge.
The results showed that the pressure uctuations from the in ow on the rotor blade
contained signi cantly more energy up to about 300 500 Hz when compared to the wind
tunnel data. The di erence somewhat reduced when a turbulence grid was added to the
wind tunnel setup. However, this caused the wind tunnel's spectrum to surpass the rotor's
spectrum for frequencies above 500 Hz.

In a study by Reichstein et al. (2019), various measurements were taken using micro-
phones, pressure sensors, and thermographic imaging od%am long blade. The results
showed a strong correspondence between the data from the microphones and the ther-
mographic imaging. However, the location of the laminar-turbulent transition in the
associated Reynolds-Averaged Navier-Stokes (RANS) simulation did not match the exper-
imental results. More details on experimental investigations of boundary layer transition
will be provided in Section 2.3.

A few studies have used direct numerical or large-eddy simulations to study the transition
process. However, most of these studies do not take into account the in uence of free-
stream turbulence, and conclude that the transition process follows either a natural path
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through T-S waves (Jing et al., 2020) or a joint separation-induced/cross ow path (Gross
et al., 2012). More details on such studies will be provided in Section 2.2.

Gaining a comprehensive understanding of the transition process on wind turbine blades
is crucial for evaluating the aerodynamic performance of wind turbines. To date, various
experimental studies have signi cantly contributed to our knowledge of the transition in
real-world atmospheric conditions. To further improve our understanding of this process,
high- delity wall-resolved large-eddy simulations (LES) combined with modeled in ow tur-
bulence would provide additional insights into the di erent types of transition phenomena
and their interactions.

1.3 Objectives of the Thesis

As discussed above, the following key objectives must be accomplished for the analysis of
di erent transition scenarios at Reynolds numbers in the order o®(10°):

" Generation of a high-quality mesh for the purpose of wall-resolved large-eddy simula-
tions (LES) that is su cient to resolve boundary layer transition (grid-independent
solution), including laminar separation bubbles at these high Reynolds numbers.

Selection or development of a method for generating anisotropic in ow turbulence
(synthetic wind) and its insertion into the ow domain.

Incremental step-up of the Reynolds number from a relatively low Reynolds number
of 10°, which is one order of magnitude lower than the target Reynolds number, to
study the stability of the code and to overcome any numerical hurdles that may
arise. This step is necessary since, at the time of starting this project and to the
author's knowledge, wall-resolved LES with added in ow turbulence across airfoil
sections at such high Reynolds numbers had not been previously carried out.

Analysis of the results obtained by LES, with a focus on determining the di erent
transition scenarios that occur in order to understand how particular instabilities
arise, interact and develop within the boundary layer. These results will be compared
with those obtained from linear stability analysis and parabolized stability equations
undertaken in partnership with Thales C. L. Fava and his team at KTH, Sweden.

Lastly, a parametric analysis with di erent turbulence intensities, with a specic

focus on studying boundary layer receptivity to external disturbances, to determine
a possible cut-o frequency that a ects the blade aerodynamics and to determine
whether Mack'sN factor can be extended to realistic anisotropic in ow turbulence.

1.4 Outline of the Thesis

First, in Chapter 2 of the thesis, a literature review on the di erent laminar-turbulent
transition scenarios and relevant studies tackling this phenomenon is provided. This is
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followed by a description of the di erent computational methodologies used to model or
resolve transition, as well as a discussion on experiments performed on wind turbines
that studied transition. Finally, in ow turbulence procedures for large-eddy simulations
available in the literature are brie y described.

Chapter 3 discusses the framework of the wall-resolved large-eddy simulations and the
turbulence in ow generator employed for the simulations carried out as a part of this thesis.
Chapter 4 describes the computational domain and the corresponding grid resolution. The
grid convergence study is discussed and the procedure for generating in ow turbulence is
presented.

Next, Chapter 5 discusses the results obtained through the wall-resolved LES as well
as the linear stability analysis and parabolized stability analysis obtained in partnership
with Thales C. L. Fava and his team at KTH, Sweden.

Finally, Chapter 6 draws conclusions together with an outlook on further possibilities
and challenges to be overcome.



2 Literature Review

The laminar-turbulent transition process can occur through a variety of scenarios depend-
ing on the ow parameters, with the most signi cant being the in ow turbulence and
pressure distribution. This process can be modeled or resolved using computational tech-
nigques. Section 2.1 discusses the di erent kinds of transition scenarios, while Section 2.2
describes the various computational methods, including their strengths and shortcomings.
Section 2.3 lists and discusses relevant experimental campaigns on wind turbines in wind
tunnels and in the lower atmosphere. Di erent methodologies used to generate in ow
turbulence for large-eddy simulations are then discussed in Section 2.4. It should be noted
that some of the information contained in this chapter has been previously published in a
similar manner by the present author in Lobo et al. (2022), Fava et al. (2022a) and Fava
et al. (2023b).

2.1 Laminar-Turbulent Transition

The laminar-turbulent transition process has been categorized in the literature into nat-
ural, separation-induced, bypass, and cross- ow transition (Morkovin, 1969; Saric et al.,
2003; Schlichting and Gersten, 2016). Natural and separation-induced transition will be
discussed together under the heading "Natural Transition" in Section 2.1.1 as these are
both natural phenomena that occur even in the absence of external disturbances. Bypass
transition is discussed in Section 2.1.2. Cross- ow transition occurs, as the name suggests,
due to a cross- ow in a direction normal to that of the inviscid streamline, generating
an unstable in ectional pro le (Saric et al., 2003). This type of transition is not relevant

to the present study and will not be discussed. It appears for example on swept wings
not considered here. However, readers can refer to Fava et al. (2021) where cross- ow
transition on the inboard part of a wind turbine blade has been studied.

2.1.1 Natural Transition

Eigenmodes of the Orr-Sommerfeld equation (see Section 2.2.5) are solutions that satisfy
certain boundary conditions. They correspond to the natural modes of the system that
are excited by small perturbations in the uid ow. At very low turbulence intensity (T1)
levels, typically under 0.5 1 % (Arnal and Juillen, 1978) transition takes place through the
ampli cation of two-dimensional Tollmien-Schlichting (T-S) instabilities, which develop
three-dimensional, non-linear, secondary instabilities that break down into fully developed
turbulence (Reshotko, 1976, 2001). Figure 2.1 illustrates the typical process over a at
plate.

Instabilities within a boundary layer can be either viscous or inviscid in nature, depend-
ing on the pressure gradient. In the absence of a pressure gradient or in the presence
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Fig. 2.1. Transition from stable laminar to fully turbulent ow (Schlichting and Gersten, 2016).

of a favourable pressure gradient (FPG), the instability is of the viscous kin{lr-S) and
possesses relatively low growth rates. The growth rate is found to increase with increasing
Reynolds number (Mack, 1977). In the presence of an adverse pressure gradient (APG), it
is possible that an in ection point arises in the streamwise velocity pro le, as indicated by
Rayleigh's criterion, which may allow an inviscid type of instability (in ectional instability)
with higher growth rates (Schmid and Henningson, 2001; Zaki et al., 2010Db).

The stability of the ow is also dependent on the wall-normal distance of the in ection
point. The ow is more unstable and less dependent on the ow Reynolds number with
increasing distance of the point of in ection from the wall (Rist and Maucher, 2002).
The non-linear growth phase of theT-S instability only occurs if the waves reach an
amplitude of about 1 % of the free-stream velocity before reaching the upper branch of
the stability curve (Zaki et al., 2010b). When this happens, thd-S instability interacts
non-linearly with a pair of obliqgue waves, either in &-type transition scenario (Klebano
et al., 1962) or aH-type transition scenario (Herbert, 1988). In theK-type scenario, the
T-S instability interacts with a pair of obligue waves of the same frequency but lower
amplitude. Here, -shaped vortices are formed upstream of arrow-shaped turbulent spots.
The merger of these spots then leads to a fully turbulent boundary layer. In thid-type
scenario, the three-dimensional oblique waves possess a frequency equal to half of that of
the two-dimensional T-S waves. Here, once againshaped vortices are formed, but in a
staggered format, which then develop to form a fully turbulent boundary layer.

As a part of the MexNext project (Boorsma et al., 2018)T-S waves were also detected
by Lobo et al. (2018) from experimental data collected on a small wind turbine model
with a diameter of 4.5 m in a wind tunnel under varying operating conditions, but in
the absence of added in ow turbulence. Additionally, as part of this project, the rst
comparison between Computational Fluid Dynamics (CFD) simulations and experiments
on a wind turbine was carried out by four research groups using turbulence models,
including transition modeling. A reasonable agreement in the transition location was
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found when compared to the experimental data (Scha arczyk et al., 2018). In the presence
of a turbulence grid, the transition results from the CFD codes and the experiment do
not agree very well, possibly due to the occurrence of bypass transition, which will be
discussed in the upcoming section.

Another route to transition takes place above a laminar separation bubble (LSB). Under
a su ciently strong APG, ows can detach from the surface, leading to boundary-layer
separation. Due to the in ection point in the wall-normal direction of the streamwise
velocity caused by separation, the ow becomes unstable. This can lead to the devel-
opment of spanwise-uniform Kelvin-Helmholtz(K-H) rolls, formed due to shear-layer
roll-up (Brinkerho and Yaras, 2011). The streamwise pairing of these rolls can result in
a subharmonic instability, doubling their streamwise wavelength (McAuli e and Yaras,
2006). The breakdown ofK-H rolls can also take place through the interaction with
hairpin vortices generated byT-S waves upstream of the separation location, thereby
promoting the spanwise modulation of theK-H rolls and a secondary instability (Alam
and Sandham, 2000; Brinkerho and Yaras, 2011; Marxen and Rist, 2010). It is interesting
to note that in ectional instability rolls and T-S instabilities upstream of separation have
a similar frequency (Hain et al., 2009; McAuli e and Yaras, 2006), possibly facilitating
their interaction. As shown by Diwan and Ramesh (2009) in an experiment over a at
plate with an induced APG, the primary instability mechanism in the laminar separation
bubble has its roots upstream of the bubble and is in ectional in nature. Only when the
separated shear layer has moved considerably away from the wall, a description by ikaél
instability paradigm and its associated scaling principles is relevant. Furthermore, Diwan
and Ramesh (2009) observed an exponential growth rate of disturbances upstream of the
mean maximum height location of the separation bubble, indicating that a linear stability
mechanism is at play.

In addition to the inviscid instability that develops at the shear-layer edge, a viscous
instability may develop near the wall within the reverse- ow region (Rist and Maucher,
2002). This viscous instability was found to become absolute, i.e., localized disturbances
spread upstream and downstream (Huerre and Monkewitz, 1990). This was recorded to
occur when the reverse ow exceeded 1520 % of the free-stream velocity (Alam and
Sandham, 2000). Later studies found absolute unstable LSBs at relatively lower reverse
ows of just 6 8 % of the free-stream velocity (Hosseinverdi and Fasel, 2013; Rodriguez et
al., 2013, 2021). Avanci et al. (2019) postulate that the location of the in ection point in the
wall-normal direction, speci cally whether it lies inside or outside the recirculation region,
determines whether the instability due to the LSB is absolute or convective (disturbances
swept away from the source). Rodriguez et al. (2021) showed that the modulation of
the K-H rolls is also possible through a self-excited primary instability and self-excited
secondary instabilities can lead to breakdown.

2.1.2 Bypass Transition

With increasing in ow turbulence, and starting ataT| of approximately 1 %, experimental
observations have shown that transition to turbulence bypasses some of the typical pre-
transitional events that occur during the natural transition route, as discussed above. In
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such cases, bypass transition is said to have taken place (Morkovin, 1969). This is a broad
term that includes all transition mechanisms where the initial growth of disturbances is
not exponential and is not described by the discrete eigenmodes of the Orr-Sommerfeld
equation.

As discussed by Butler and Farrell (1992) and Reshotko (2001), in the case of bypass
transition, transient growth often takes place with a temporary ampli cation of the decay-
ing (due to their non-orthogonality) perturbations of the Orr-Sommerfeld equation that
can subsequently be damped by viscosity (Reddy and Henningson, 1993). However, this
initial growth, prior to its damping, can be large enough to trigger secondary instabilities,
resulting in a redistribution of momentum within the boundary layer causing regions of
elongated ow in the streamwise direction. This was rst observed by Klebano (1971)
through the formation of regions of alternating positive and negative streamwise velocity
perturbations. These structures are referred to as Klebano modes (Kendall, 1991) or
streaks; however, they are not modes in the usual sense of being eigenfunctions of a
response equation (Zaki and Durbin, 2005). Therefore, they fall under the category of
non-modal instabilities. It must be noted that often in the literature, transient growth is
referred to as algebraic growth to di erentiate it from the exponential growth of instabili-
ties that take place under natural transition. Characteristics of bypass transition through
the formation and development of boundary layer streaks were observed on a wind turbine
blade in the free atmosphere in the DAN-AERO experiment (Ozgakmak et al., 2020).

A physical explanation of the origin of streaks within the boundary layer was proposed
by Landahl (1975, 1980) where weak pairs of counter-rotating streamwise vortices can
lift low-momentum uid from the region near the wall outwards towards the edge of the
boundary layer, resulting in a negative or low-speed streak (negative streamwise velocity
perturbation). The opposite is also possible, resulting in the formation of high-speed
streaks. This results in spanwise-alternating regions of negative and positive streaks.
Streak instabilities are visualized through their meandering, which can either be of the
varicose or sinusoidal mode (Asai et al.,, 2002; Mandal et al., 2010) characterized by
spanwise symmetric or antisymmetric oscillations around the concerned streak, respec-
tively (Brandt et al.,, 2004). These modes are sometimes also referred to as inner and
outer instabilities. This is based on their typical location within the boundary layer, as
will be discussed shortly.

The varicose or inner instability mode results from an in ectional velocity pro le in
the wall-normal direction due to the overlap of the trailing edge of a low-speed streak
by the leading edge of an upstream high-speed streak. The sinusoidal mode is formed
due to in ectional pro les in the spanwise direction and is governed by a wake-type
instability (Asai et al., 2002; Brandt et al., 2004). The sinusoidal instability occurs when
the ank of a low-speed streak is approached by a high-speed streak (Brandt et al., 2004),
or in a similar manner to the formation of a varicose mode, where a high-speed streak
approaches the trailing edge of a low-speed streak, but with a misalignment between
both (Brandt and de Lange, 2008).

The downstream development of the varicose mode is characterized by hairpin vortices,
which are formed by the interaction of a pair of counter-rotating vortices, while in the
case of the sinusoidal mode, a train of quasi-streamwise vortices in a staggered form is
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observed on both sides of the low-speed streak (Asai et al., 2002). Compared to the
baseline streak, the frequency of the varicose and sinusoidal instability is higher, while
the wavelength is lower. Sinusoidal modes play a key role in the breakdown of low-speed
streaks as they rise towards the edge of the boundary layer through the lift-up process,
as demonstrated by Vaughan and Zaki (2011) and Hack and Zaki (2014). This mode
is therefore also referred to as the outer instability. Varicose modes, on the other hand,
tend to have a lower phase speed and are located in the inner region of the boundary
layer. They are often referred to as the inner instability. As shown by Bucci et al. (2021),
varicose modes are receptive to a wide range of frequencies, while sinusoidal modes are
selective and respond only to a narrow range of frequencies.

Considerable research has been carried out to understand the development of streaks
within a boundary layer. Andersson et al. (1999) and Luchini (2000) have shown that
streamwise vortices that are periodic in the spanwise direction yield the maximum growth
compared to other forms of initial perturbations. Andersson et al. (2001) conducted a
study using steady base streaks and found that the critical streak amplitude for a sinusoidal
mode is approximately 26 % of the free-stream velocity, while it was 37 % for the more
stable varicose mode. Vaughan and Zaki (2011) relaxed the steady base ow assumption
and demonstrated that when the base streaks are unsteady, the sinusoidal and varicose
modes merge. They further observed that the outer mode of instability emerged at a
relatively lower critical streak amplitude of 8.5 %.

Hack and Zaki (2014) analyzed streaks as a response to free-stream turbulence (FST),
as opposed to earlier research that considered idealized streaks within the boundary
layer obtained either as a boundary layer response to well-de ned forcing, such as a
streamwise vortex (Andersson et al., 2001) or a single in ow continuous Orr-Sommerfeld
mode (Vaughan and Zaki, 2011) with periodic streaks in the spanwise direction. Under
FST Hack and Zaki (2014) observed streaks of di erent amplitudes, orientations, and
sizes. Secondary instabilities are found to be sporadic and localized on particular streaks.
Both outer and inner types of instabilities were observed, and the prevalence of a certain
kind of instability depends on the parameters of the ow, with the outer mode being
dominant in a zero-pressure-gradient boundary layer (Brandt et al., 2004; Jacobs and
Durbin, 2001). Based on a stability analysis, Marquillie et al. (2011) showed that with an
increasing adverse pressure gradient, there is a change in the secondary instability from
the sinusoidal to the varicose kind. Nagarajan et al. (2007) conducted an experiment
on a at plate with a blunt leading edge and found evidence of a varicose mode, as this
mode with a relatively low phase speed is more e ectively excited by the receptivity at
the leading edge (Vaughan and Zaki, 2011).

Shear sheltering and boundary layer receptivity are two key phenomena that must be
discussed whenever bypass transition is the subject of interest. The two terms are not
interchangeable; however, they both refer to the penetration of external disturbances into
the boundary layer, which can lead to the formation of streaks, as outlined above.

Shear sheltering (Hunt and Carruthers, 1990) relates external disturbances to the
formation of streaks as a boundary layer response via non-modal growth (Butler and
Farrell, 1992). This phenomenon allows disturbances to penetrate to a certain depth
into the boundary layer. It has been shown by Jacobs and Durbin (1998) that the
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penetration depth of disturbances depends on their frequency and the Reynolds number,
with lower frequencies being capable of penetrating deeper into the boundary layer. They
discussed this frequency dependence using an analogy of a Stokes boundary layer that
varies according tal=(!Re )®°, where! refers to the disturbance frequency an&e denotes

the Reynolds number. The penetration depth of the Orr-Sommerfeld continuous modes,
which are less sensitive to frequency, varies according 1e(!Re )%3. Zaki and Saha
(2009) further complemented this analytical solution with a physical interpretation of
shear sheltering by contrasting low and high-frequency modes and their capability of
penetrating the shear layer, with high-frequency modes not being able to penetrate the
relatively thick boundary layer.

A more intuitive explanation of this e ect was provided by Zaki (2013) using a model
with two time scales. The comparison was made between the time scale of the wall-normal
di usion into the boundary layer and the time scale of an observer that is located inside
the shear layer. In the limit of weak shear, which corresponds to very long waves, the
observer is subject to quasi-steady free-stream disturbances. In contrast, in the limit of
high shear or disturbances with a short wavelength, the number of waves past the observer
is large, and the net e ect of these disturbances at the observer's location is vanishing, as
it is the average of many waves. As a result, lower frequencies penetrate the boundary
layer near the leading edge, resulting in the formation of high- and low-speed streaks as a
boundary layer response. The low-speed streaks rise within the boundary layer through
a process known as the lift-up mechanism (Kline et al., 1967). They interact with high-
frequency disturbances that only penetrate slightly into the boundary layer. Thus, they
are limited to penetration depths around the boundary layer edge, leading to an outer
instability on the lifted low-speed streak and eventually resulting in turbulent breakdown.
An experiment by Zaki and Durbin (2005) using two free-stream modes showed that it
is su cient to have one low-frequency component that penetrates the shear layer for the
complete transition process, resulting in the formation of streaks, while the high-frequency
component that does not su ciently penetrate the boundary layer due to shear sheltering
provides the necessary excitation for the growth of an outer instability.

The lift-up mechanism discussed above is one of the many mechanisms that contribute
to boundary layer transition and has been observed in experiments: In Nagarajan et
al. (2007) a blunt leading edge resulted in the formation of instability wave-packets at
TI levels between 3.5 and 4.5 %. These wave-packets were ampli ed as they moved
downstream, leading to turbulence. The origin of these packets was traced back to the
leading edge, but the linear instability mechanism that led to their formation could not
be distinctly identi ed. It was made clear that leading-edge bluntness plays an important
role at higher T1. Goldstein and Sescu (2008) further investigated this and showed that
in the presence of a blunt leading edge, unsteady disturbances with small amplitudes
were ampli ed. Further downstream, this base ow becomes in ectional and inviscidly
unstable, and wave-packet-like disturbances could grow on these in ectional pro les. The
growth depends on the product of the upstream disturbance amplitude and the leading-
edge thickness. In the absence of a leading edge and notable pressure gradient e ects, as
in the study by Jacobs and Durbin (2001), bypass transition proceeds mainly through
the ampli cation of Klebano distortions. Zaki et al. (2010a) studied the ow through a
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compressor passage and showed that under moderate FST of up to 3 %, the ampli cation
of streaks was suppressed in the FPG region. Therefore, in this sense, a FPG is stabilizing
with respect to bypass transition.

The penetration of lower frequencies from acoustic or vortical disturbances in the free-
stream into the shear layer, and the corresponding boundary layer response resulting in the
formation of streaks, was rst referred to as boundary layer receptivity by Morkovin (1969).
However, perturbations from the external ow often possess spatial scales larger than the
boundary layer and cannot directly enter this region. It was shown by Goldstein (1983,
1985) that rapid streamwise variations of the base ow are necessary for the reduction of
the scales of the external perturbations, allowing them to penetrate the boundary layer
through a phenomenon known as scale conversion. Today, it is a well-accepted fact that
the leading edge is the key location for boundary layer receptivity since it has the thinnest
boundary layer, and the base ow displays the characteristics of scale conversion in this
region.

Receptivity to free-stream vortical disturbance can be either linear or non-linear. In
the case of linear receptivity, perturbations with non-zero vorticity and in the streamwise
direction penetrate into the boundary layer, generating streaks through the lift-up pro-
cess (Brandt et al., 2004). This mechanism is prevalent for low-frequency modes and at
low in ow T1, with receptivity being maximized when the free-stream vortices are aligned
in the streamwise direction (Bertolotti, 1997). This was later con rmed by Andersson
et al. (1999) and Luchini (2000) using optimal perturbation analysis, which showed that
streamwise-oriented vortices yield the maximum growth downstream.

Furthermore, using direct numerical simulations (DNS), Zaki and Durbin (2005) showed
that linear mechanisms are the primary source of streaks when low frequencies dominate
the FST. Brandt et al. (2004) also found out that, in the case of a linear mechanism,
the downstream evolution of the root-mean-square (RMS) of the streamwise velocity
uctuations scale with Rel™ and T1, where Re, is the Reynolds number based on the
non-dimensionalized length from the leading edge. Farl > 3 %, the RMS value of the
streamwise velocity uctuations scale withRel= and T12. A more detailed description of
the receptivity can be found in the review by Saric et al. (2002).

2.2 Transition Simulation and Modeling

This section aims to provide the reader with a general overview of the di erent method-
ologies used in CFD to resolve or model the laminar-turbulent transition. It is not a
comprehensive discussion but instead highlights various techniques and the reasons why
wall-resolved large-eddy simulations are selected for the cases analyzed in this thesis.

As discussed earlier, resolving boundary layer transition phenomena in simulations of
ow around wind turbine blade sections is crucial for improving the prediction of lift and
drag characteristics. However, this is a complex challenge due to various transition scenar-
los that may occur, depending on parameters such as the ow Reynolds number, in ow
turbulence characteristics, airfoil geometry, pressure distributions, and other parameters
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of the ow eld. Additionally, the transitional regime interacts with the laminar region
upstream and the turbulent region downstream, further modifying the ow characteristics.

Fig. 2.2. Energy cascade for the three approaches: DNS, LES and RANS. The horizontal axis
represents the wave number k and the vertical axis the energy contained at a particular
wave number E(k). ¢ refers to the Kolmogorov length scale (see Section 2.2.1) and

refers to the Iter width (see Section 2.2.2). Adapted from Sainte-Rose (2010).

Numerous methods have been employed for the simulation of ows involving transition,
such as, direct numerical simulations (DNS), large-eddy simulations (LES), Reynolds-
Averaged Navier-Stokes equations (RANS), hybrid methods and stability analyis methods.
Figure 2.2 provides a comparison between DNS, LES and RANS methodologies high-
lighting the extent to which the ow eld is resolved or modeled. Figure 2.3 shows the
evolution of a variable at a point in space for these di erent approaches. More details on
each method are provided in the following sub-sections.

2.2.1 Direct Numerical Simulations (DNS)

Length scales down to the Kolmogorov length scale ( 3= )% are typically resolved in

a DNS (Pope, 2000), where the Navier-Stokes equations are solved on su ciently ne grids
and very small time steps without the need for any additional turbulence or subgrid-scale
models. Here, is the Kolmogorov length scale, is the kinematic viscosity of the uid,
and is the rate of dissipation of turbulent kinetic energy.

Due to the requirement of very ne grids and time-step sizes, DNS predictions are
very expensive and impractical for most applications. Advances in computing power over
the past few decades have made it possible to simulate simple geometries with periodic
boundary conditions, but it is still beyond the scope for most practical purposes. Rai and
Moin (1993) studied the transition process over a at plate in the presence of broadband
free-stream uctuations and compared their DNS results to an experimental study. They
found that their predicted results captured the essential features of the transition process
but noted the strong streamwise dependence of the friction coe cierg; and its sensitivity
to the grid resolution. In their nest resolved computation, ¢ rose quite abruptly to a
level above the turbulent correlation. They suggested that a ner grid resolution was
needed. Jacobs and Durbin (2001) conducted a DNS to study bypass transition on an
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Fig. 2.3. Time evolution of a variable at a point in space for the di erent approaches: DNS,
LES and RANS. DNS resolves down to the Kolmogorov length scale, LES uses a lter
function together with a subgrid-scale model while RANS averages the ow eld and
employs statistical turbulence models.

initially laminar boundary layer under the in uence of numerically simulated free-stream
turbulence (FST) and zero-mean-pressure gradient. They suggested that the abrupt rise
in ¢ observed in the study by Rai and Moin (1993) could possibly be attributed to
an inadequate streamwise resolution. By the early 2000s, it was well established that
a laminar boundary layer in response to external forcing develops low-frequency, high-
amplitude pertubations referred to as Klebano modes or streaks (Klebano et al., 1962)
as mentioned above. The DNS study by Jacobs and Durbin (2001) found that transition
precursors consist of long backward jets contained in the uctuating streamwise velocity
eld (negative streaks, as discussed in Section 2.1.2). They showed through simulations
that some of these streaks extend into the upper region of the boundary layer through the
lift-up mechanism and interact with free-stream perturbations, leading to the development
of turbulent spots. Over the past few decades, there have been an increasing number
of DNS studies, but due to high computational costs, they are still limited to ows
across at plates, channel ows, or ows through ducts and pipes. The review by Alfonsi
(2011) is worth mentioning as it discusses the outcome of several DNS studies and their
contributions to both transitional physics and computing technology. More recently, Jing
et al. (2020) performed DNS on a rotating LM38.8 blade from the DanAero MW project
(see Section 2.3) but with a reduced Reynolds number by one order of magnitude and for
the blade span between 15 and 35 m. Fava et al. (2022b) performed a DNS on an airfoil
at a Reynolds number of 100,000 to study the e ects of rotation on ow over a section of
a rotating wing.

DNS on a su ciently resolved grid with a su ciently small timestep can be considered
as equivalent to measurements in an experiment (Borgmann et al., 2020; Liu and Lu,
2012). Thus, the need for comparisons is strongly reduced due to absent modeling errors.
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However, there have been numerous comparisons between DNS and experiments where
disagreements were seen in the onset of transition and the transition to fully turbulent
ow (Jacobs and Durbin, 2001; Monty and Chong, 2009; Wu et al., 2017). Most DNS
carried out to date only consider the absolute value ofl and its length scales without
taking into account the turbulence decay nor the energy spectra at, for example, the leading
edge of the at plate. An experiment by Fransson and Shahinfar (2020) where both the
TI1 and the integral length scales were varied, showed that for a |loiM , an increase in
the length scale advanced transition, which agrees with earlier studies (Andersson et al.,
1999). On the other hand, for a largd |, they found that an increase in the length scale
delays transition. They attributed this observation to the fact that the transition location

is related to the FST length scale and boundary-layer thickness. A DNS study for the
ow over a at plate was performed by Durovic (2022) to study a particular high in ow
turbulence (T1 = 3.4 % case from the experiment by Fransson and Shahinfar (2020).
They showed that the transition location changes for three cases with the safé due to

di erences in their energy spectra and integral length scales at the inlet. They found that
transition occurs earliest for the lowest integral length scale, which is in agreement with the
experiment. Furthermore, for the chosed |, the length of the transition region decreases
with decreasing integral length scale, which is also in agreement with the experimental
results. Mamidala (2022) conducted an experiment based on the DNS by Zaki (2013),
where theT I, the length scale, and the decay of turbulence was matched. Additionally, the
turbulent length scale was increased, retaining |, and it was found that the integrated
disturbance energy within the boundary layer near the leading edge is greater for the
smaller length scales, indicating that the smaller scales can easily penetrate the boundary
layer compared to the larger scales. This is similar to the study by Brandt et al. (2004).
One main reason is that turbulence decays faster for smaller length scales, and therefore,
the continuous forcing provided by the FST is less e ective.

2.2.2 Large-Eddy Simulations (LES)

The drawback of DNS, as already discussed, is its extremely high computational costs.
An estimation by Pope (2000) suggests that the CPU-time requirements are proportional
to the third power of the Reynolds number. More recently, Choi and Moin (2012) showed
that the number of grid points necessary for a wall-resolved LES scales with the Reynolds
number to the order of O(Re'*’) compared to the much larger requirement for a DNS,
which scales according t®(Re*'#). Running DNS for ows with Reynolds numbers in
the order of a few million is therefore not feasible at present. To overcome this issue and to
reduce the computational cost, large-eddy simulations can be employed. In order to derive
the basic equations of LES from the Navier-Stokes equations, two di erent approaches
exist in the literature. The rst is the volume balance approach, which was rst proposed
by Smagorinsky (1963) and Lilly (1967) and later used by Deardor (1970). Schumann
(1973, 1975) further re ned the approach in the following years. The other method is
the Itering approach proposed by Leonard (1975). Both methods are used today. The
resolution of the ow features and the smallest scales that are resolved depend on the
Iter width employed. The resolved scales are directly simulated by the solution of the
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Itered Navier-Stokes equations while a subgrid-scale (SGS) model is used to describe the
e ects of the unresolved turbulent uctuations on the resolved scales of motion.

LES can be broadly classi ed into wall-resolved and wall-modeled simulations. In the
case of wall-resolved LES, the Iter width and the underlying grid resolution are small
enough to resolve the viscous wall scales, and a SGS model is used to model the unresolved
turbulent uctuations. In the case of a wall-modelled LES, the Iter width is not su cient
to resolve the viscous wall scales. Therefore, an additional wall model is employed to
model the e ects of these scales. Wall models are typically calibrated using experimental
data, as they are ow dependent, which distinguishes them from the so-called universal
small scales that are modeled by the SGS model. The relatively lower computational
costs compared to DNS and the necessity to resolve the viscous wall scales for resolving
transition phenomena are the reasons why wall-resolved LES has been employed for all
the cases that will be discussed throughout this thesis.

In the LES to study bypass transition under high FST, Yang et al. (1994) employed a
constant-coe cient subgrid-scale model that had to be modi ed in anad hocfashion to
reduce dissipation before transition. This inadequacy of constant-coe cient SGS models
was also shown by Sayadi and Moin (2011). To alleviate some of these drawbacks, a
dynamic SGS model was proposed by Germano et al. (1991), where the SGS stresses
vanish in laminar ows and at solid boundaries, thus guaranteeing the correct asymptotic
behavior in the near-wall region.

The use of this SGS model on transitional and turbulent channel ows showed good
agreement with DNS. Sayadi and Moin (2011) compared di erent SGS models and their
performance on a coarse and a ne grid based on the predicted skin friction coe cient
along a at plate. They showed that the dynamic SGS models can accurately predict
the point of transition independently of the transition scenario. Lardeau et al. (2012)
predicted transitional separation bubbles using LES and compared their results with a
DNS by Wissink and Rodi (2006) with an emphasis on the response to FST. They showed
that the essential features of the transition process could be captured at a grid resolution
of around 10 % of the equivalent DNS with an appropriate SGS model. The LES correctly
predicted the formation of Klebano modes, the sensitivity of the separation bubble, as
well as the velocity and Reynolds stresses. The main discrepancy arose in the early stages
of transition in the separation bubble, where the level of SGS eddy viscosity rose while the
ow could not yet be considered turbulent. Additionally, they observed no noticeable e ect
on the transition process caused by the very low level of uctuations just downstream of
the at plate leading edge. These uctuations can possibly be attributed to a combination
of numerical wiggles and physical oscillations induced by the downstream ow.

Rao et al. (2014) showed that the mixing caused by Klebano modes due to FST is
unsteady, while that due to roughness is steady. The net e ect of mixing was a shift in the
in ection point of the velocity pro le towards the wall, thus promoting earlier transition.

The spanwise waviness of th&-H vortex and its eventual breakdown to turbulence was
also associated with the unsteady mixing in the presence of FST.

The Brite-Euram project LESFOIL (Mellen et al., 2003) focused on assessing the
feasibility of LES (mostly wall-modeled simulations) for the computation of the ow
around an airfoil at a Reynolds number o  1(P. Various methods, most being nite-
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volume schemes, SGS models and mesh con gurations, were employed. It was found
that on a very ne mesh, the resolution was su cient to capture the transition process
without numerical forcing. Good agreement with experiments was observed. Further
comparisons to this experiment and the LESFOIL project were undertaken by Asada and
Kawai (2018) where wall-resolved LES was used to simulate the ow around an airfoil near
stall at a Reynolds number o2:1 1. The key features of the ow including the laminar
separation bubble, transition to turbulence and the corresponding turbulent reattachment,
the turbulent boundary layer development as well as the turbulent separation were resolved.
Furthermore, two-point correlations were used to show that a spanwise extent®®o of the
chord length was su cient for the purpose of the study. In comparison to the experimental
data, the simulations reasonably predicted the velocity pro les and Reynolds stresses.

The study by Zilstra and Johnson (2023) also compared wall-resolved LES predictions
to experimental data. The SD 7037 airfoil with a maximum thickness of abou® %
was simulated at a Reynolds number of 41,000 and at di erent angles of attack. The
LES predicted a higherc, than the experiment. This was attributed to the near-wall
PIV resolution not being su cient. However, the pressure gradient and the location of
separation between the simulation and experiment matched quite well. At certain angles
of attack, the length of the separation bubble was reduced compared to the experiment.
This is attributed to the possible over-production of free-stream turbulence, similar to
the ndings by Ziadé et al. (2018). Terracol and Manoha (2020) have performed the
rst wall-resolved LES on a three-element high-lift airfoil where the physical phenomena
involved in the ow dynamics were resolved at a Reynolds number df23 1 based
on the airfoil retracted chord. The LES predictions were compared with experimental
data obtained from ONERA's F2 aerodynamic wind tunnel indicating that the simulation
matched the measurements within experimental uncertainty. Boundary layer transition on
the main airfoil was found to result from the interaction of two phenomena: the boundary
layer separation on account of the pressure gradient and external disturbances from the
slat wake which penetrates the boundary layer.

Breuer (2018) and Breuer and Schmidt (2019) investigated the e ect of arti cially
generated isotropic in ow turbulence on the ow around an airfoil at a Reynolds number
of 60,000 using wall-resolved LES on a ne grid. A perceptible in uence of the turbulence
intensity, as well as the time and length scales of the in ow turbulence, on the development
of the ow eld around the airfoil was found.

It is worth noting that DNS and LES have also been useful in determining transition
onset markers, i.e., factors which correlate boundary layer characteristics with the onset of
transition that can be implemented in simpler, general-purpose RANS models (Bhushan
et al., 2018), which will be discussed below.

2.2.3 Reynolds-Averaged Navier-Stokes Equations (RANS)

A discussion of transition modeling for CFD would be incomplete without addressing the
RANS procedure, as CFD is typically associated with RANS, especially for industrial use
due to its relatively lower computational costs. However, describing transitional ows
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using RANS procedures is not straightforward, as both linear and non-linear e ects are
relevant for transition prediction, but RANS averaging eliminates such e ects.

A widely accepted approach in the industry is the use of correlation-based models, which
typically solve for an intermittency transport equation based on correlations determined
from experiments. For example, the correlation model by Abu-Ghannam and Shaw
(1980) relates the free-stream turbulence intensity and the momentum thickness Reynolds
number Re at the onset of transition. Suzen et al. (2002) linked a correlation-based
model to an intermittency transport equation that determines the fraction of time that
the ow is turbulent during the transitional phase, and this is then used as a factor by
which the turbulent eddy viscosity is scaled. However, these approaches are numerically
challenging since a comparison of the local quantities, such Be , and those from the
experimental correlation must be constantly carried out. This challenge arises because the
boundary layer edge is not well-de ned. In addition, challenges are faced in determining
grid lines normal to the surface in the case of unstructured grids, which are often used for
easier meshing. Furthermore, challenges arise with the use of parallel computing, where
the boundary layer can be divided into di erent blocks handled by di erent processors,
making the continuous calculation oRe a complicated and, when possible, a numerically
expensive venture. Thus, such correlation-based models that require non-local information
are not a practical choice for modern CFD codes.

In order to avoid the requirement for non-local information in determining the transition
location, Menter et al. (2002) suggested using a Reynolds numbRe, based on the
vorticity instead of the momentum thickness to link the correlation and intermittency
equations. The correlation here refers to experimentally determined momentum thickness
Reynolds numbers associated with boundary layer transition. The vorticity Reynolds
number is de ned asRe = Cg“ = Y2 As can be seen from the equationRke,
depends only on the density, the dlstance to the closest waly, the viscosity , and the
vorticity or shear-strain rate , making it easy to calculate the quantity locally and at
every grid point, even on an unstructured grid.

Menter et al. (2004) proposed an improved model that is widely used today. They
discussed the relationship betweeRe, and Re , as well as howRe, can be used with
low error compared to the correlation based ofRe . The model's ability to predict
separation-induced transition is also discussed. The improved model uses correlations
from experiments based ofiRe indirectly through Re , which is easily determined. The
model is based on two transport equations: the rst being an intermittency equation which
Is used to trigger the onset of transition, and the second is a transport equation that is
formulated to avoid additional non-local operations which are introduced by the quantities
used in the experimental correlations (Menter et al., 2004). Furthermore, as discussed
in Menter et al. (2004), this additional equation is formulated in terms of a transition
onset Reynolds numbeRe; . The transport variable is forced to follow the value oRe;
obtained from the experimental correlation outside the boundary layer, while it is di used
into the boundary layer by a standard di usion term, allowing strong variations of the
pressure gradient and turbulence intensity to be taken into account.

Commercial codes such as Ansys Fluéhb er Menter's two-equation Re model, as
well as its simpli ed versions: the one-equation intermittency model and the algebraic
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intermittency model. Jung et al. (2022) have shown that at Reynolds numbers around
3 1(P, both the one-equation and the two-equation models predict a similar lift-to-drag
ratio. However, with increasing Reynolds number, the two-equation model determines
similar characteristics as thee model (discussed below), while the one-equation model
fails to predict the natural transition behavior.

With respect to transition modeling and simulations for the ow around wind turbines,
a combination of RANS and analytical models, in particular theeN model based on
the linear stability theory (see Section 2.2.5), is widely employed. Here, transition to
turbulence is considered to have taken place at the chord-wise location where the initial
disturbances have grown by a factor oN. The use of thee method comes with the
same set of challenges as described earlier, whRee needed to be determined. Addition-
ally, communication between the analyticale model and RANS methods needs to be
established (Sheng, 2016). Computations are often performed using Menter's S&T
two-equation turbulence model (Menter, 1994) coupled with a transition prediction tool,
where transition is predicted by thee" method, usually in 2D simulations. Due to the
complexity of coupling RANS solvers and th&" method, not many codes have this as an
option. One example is the DLR-TAU research code (Krimmelbein and Radespiel, 2009).

Even today, RANS simulations are used by the wind industry for the prediction of blade
performance characteristics. The AVATAR project (Ceyhan et al., 2017; Sgrensen et al.,
2016) aimed to predict the performance of a wind turbine airfoil for large 10 MW+ o shore
wind turbine rotors. The DU0O0-W-210 airfoil was tested in the DNW-HDG pressurized
wind tunnel, investigating ows at high Reynolds numbers ranging from 3 to 15 million.
Data from the experiment was then used in a blind test campaign to assess the prediction
capability of various RANS CFD tools employed for wind turbine rotor simulations.
Predictions from the following RANS solvers were considered: Ellipsys (Michelsen, 1992),
DLR-TAU (Krimmelbein and Radespiel, 2009), MaPFlow (Papadakis and Voutsinas, 2019)
and OpenFOAM (Weller et al., 1998).

Ellipsys is an incompressible nite-volume RANS solver that employs Menter's SST
Kk two-equation turbulence model while the prediction of the laminar-turbulent tran-
sition is handled by thee® method. DLR-TAU is a compressible RANS solver that also
employs Menter's SSTk two-equation turbulence model and transition prediction us-
ing the €Y method. MaPFlow is an unsteady Reynolds-averaged Navier-Stokes (URANS)
compressible solver that also employs Menter's SXI'  two-equation turbulence model
while transition modeling is based on boundary layer characteristics, where the Polhausen
variables are utilized to compute transition (Schlichting and Gersten, 2016). Here, the
velocity on the edge of the boundary layer is taken as input. The instability and transition
points are de ned using empirically calibrated diagrams proposed by Granville (Granville,
1953). Lastly, OpenFOAM as applied by the Fraunhofer Institute (IWES) uses Menter's
SSTk two-equation turbulence model in a fully turbulent scenario for comparisons
against the experiment, where the boundary layer is tripped near the leading edge. The
simulation using OpenFOAM serves as a reference for a fully turbulent case representing
surface roughness from dust and dirt on the leading edge.

Figure 2.4(a) shows the predicted lift-to-drag ratio for di erentN factors (N = 0.53,
4.06, and 5.28 forT| = 2.39 % 0.55 %and 0.33 % respectively) when using thee"



Transition Simulation and Modeling 21

(a) Lift-to-drag ratio vs. angle of attack for  (b) Results from various CFD codes and meth-
dierent Tl (Til=2.39% Ti2= 0.55 % ods.
Ti3=0.33 %).

Fig. 2.4. Comparison of RANS simulations and experimental data from the AVATAR test
campaign (Ceyhan et al., 2017). Kiel-TAU refers to the TAU code as applied by the
University of Applied Sciences, Kiel. DTU-Ellipsys, refers to the Danish Technical
University in-house code, NTUA-MaPFlow refers to the solver developed by the
National Technical University of Athens and F-I-OpenFOAM refers to the solver
OpenFOAM (version 2.3.1) as applied by the Forwind - IWES (Fraunhofer Institute
for Wind Energy and Energy System Technology). Plots shown here are reproduced
with permission from Ceyhan et al. (2017) and Scha arczyk et al. (2018).

method. The ampli cation factor N is determined from Mack's correlation (Mack, 1977)
with N = 843 24 In(TI=100). Obviously, the N factor is only dependent onT I,
and thus the determination of T is a critical step for a reasonable agreement between
simulation and experiment. It must be stressed that this correlation was determined
from wind tunnel studies and may not directly apply to atmospheric ow, as discussed
in Section 1.2. Furthermore, this correlation does not apply for increasingl, as seen in
Fig. 2.5 as theN factor becomes negative fof | > 3 %.

Figure 2.4(b) shows a comparison of various RANS codes for a case with an elevated
Reynolds number oft5 1P and aT| of 0.33 % As discussed in Ceyhan et al. (2017), it
was found that, in general,eN models can predict e ects such as the increased maximum
lift and decreased minimum drag due to increasing Reynolds number quite well for mea-
surements performed in a wind tunnel. However, further improvement is needed for the
Re trend predictions, particularly the lift-to-drag ratio. In ow turbulence was identi ed as
the most important parameter, especially at high Re numbers. Thus, selecting the correct
in ow turbulence levels is a key feature for correct airfoil designs for future generation
10MW+ wind turbine blades (Ceyhan et al., 2017).
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Fig. 2.5. Mack's correlation (Mack, 1977) for the determination of the N factor as a function
of TI. N = 843 24 In(TI=100)

It must be noted that transport equations using correlation models do not model the
ow physics and thus cannot be used for transition research. Instead, the correlations are
based on experimental data and can be used directly with reasonable errors in simulations
with ow dynamics similar to the experiment. However, they are not very reliable if
conditions vary signi cantly.

2.2.4 Hybrid Methods

With respect to the simulation of turbulent shear ows, including attached and separated
boundary layers, RANS has traditionally been used by the industry due to its lower
computational cost. However, the accurate prediction of these ows is crucial in some
cases. While RANS models perform well for attached turbulent boundary layer ows due
to the universal nature of wall-bounded turbulence, they are unable to reliably predict
separation or reattachment because of the strong adverse pressure gradient and three-
dimensionality of the ow (Hirsch and Tartinville, 2009). LES, on the other hand, can
somewhat reliably predict boundary layer transition, separation, and reattachment, but
its high computational cost restricts its use for industrial analysis.

To address the limitations of RANS modeling for attached and separated ows and the
high cost associated with LES, a combination of the two methodologies, called Hybrid
RANS-LES (HRL), has been proposed (Spalart, 2000). Although HRL is cheaper than
LES, it is still around two to three orders of magnitude more expensive than steady-state
RANS simulations (Hirsch and Tartinville, 2009). However, its use in industry is gradually
increasing (Brown et al., 2020; Haase et al., 2009).

HRL methodologies can be broadly categorized as either zonal or non-zonal. In the
case of a zonal implementation, the RANS and LES models are employed separately on
pre-selected regions of the domain and must be determined a priori. The coupling of
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these zones presents a challenge and is an ongoing area of research (Gritskevich et al.,
2016; Hoarau et al., 2020). In the case of non-zonal methods, the user does not have to
pre-de ne the mode to be used in speci c regions of the computational domain. Instead,
the eddy viscosity adopts a value representative of a RANS model in the near-wall region
while taking on a value representative of an LES SGS model in separated regions of the
ow.

The detached-eddy simulation (DES) method proposed by Spalart et al. (1997) is a
commonly used (non-zonal) HRL methodology. The transition between RANS and LES
within the computational domain is typically de ned based on the value of the eddy
viscosity. However, the Reynolds stress and the subgrid-scale stresses being physically
di erent makes the switch between the two modes not straightforward.

There is ongoing research on non-zonal techniques. Some examples include the delayed
DES method proposed by Spalart et al. (2006) which prevents a reduced eddy viscosity
value on account of a premature switch to the LES mode, and the improved delayed DES
(IDDES) method introduced by Shur et al. (2008) with modi cations to eliminate the
log-layer mismatch that arises when using classical DES or wall-modeled LES.

A further discussion on the topic of hybrid RANS-LES is beyond the scope of this thesis,
and the reader is referred to, e.g., Alam et al. (2017) for additional information.

2.2.5 Stability Analysis Methods and Their Potential

Stability theory is an e cient tool for characterizing unsteady ows and analyzing the
temporal and spatial stability of uid ows under the in uence of known disturbances or
perturbations (Drazin, 2002). This theory is primarily based on the solution of the Orr-
Sommerfeld equation, which was independently developed by Orr (1907) and Sommerfeld
(1909) for the prediction of a critical Reynolds numbeRe,, beyond which the laminar ow

Is no longer stable and transition to turbulence starts. The stability analysis is associated
with the study of small disturbances or perturbations introduced as individual sine waves
that propagate within the boundary layer and parallel to the wall (Mack, 1984). If the
perturbation grows in the streamwise direction or in time, the ow is determined to be
unstable, leading to the onset of turbulence.

The Orr-Sommerfeld equation is derived from the Navier-Stokes equations, under the
assumption of a Newtonian uid. Its derivation is described in Reed et al. (1996) and Her-
bert (1997) and will not be reproduced here in full. The derivation begins by considering
a base ow, typically laminar, given byu = U(y), whereU(y) is a velocity pro le in the
y direction, andy is a coordinate perpendicular to the base ow. A small perturbation®
is introduced into the base ow, such thatu = U(y) + u®

Under the assumption of parallel ow typically employed for the linear stability theory
(LST), the velocity eld in Cartesian coordinates is de ned asV =[U(y); 0; W(y)]. This
assumption, together with the decomposition into a mean and uctuations described above,
is then substituted into the Navier-Stokes equations and linearized with respect t8. Next,

a stream function, = (y)é* ') is considered, such thau® = %yz %yei(x ') and
Vo= %X: i e (x ) \where isthe wavenumber in the streamwise direction and is

the angular frequency describing the wave nature of the solution in timte(Herbert, 1997).
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The temporal and spatial derivatives are then substituted into the linearized Navier-Stokes
equations and simpli ed, resulting in the linearized Orr-Sommerfeld equation:

! L,
(U L)@ 2 @Uz_l @ 2 (2.1)
@y @y i Re @Yy

Despite extensive e orts by Orr and Sommerfeld, no instability could be found in the
ows they analyzed (Herbert, 1997). This was due to the prevailing intuition at the time
that viscosity could only stabilize ows, and thus the velocity pro les considered did not
possess the necessary convex pro le arising from the viscous boundary layer. Taylor (1915)
was the rst to indicate that viscosity could play a destabilizing role, but it was only after
Prandtl made the same discovery in 1921 (Tollmien et al., 1961) that investigations into
the viscous theory of boundary layer instability were set in motion (Tollmien, 1928). It
was this work by Tollmien (1928) in which the rst stability phase diagram was produced
by applying the Orr-Sommerfeld equation to the Blasius boundary layer.

Fig. 2.6. Results from linear stability theory (lines) compared to measurements (dots) for at
plate ow, Re® 520 Reproduced with permission from Scha arczyk (2020).

Stability phase diagrams (see Fig. 2.6) are generated to di erentiate between stable and
unstable ow regions. According to Herbert (1997), there are two categories of neutral-
stability diagrams: one in which all wavenumbers are damped at high Reynolds numbers
and characterized as a viscous instability due to the instability only occurring at low
Reynolds numbers or high viscosity; and one in which a non-zero neutral wavenumber
persists even at high Reynolds numbers (Rel ), referred to as an inviscid instability.
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Incompressible boundary layers in a favorable pressure gradient are examples of ows that
are unstable due to viscosity, while boundary layers in an adverse pressure gradient can
result in inviscid instabilities (Herbert, 1997).

It was previously believed that the onset of an instability and the location where the ow
became turbulent were the same. However, this was disproven by Tollmien (1935), who
showed thatRe., of a Blasius boundary layer waske.,, = 60; 000 while fully developed
turbulent ow occurred further downstream, betweenRe, = 3:5 10° and 1 10,
in high-turbulence wind tunnels. Figure 2.1 distinguishes betwedRe,,, the transitional
regime and the fully turbulent region. The study by Schlichting (1933) is considered as
one of the earliest applications of the linear stability theory to transition prediction, as
discussed by Mack (1984). The results showed that the ow did not immediately become
turbulent at Rey, but the transition location was in uenced by the amplitude of the
disturbance wave. Based on stability diagrams and transition locations documented in
experiments, Schlichting (1933) found that the amplitude ratio of the most ampli ed
frequency as a function oRe had a value between 5 and 9 aRe; . A similar relation is
commonly referred to as theN factor in the e method, which is popularly used today
and based on the calculations performed by van Ingen (2008).

The theoretical ndings of Tollmien (1935) and Schlichting (1933) initially faced skep-
ticism but were ultimately validated by the experimental discovery of Schubauer and
Skramstad (1947), who referred to the newly discovered instability waves as Tollmien-
Schlichting waves. This marked the rst validation of the linear stability theory, which
conrmed that Re, only determines the onset of transition and not the location where
the ow turns fully turbulent. Consequently, the linear stability theory has been widely
applied to various types of boundary layers. A comprehensive list of relevant studies on
the linear stability theory around the era of the advent of digital computers with su cient
memory, which made the direct solution of partial di erential equations possible, can be
found in Mack (1984).

Today, most linear stability codes prescribe the LST perturbation through an ansatz (Her-
bert, 1997) of the form:

Ay z;t) = qly) ez ) (2.2)

Here, x, y and z represent the Cartesian coordinates in the streamwise, wall-normal,
and spanwise directions, respectively, andcorresponds to time, represents the spanwise
wavenumber. The perturbations are described by exponentially growing eigenmodes
that are decomposed into a shape functio and an exponential wave function. This
ansatz can be substituted into the Navier-Stokes equation, resulting in the incompressible
local stability equations. Furthermore, based on the temporal and spatial ampli cation
theory (Mack, 1984), an ampli cation in time occurs if and are real and! is complex,
while an ampli cation in space occurs if and are complex and! is real. If all three
guantities are complex, there is an ampli cation in both time and space.

In general, good agreements are found between predictions from the linear stability
theory and at plate experiments. However, for more complex geometries, more accurate
formulations are needed. Researchers have considered formulations that take the upstream
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history of disturbances in addition to eliminating the linearization of the equations and
the parallel ow assumption into account. This led to the development of two distinct
methods: direct numerical simulations and parabolized stability equations (PSE).

As discussed in Section 2.2.1, while DNS provides accurate predictions, it is compu-
tationally expensive for many practically relevant purposes. On the other hand, PSE,
developed by Herbert (1991) and Bertolotti et al. (1992), takes advantage of physically
accurate assumptions and the simpli cation of equations to accurately predict the devel-
opment of disturbances along a prede ned path within the boundary layer for a range of
operating conditions at considerably lower cost.

PSE assumes a weakly nonlinear behavior and accounts for the interaction between
modes, while LST assumes a purely linear behavior and only considers the behavior of
individual modes. In the case of a PSE solution, as noted by Herbert (1997), the growth
mechanisms taken into account include both algebraic transient growth and exponential
growth through primary and higher instabilities. This di ers from the eigen solutions
obtained by the traditional linear stability equations and can be attributed to the fact
that PSE solutions consider inhomogeneous initial and boundary conditions, similar to
those in a DNS, but at relatively lower computational costs.

Furthermore, in the case of the parabolized stability equations, the parallel ow assump-
tion is no longer used, and the component normal to the surface is non-zero, allowing for a
mass balance as the displacement thickness changes with increagingo account for this,
as seen in Herbert (1997), a small parameter= O(Re 1) is introduced, and the base ow
is represented a®/ =[U(;y; ); V(;y;, );W(;y; )], with = x, = z representing
the slowly varying variables. The disturbances{x;y;z;t) cannot be represented in a
similar form becausev®= O(u%. The concept of normal modes and the use of integral
norms are employed to ensure that the total kinetic energy of the shape functions is
independent of and (see Herbert (1997) for details). This leads to the representation:

Axy;z;t) = q(y; ;t) e &Y (2.3)
where! = %t, k(; )=(; )=r s the slowly varying wavenumber vector in the
X-z plane.

The PSE equations are then derived from the Navier-Stokes equations in a similar way to
that of the linear stability equations. The key di erence is the fact that the equations are
not linearized based oru®. Although PSE solutions are limited in their accuracy beyond
the transition point and are subject to numerical limitations due to the simpli cation
of the equations, they have been shown to be in good agreement with DNS data and
experimental results within the laminar to transitional ow regime.

Classically, perturbations in the ow eld are considered to be small, which justi es the
use of LST using the linearized governing equations. Although the nonlinear nature of the
Navier-Stokes equations is neglected, LST accurately predicts nonlinear dynamical features
if the mean ow already contains the nonlinear e ects present in the laminar/transitional
region of the ow (Beneddine, 2017). This approach is reliably used for analyzing ows
around airfoils (Beyak et al., 2021; Costantini et al., 2021). In contrast, the solution to
the parabolized stability equations allows for the analysis of receptivity, linear and non-
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linear stability of convectively unstable ows, up to the late stages of transition (Herbert,
1997). Furthermore, modern PSE codes, such as the one developed by Nogueira et al.
(2022), allow for higher-order interactions by retaining harmonics that possess spanwise
wavenumbers in multiples of those of the streaks within the boundary layer under turbulent

in ow conditions. These modes can interact with the fundamental instability possessing
wavenumber .

2.3 Experimental Investigations on Wind Turbine Blades

A list of experiments conducted on wind turbines in the lower atmosphere is presented in
Table 2.1. The HAT25 wind turbine experiment (Brand et al., 1996; Madsen et al., 1998)
was the earliest aerodynamic eld experiment of its kind. The measurements acquired data
on various aerodynamic quantities, including normal force coe cients and angles of attack,
under unsteady eld conditions. The experiments were conducted under both rotating
and non-rotating conditions, with a scan rate of 128 Hz and 64 Hz, respectively. The
experiments under rotating conditions included operations at various yaw misalignments
and pitch angles, while the experiments under non-rotating conditions included operations
at various pitch and azimuth angles. The rotating measurements revealed that at high
incidence, the normal force coe cient depended on the pitch angle and yaw misalignment.
The measurements also showed a strong delay of stall at the inner station and a weaker
delay of stall at the other stations. It was observed that the stall delay did not depend
on the Reynolds number (Brand et al., 1996). This experiment provided valuable insights
into the aerodynamic behavior of horizontal-axis wind turbines under di erent conditions.
The DAN-AERO project (Madsen et al., 2010) focused on investigating the laminar-
turbulent boundary layer transition on a LM-38.8 blade of the 2 MW NM-80 rotor in
a wind farm. A 2D airfoil section which was a replica of the instrumented region of
the LM-38.8 blade was also tested in a wind tunnel. Detailed analyses were conducted
using pressure taps and high-frequency ush-mounted microphones to detect boundary
layer transition based on surface pressure uctuations (Madsen et al., 2019; Ozcakmak
et al., 2019). The type of transition and the location of the transition were determined
by integrating the spectra in the range of 2 7 kHz and calculating the root-mean-square
values (Ozcakmak et al., 2018). It was shown that the transition scenario changes due
to the changing characteristics of the incoming ow eld, and that di erent transition
mechanisms were observed, including natural transition and bypass transition. In the case
of natural transition, the di erent stages, namely receptivity, linear ampli cation (Arnal
et al., 1998) and the formation of secondary instabilities (Reed and Saric, 1989) leading to
a fully turbulent ow, could be distinguished. The type of transition can be estimated by
the power spectral behavior from the ampli cation of the spectral energy around particular
frequencies. One of the key observations was that the transition scenario changes even
over a single revolution depending on the upstream ow eld. In the study, it was found
that bypass transition took place when the instrumented rotor was in the shadow of an
upstream rotor. This is due to the increased turbulence intensity from the wake of the
upstream rotor, while natural transition took place at other azimuth angles.
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Tab. 2.1. Experiments on wind turbine blades. Extended from Lobo et al. (2023).

Project Year | Experimental Blade | Rated | Reynolds References
Technique Length | Power | Number
(m) (kw) (10°)
HAT25 1983 surface 12.05 300 15 35 Madsen et al. (1998)
microphones
DAN-AERO 2009 | ush-mounted 38.8 2000 3 52 Madsen et al. (2010)
microphones
Aerodynamic 2011 hot- Im & 15 250 1 25 Scha arczyk et al. (2017)
Glove pressure tubes
(Enercon E30)
MEXICO 2013 | ush-mounted 2.25 15 | 0.57 0.76| Schepers and Snel (2007
pressure sensor
IRPWIND 2018 surface 40 2500 33 6 Pires et al. (2018)
microphones
Aerodynamic 2018 | ush-mounted 45.3 2000 15 Reichstein et al. (2019)

Glove
(Senvion MM92)

microphones &
thermographic
cameras
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The aerodynamic glove experiment on the Enercon E3@{m diameter) wind tur-
bine (Scha arczyk et al., 2017) investigated the behavior of the boundary layer on a
rotating wind turbine blade using pressure and hot- Im sensors. The study focused on a
section at a radius of 8.5 m from the hub and on the suction side at di erent operational
states. The ndings of this study indicate that, under certain circumstances, the ow can
be regarded as not fully turbulent. The authors selected three classes of hot- Im measure-
ments, corresponding to laminar, transitional, and turbulent signals. The turbulence level
was, in most cases, between 1 ar&l%. During a revolution at low RPM, the hot- Im
measurements suggested that the ow is not turbulent even though the measured in ow
turbulence was22.7 %which is extremely high for a non-turbulent boundary layer. This
observation is associated with the fact that most of the energy of the unsteady atmospheric
in ow is contained in the range off 10 2 Hz (Jeromin et al., 2014). As discussed in
Section 1.2, this is quite di erent from wind tunnel measurements. Moreover, the clas-
sical transition scenario according to the growth of T-S waves was not detected, and it
was concluded that the application of a correlation such as that provided by Mack (see
Section 2.2.3) is hardly applicable for wind turbine ows because the frequency range for
integration is not appropriate. It is thus concluded that a suitable low-frequency cut-o is
required to correlateT| to the N factor, and the justi cation of such a cut-o frequency
remains an open question.

The performance of wind turbines often deteriorates over time, which is attributed
to the impact of factors such as erosion, contamination, and roughness, particularly at
the leading edge of the rotor blade (Pechlivanoglou et al., 2010). Despite the extensive
impact of these phenomena, little research has been done to understand their e ects on the
aerodynamic characteristics of airfoils. While some qualitative tests have been conducted
to measure the loss of aerodynamic performance on airfoils (Ehrmann et al., 2017), the
extrapolation of 2D measurements to 3D behavior on blades is not a straightforward
process. The IRPWIND project (Pires et al., 2018) investigates the impact of roughness
on airfoil characteristics and the associated e ect on rotor performance in both a 2D wind
tunnel model and a wind turbine blade. Roughness simulation material was installed on
the leading edge of the airfoil to measure its impact on the performance, and microphones
were mounted on the airfoil surface to detect the transition position. The e ect of di erent
chord-wise extensions and grain sizes of roughness on airfoil performance was evaluated in
wind tunnel tests, and the data showed that an increase in chord-wise roughness extension
produces a close to linear degradation e ect on the airfoil minimum drag and maximum
lift-to-drag ratio. Surface microphones installed on a wind turbine blade were able to
detect laminar and turbulent boundary layers.

The LM 43P blade of the Senvion (formerly REpower) MM92 2MW wind turbine was
subjected to a measurement campaign to detect transition using both an array of micro-
phones and ground-based thermography (Reichstein et al., 2019), building on previous
investigations on thel5 m Enercon E30 blade (Scha arczyk et al., 2017). While ther-
mographic techniques had previously shown potential for detecting transition (Dollinger
et al.,, 2019), their accuracy had not been validated using simultaneous reference mea-
surements. However, due to the short data compilation time (a few hours) and imperfect
surface preparation or temporary fouling by dust and/or insects, only a few data sets that
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included laminar boundary layer states were recorded. Nonetheless, the study found that
microphones and thermography provided results that agreed with each other regarding the
detection of the transition location, despite the latter not providing as detailed information
about the boundary layer.

2.4 In ow Turbulence for Large-Eddy Simulations

As previously discussed, transition on a wind turbine blade section is strongly in uenced
by the upstream atmospheric turbulence characteristics. Generating in ow turbulence
for large-eddy simulations is not a trivial task, as it requires a stochastically varying
component that should resemble turbulence but at the same time be simple to implement
and modify (Tabor and Baba-Ahmadi, 2010). These pseudo-random coherent velocity
uctuations on a range of length and time scales are usually superimposed onto a mean
ow. Dierent methods are suggested in the literature, and they can broadly be clas-
si ed into methods that make use of precursor simulations and those where turbulence
Is synthetically generated. As highlighted in the reviews by Tabor and Baba-Ahmadi
(2010) and Dhamankar et al. (2018), an ideal turbulence in ow generator for a large-eddy
simulation should satisfy the following conditions:

The generated eddies must be coherent across a range of spatial scales down to the
grid dimension.

A

The injected turbulence must satisfy the divergence-free criterion within the domain.

It must be able to generate turbulence possessing all the known properties of the
in ow for a particular case, such as the length and time scales, the rst and higher-
order moments, spatial correlations, and the spectral distribution of the turbulent
kinetic energy.

It must be computationally feasible and highly parallelizable in case turbulence is
generated on the y during the simulation.

Arti cially generating a turbulent eld that meets all the requirements outlined above is
a challenging task. As a result, synthetic uctuations that do not satisfy all requirements
must undergo an adaptation process, where they are shaped into realistic turbulence
through the application of the Navier-Stokes equations. Despite being imperfect, many
synthetic turbulence in ow methods are relatively straightforward to implement and they
exhibit high e ciency and exibility.

2.4.1 Precursor Simulation Methods

In the case of in ow turbulence generation using the precursor simulation method, slices
perpendicular to the streamwise direction are extracted from a fully developed turbulent
region of the computational domain which can then be introduced at the inlet plane.
Precursor simulations are often run prior to the simulation of interest, with the turbulence
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data being saved at every time step. It is also possible to run a concurrent simulation
where the data is extracted from the fully-developed ow and inserted at the inlet, either
on the same geometry (for example, a turbulent channel ow) or it can be introduced at
the inlet of another simulation running in parallel. This avoids the need for additional
storage. In most cases they rely on simulations with periodic boundary conditions in the
main ow direction. Thus in ow data are not required for these precursor simulations.
Studies of wall-bounded turbulence in channel and pipe ows have made use of precursor
simulations (Fureby et al., 1997; Kim et al.,, 1987). If the Reynolds stresses on the
extraction plane are not exactly those required at the inlet, mapping functions can be
used for simple geometries (Chung and Sung, 1997). More complex changes to the in ow
turbulence can be achieved by introducing body forces (Pierce and Moin, 1998).

One of the primary limitations of this approach is that a signi cant domain is required
for the development of fully turbulent ow prior to its extraction, which can increase
the computational time and memory requirements. These challenges can be further com-
pounded by the absence of an equilibrium region in certain ows where scaling arguments
are not applicable. Another possibility is the introduction of false periodicity into the
time series due to recycling (for example, in the simulation of a fully turbulent channel).
Precursor simulations are often employed in LES, including swirl, such as swirl injectors in
combustion (Wang et al., 2004) or wind farm simulations (Munters et al., 2016). Munters
et al. (2016) proposed a new methodology that can generate fully developed in ow turbu-
lence for time-varying mean- ow directions. They use a fully developed boundary layer
simulation with periodic boundary conditions and rotate the obtained turbulence with
the main wind direction which drives the simulation in the domain of interest.

2.4.2 Synthetic Turbulence Generators

Generating realistic turbulent uctuations without relying on a pre-existing turbulence
library obtained from a precursor simulation or for ows around complex geometries where
it is impractical to use the precursor method is crucial for many practical applications.
There has been a signi cant amount of research devoted to generating synthetic turbulent
in ow (Tabor and Baba-Ahmadi, 2010). As highlighted earlier, the ideal turbulence in ow
generator must ful Il various criteria, including providing the desired Reynolds stress
tensor, satisfying one and two-point correlations, featuring the required length and time-
scales, and possessing the necessary turbulent kinetic energy spectrum. Even if an ideal
turbulence generator were to be developed, it would still rely on inputs for the turbulence
statistics, which for simple cases such as the ow over a at plate can be obtained from
DNS. In other cases, data from experiments may be necessary, or as is often done, the
information has to be provided based on educated guesses (Dhamankar et al., 2018).
Tabor and Baba-Ahmadi (2010) have noted that the primary objective of a synthetic
turbulence generator is to generate inlet uctuations that can induce physical turbulence in
the domain, while accurately matching the necessary statistics, over the shortest possible
distance. This distance for the development of the turbulent ow from the injection of
uctuations at the inlet plane is known as the adjustment length. However, the presence of
this region represents a major limitation of synthetic turbulence generators, distinguishing
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them from precursor methods, as in some cases, the domain needs to be extended to
allow for this development. Synthetic turbulence generators o er the advantage of being
adaptable for use as a standalone unsteady boundary condition in a primary simulation.
Several approaches are present in the literature for the generation of synthetic turbulence.

2.4.2.1 Spectral Approaches

Kraichnan (1970) used random Fourier modes to generate isotropic turbulent velocity
elds. This method generates turbulent uctuations based on a speci ed energy spectrum
and has been employed in early DNS of isotropic in ow turbulence (Rogallo, 1981). Lee
et al. (1992) proposed a Fourier transform based method where a discrete velocity signal
featuring the desired energy spectrum is generated using a discrete Fourier transform. The
necessary input is a desired energy spectrum coupled with random phase angles. They
further introduced random shifts in the phase angle and at random times to prevent the
generation of a periodic turbulent signal which is inappropriate due to the introduced
low-frequency component on account of the periodicity. The adjustment length for this
method in a channel ow was found to be 28 channel half-heights. This relatively long
adjustment length was attributed to the randomized phase angle which produces non-
physical turbulence.

The method proposed by Lee et al. (1992) is limited in its application. Even though it is
possible to impose di erent spectra for the di erent velocity components, it is challenging
to obtain the necessary cross-correlations (Tabor and Baba-Ahmadi, 2010). The random
ow generation (RFG) method which is a spectral method proposed by Smirnov et al.
(2001) has been used for practical applications and is available through the commerical
CFD software ANSYS Fluenf, where it is referred to as the spectral synthesizer. Here, a
velocity eld with predetermined turbulent length and time scales and a desired energy
spectrum can be generated by superimposing harmonic functions with random amplitudes
and phases. This synthesized eld undergoes in succession a tensor-scaling operation and
then an orthogonal transformation to obtain a Reynolds stress tensor that matches the
desired requirements. In their study, Huang et al. (2010) enhanced the RFG method to
enable the speci cation of an arbitrary energy spectrum in three orthogonal directions.
They suggested that when the contribution of the inertial subrange cannot be disregarded,
it is preferable to employ a more realistic energy spectrum, such as the von Karman
spectrum rather than a basic Gaussian model. This recommendation is particularly
relevant for wind engineering applications (Mo et al., 2013), where the inertial subrange
plays a signi cant role in turbulent ows.

For the simulation of loads on a wind turbine, the IEC 61400-1 standard (IEC, 2006) rec-
ommends using either the Kaimal (Kaimal et al., 1972) or Mann (Mann, 1998) turbulence
model, both being spectral approaches with zero-mean Gaussian statistics. In the case of
the Kaimal turbulence model, the energy spectra of each wind component is generated
based on the standard deviation of the respective velocity, its integral length scale, and
the mean velocity. An exponential coherence model can be used in conjunction with the
spectra (IEC, 2006). The Mann turbulence model is a spectral tensor model that combines
rapid distortion theory (RDT) and eddy lifetime considerations. The RDT provides an



In ow Turbulence for Large-Eddy Simulations 33

equation for the stretching of the spectral tensor, where it increases in anisotropy with time.
Thus, the RDT in uences the lateral-vertical coherence in the rotor plane. The input to
the Mann model are three parameters: 2=3 where is the Kolmogorov constant and is

the rate of viscous dissipation of the speci c turbulent kinetic energy, the non-dimensional
parameter which is a term related to the eddy-lifetime, and lastly, the length scale. A
coherence model is employed to ensure coherence in space and time (Mann, 1998; Yassin
et al., 2021). Dong et al. (2021) compared the coherence between lidar measurements
with the Mann and Kaimal turbulence models and found that for lateral coherence the
coherence with the Mann model is higher for small separation distances of around 10 m
while it is higher for the Kaimal model as the separation distance increases (around 50 m).
For vertical separations, the Mann model was more coherent.

2.4.2.2 Digital Filter-Based Approaches

Following the work of Nobach (1997) on the digital Itering of random data, Klein et al.
(2003) proposed a digital Iter-based approach for generating in ow turbulence uctuations.
This method has several advantages, including its simplicity and the minimal amount of
input data required. To generate proper autocorrelations in time and two-point correlations
in space, it is necessary to de ne one integral time scale and two integral length scales.
The digital Iters used are discrete, linear, and non-recursive, and depend on statistical
properties of the input data. The resulting length and time scales can be easily adjusted
to match the required ow conditions of the simulation being carried out.

To generate the appropriate in ow data, the Iter coe cients are multiplied by a
series of random numbers with a zero mean and unit variance. The lter coe cients
are designed to describe the two-point correlations and autocorrelations of the in ow
turbulence. To achieve the required three-dimensional correlation between the lter
coe cients, the convolution of three one-dimensional lter coe cients is performed. The
cross-correlations between all three velocity components are guaranteed by applying the
transformation proposed by Lund et al. (1998). Even though the velocity uctuations
generated by the digital- Iter based method have a zero mean, they may not always adhere
to the divergence-free condition on account of the nite size of the in ow plane. As a
result, large pressure uctuations may arise in incompressible ow solvers. To avoid this
issue, Kim et al. (2013) suggested modifying the velocity-pressure coupling procedure for
incompressible solvers and have provided a correction for the inlet mass ux.

Kempf et al. (2012) proposed a more e cient procedure for the generation of the uc-
tuating velocity components based on the original formulation of Klein et al. (2003). This
approach decomposes the Itering operation into the three coordinate directions, intro-
ducing a linear dependence that reduces the required computational e ort and memory
requirements. Instead of2N + 1) 3 calculations required for generating velocity uctua-
tions, now only3(2N +1) operators are needed, making it possible to generate non-periodic
pseudo-turbulent in ow conditions at low costs.

Several modi cations to the original approach (Klein et al., 2003) are also found in the
literature. For example, Xie and Castro (2008) apply a two-dimensional Iter together
with an exponential function instead of the Gaussian shape of the digital Iter originally
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proposed. The rst modi cation increases the e ciency of the turbulence generation
while the latter is motivated by the typical shape of the correlations from experimental
observations of inhomogeneous ow elds.

In the LES carried out as a part of this thesis, the digital Iter method by Klein et al.
(2003) is used. However, the in ow turbulence is not introduced at the inlet plane, but at
a plane within the domain and close to the region of interest to prevent numerical damping
caused by the larger grid spacing in the vicinity of the in ow plane. The methodology
employed to ensure a divergence-free condition is described in Schmidt and Breuer (2017).
A brief description is also provided in Section 3.4.2.

In general, generating realistic turbulent in ow uctuations that satisfy the in ow
properties necessary for a speci ¢ case is challenging. Several methods have been developed,
some of which are discussed above. Various other methods such as those based on proper
orthogonal decomposition, vortex and synthetic-eddy methods, among others, are also
found in the literature. Interested readers are referred to reviews on in ow turbulence
for large-eddy simulations by Keating et al. (2004), Tabor et al. (2004), Tabor and Baba-
Ahmadi (2010), Sagaut et al. (2013), and Dhamankar et al. (2018).

To conclude, for the resolution of the transition phenomenon on airfoils used in the
development of wind turbine blades at Reynolds numbers in the order @f(10°) large-
eddy simulations are presently the only feasible option since direct numerical simulations
are cost-prohibitive. Reynolds-averaged Navier-Stokes (RANS) simulations, on the other
hand, do not resolve transition; instead, they model it. Furthermore, the importance
of choosing an appropriateN factor for use within the e method currently employed
by the industry in RANS simulations has been highlighted. It solely depends on the
absolute value of the turbulence intensity. However, as also discussed, the boundary layer
transition process depends on several parameters in addition to the absolute value of the
in ow turbulence intensity. Moreover, Mack's correlation that determines thisN factor is
an empirical correlation determined from wind tunnel studies and may not directly apply
to atmospheric ow. Finally, di erent methodologies that can be used for the generation
of in ow turbulence uctuations for use in large-eddy simulations have been discussed.



3 Large Eddy Simulation Technique
and Numerical Methods

A brief description of the governing equations used in a standard large-eddy simulation
can be found in Section 3.1. To account for the unresolved scales, a subgrid-scale model
for the stress tensor is necessary, as discussed in Section 3.2. The boundary conditions
imposed on the domain for the present simulations are described in Section 3.3, while
the process of generating and injecting in ow turbulence into the domain is described in
Section 3.4. Lastly, Section 3.5 provides a brief introduction to some of the numerical
methods employed by the CFD code, which relate to the implemented changes in the
numerical method.

3.1 Governing Equations

The present work is concerned with the ow around an airfoil, which corresponds to a
cross-section of a wind turbine blade (details on the geometry can be found in Chapter 4).
At the operating conditions of interest in the current work, the ow can be considered
incompressible and isothermal, allowing for a description of the ow eld using the in-
compressible Navier-Stokes equations, in particular, the equations for the conservation of
mass and momentum. In their dimensionless form they read:

@y_,.
ox 0: (3.1)
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Equations(3.1) and (3.2) represent the conservation of mass and momentum of the uid,
respectively. In the Cartesian frame of reference, the variabtg represents the three spatial
directions, while the corresponding components of the velocity are denoted by The
viscous stress tensor of a Newtonian uid is de ned asjm°' = 2 :Sj,where ;=1asa
consequence of the dimensionless formulation and the constant viscos8y. is the strain-
rate tensor de ned asS; =1=2 (@F@x+ @PF@N. Also represented in Eq(3.2) are
the pressurep, the time t, and a momentum source-ternfi;, which represents external body
forces. Re refers to the non-dimensional Reynolds number characterizing the ow regime.
The uid density ; is not represented in the above equations due to the incompressible
nature of the ow, with ¢ =1 as a consequence of the non-dimensionalization.

Large-eddy simulations (LES) (cf. Section 2.2.2) are a numerical technique in which
the large-scale turbulent structures of the ow are resolved, while the smaller, more
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universal structures are modeled using subgrid-scale models (Pope, 2000). This separation
of scales is achieved by Itering the Navier-Stokes equations. Several ltering functions
are available in the literature, such as the top-hat, the Gauss lter, or the spectral Iter
(see, e.g., Breuer, 2002; Piomelli and Chasnov, 1996). On applying a lter function, the
Navier-Stokes equations become (Breuer, 2002):
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The overbar in Egs.(3.3) and (3.4) represents the Itered quantity. The term Uit}
cannot be calculated directly. By using the decomposition of the velocity term into the

ltered and sub- Itered components asu’ = u; U;, together with the standard calculation
rules for Itering, this term can be represented as follows (Breuer, 2002):
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Here ©° represents the subgrid-scale stress tensor, which describes the in uence of
the unresolved scales on the larger resolved scales. The tedms G and Rj repre-
sent the so-called Leonard, cross-term, and the subgrid-scale Reynolds stress tensors,
respectively (Breuer, 2002). As discussed in Breuer (2002), the interaction between the
large-scale structures of the ow is represented by the Leonard term, while the cross-term
represents the interaction between the large and subgrid scales. Finally, the interaction
between the unresolved scales of the ow is represented by the subgrid-scale Reynolds
stress term.

By inserting Eq. (3.7) into Eq. (3.4), the nal form of the momentum equation in the
LES framework is obtained:
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where ™ = 2 ¢S with §; = > @}( @x (3.9)

It is important to note that the LES methodology used in this study is based on
implicit Itering, which means that no explicit Itering function is applied to the governing
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equations. Instead, the numerical discretization scheme performs the lItering operation
using the grid as a low-pass Iter. This results in a signi cant simpli cation compared
to explicit ltering. In practice, implicit Itering is equivalent to applying an explicit
top-hat Iter with a Iter width of i, corresponding to the grid spacindp; (Breuer, 2002).
According to Breuer (2002), an implicit ltering technique o ers signi cant bene ts,
including its ability to be applied to curvilinear grids, while explicit Itering can pose
challenges for non-uniform grids. Additionally, implicit Itering requires approximately
eight times fewer grid points than explicitly Itered LES to achieve the same resolution
of ow structures.

The subgrid-scale stress tensog*®® contains unknown quantities and must be modeled
in order to close the Itered Navier-Stokes equations. This is typically achieved by splitting
the subgrid-scale stress tensor into an isotropic partf’GS” and an anisotropic, traceless

part %, which leads to (Breuer, 2002):

. : 1 :
ijsc;s: ijSGS,I + iJ_sc;s,a — 3 ksst+ ijsc;s,a (3.10)
It is the anisotropic part of the subgrid-scale stress tensor that must be modeled (see
Section 3.2). This is typically done using eddy-viscosity models by relating the subgrid-
scale stress tensor to the traceless deformation tensgyr (see Eq.(3.9)) and is discussed in

the following section. The isotropic part of the subgrid-scale stress tensor is then usually
added to the resolved pressure, thus providing a new pressure variable (Breuer, 2002):

1
P=p+ 3 & (3.11)

3.2 Subgrid-Scale Modeling for the Stress Tensor

Several models can be employed for the determination of the anisotropic part of the
subgrid-scale stress tensor;°>® (Pope, 2000). For the simulations carried out in this

thesis, the dynamic model by Germano et al. (1991) or otherwise known as the dynamic
Smagorinsky model is employed as discussed in Section 3.2.2. To fully appreciate this

model, the standard Smagorinsky model is described rst.

3.2.1 Smagorinsky Model

The Smagorinsky model (Smagorinsky, 1963) is one of the most widely used subgrid-
scale models in LES (Breuer, 2002; Pope, 2000). Here a linear relationship between the
anisotropic part of the subgrid-scale stress tensojFGS;a and the ltered strain-rate tensor
S; is assumed:

ijSGS;a = 215, (3.12)
where the coe cient of proportionality 1 represents the local eddy viscosity and varies

in space and time (Pope, 2000). In the present dimensionless formulation, where the uid
density ¢ =1, the eddy viscosity can be expressed in terms of the Smagorinsky length
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scalels and a characteristic velocity scale determined by the product of the length scale
|s and the magnitude of the characteristic ltered strain rate S;  (Breuer, 2002; Pope,
2000):
q
T = |é Sij with Sij = ZSi,- Sij . (313)

The Smagorinsky length scalés is considered to be proportional to the Iter width

IS = CS (314)

In the present methodology, the lter width  used for the determination of the
Smagorinsky length scalés is related to the volume of the computational cell:

=( X vy z)%: (3.15)

The Smagorinsky constanCs is the constant of proportionality. Lilly (1967) performed
a theoretical analysis based on homogeneous isotropic turbulence and suggested a value
of Cs = 0:165 However, a value in the range:065 Cs  0:1 is typically used in
wall-bounded ows such as channel ows to achieve reasonable results (Breuer, 2002;
Pope, 2000). Inserting Eqs(3.13) and (3.14) into Eq. (3.12), the anisotropic part of the
subgrid-scale tensor can be expressed as:

Pe%= 2(Cs) S S (3.16)

The Smagorinsky model has been widely used in the literature due to its simplicity.
However, it su ers from certain limitations. For instance, the optimal Smagorinsky con-
stant Cs may vary for the same test case when the Reynolds number changes. Additionally,
a singleCs value may not be suitable for all ow regions in a given setup. Speci cally, a
non-zeroCs leads to non-zero eddy viscosity and subgrid-scale stress in situations where
a subgrid-scale model is not necessary, such as in laminar ow regimes or near walls. To
address the latter issue, the damping function suggested by Van Driest (1956) can be
applied to reduce the Smagorinsky lengths to zero at the wall and to scale it down in
the vicinity of the wall.

3.2.2 Dynamic Model by Germano

In the present work, simulations are carried out using the dynamic model proposed
by Germano et al. (1991). This model allows for the computation of the subgrid-scale
model parameters, such as the Smagorinsky coe cients, based on local and time-
dependent ow structures rather than using a prede ned value.

The derivation of this approach begins by introducing a second lter, referred to as the
test Iter ~ with a Iter width wider than the original lter. For the simulations carried
out here, the test lter is set to twice that of the original lter, i.e., ™= =2 (Breuer,
2002).

The test lter is applied to the Itered Navier-Stokes equations described in Section 3.1.
From the resulting double- Itered momentum equation, the subgrid-scale stress tensor
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T;>°° can be obtained in a way analogous to Eq3.7), where %= gy uju;. This
gives:

TijSGS: ij Uin . (317)

The tensor ;% is di erent from the tensor obtained by applying the test lter to the
subgrid-scale tensor of the rst Itering operation:

S =ww Wy (3.18)

According to Germano et al. (1991), the di erence between both tensors de nes an
identity with the advantage that it only involves resolved quantities and is thus termed
the resolved turbulent stress tensoL j :

Lj = T7°S &%=y a8 : (3.19)

This identity is used to determine local values of the Smagorinsky coe cienCs. For
this purposelL is decomposed into isotropic and anisotropic parts. The anisotropic part
L§ can be computed using:

1
3

To determine the Smagorinsky coe cient Cs, the anisotropic part of the resolved
turbulent stressL{ is expressed based on Eqg. (3.19) as:

L =Ly ij Lk (3.20)

L3 = TpoS® oS (3.21)

Based on an analogy, the anisotropic part of the subgrid-scale stress tenﬁ;ﬁlgs;a can
now be expressed by the Smagorinsky model similar to Eq. (3.16) as:

TSS2= 2Cs~ "G § ¢ (3.22)

Additionally, applying the test Iter € to Eq. (3.16) gives:

SGS;a ; = }l 2 {

i = Z(CS) Sij Sij . (323)
Finally, on inserting Egs. (3.22) and (3.23) into Eqg. (3.21) and simplifying the relation
by extracting Cs out of the Itering operation, one obtains (Breuer, 2002; Khalifa, 2022):

I e2 o A #
L2= 2(Cs)? — S5 S SiS = 2(Cs) *My: (3.24)
Thus, in a LES the local Smagorinsky coe cientCs can be determined dynamically
using the available local quantitied § and M;; . However, it should be noted thatl § and
M; are both symmetric and traceless tensors, and therefore, a single valu&Cgfmay not

satisfy Eq. (3.24) for ve unique components. To overcome this limitation, Lilly (1992)
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proposed a method that involves using a least-squares approach to minimize the mean
squared error of Eq. (3.24):

(CS ) 2 = }7L3Mij
2 M mn M mn

The dynamic model described above has a clear advantage that the locally determined
Cs and the resulting eddy viscosity t naturally approach zero at walls and in laminar ow
regions without requiring additional scaling. However, when dealing with inhomogeneous
turbulent ows, strong local variations of 1 may introduce instabilities in the numerical
solution of the governing equations, as noted by Breuer (2002). To address this issue,
the present work imposes a minimum value of zero o and applies a low-pass lter to
eliminate the high-frequency oscillations o€s . Additional information on this approach
can be found in Breuer (2002) and Hoppe (2020).

(3.25)

3.3 Boundary Conditions (BC)

In case of subsonic ows, the Navier-Stokes equations are elliptical in space and their
solution on a computational grid requires the de nition of appropriate boundary conditions
on all boundaries. In this sub-section the boundary conditions employed for the simulations
carried out as a part of this thesis are brie y discussed. A more elaborate description can
be found in the literature, for example in Breuer (2002).

3.3.1 Wall Boundary Conditions

In the case of turbulent ows around solid objects, the Stokes no-slip boundary condition
is often applied. Here it is assumed that the velocity of the uid layer in direct contact
with the wall is the same as the velocity of the wall. That means, there is no relative
movement between the wall and this layer of uid. As a consequence, the tangential
velocity of the uid adhering to the surface of the wall must be equal to that of the wall,
which, in the present cases is equal to zero, while the component normal to the wall must
also be equal to zero since the airfoil wall is considered to be impermeable. Details on
the required grid resolution at the wall to realize this boundary condition can be found in
Section 4.1.

3.3.2 In ow Conditions

Several possibilities exist in the literature for the generation of in ow conditions, some of
which are discussed in Breuer (2002) and Dhamankar et al. (2018). For all simulations
carried out here, a simple mean velocity pro le is prescribed at the in ow plane as:

Ui (Xi;t) = hui (X)i ; (3.26)

wherex; refers to the coordinates of the in ow plane andti denotes a time average. Here,
the individual velocity components are speci ed with a streamwise velocity=u; =1,
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while the other components are set ag = w; = 0. No perturbations are added on the
inlet plane; therefore, a zero turbulence level is assumed. This is done because even with
the addition of turbulence of appropriate characteristics, the probability that small-scale
turbulent structures reach the airfoil would be small due to the lower grid resolution in
the vicinity of the inlet boundary. Instead, in cases where in ow turbulence is necessary,
it is injected within the computational domain as described in Section 3.4.2.

3.3.3 Out ow Conditions

On the outlet plane, a convective boundary condition is set. This ensures that vortices
can pass the boundary without signi cant disturbances or re ections back into the inner
domain. The boundary condition reads:

@y o @
@ @XOUIOW
where ucn IS the mean convection velocity set tau; and x is the direction of the

free-stream. As discussed in Breuer (1998b, 2000) and Breuer and Pourquié (1996), this
convective boundary condition is suitable for LES.

=0; (3.27)

3.3.4 Periodic Boundary Conditions

The periodic boundary condition is applied in the spanwise direction. Strictly speaking,
this is not a boundary condition but a method used to reduce computational costs while
also providing the advantage that it is possible to simulate small sections that are not
terminated by a surface. It is possible to apply this condition in ows with a homogeneous
direction, i.e., the statistically averaged uid properties in this direction do not vary. This

is achieved by creating ghost cells on the edges of the periodic faces and setting the ow
variables to be equal across the paired ghost cells. Details on the grid resolution and the
required grid dimensions in the spanwise/periodic direction can be found in Section 4.1.

3.4 In ow Turbulence

For cases with in ow turbulence, this is achieved by an in ow generator that separately
generates velocity uctuations (turbulence). The literature suggests a variety of syn-
thetic turbulence in ow generators (STIG) based on di erent techniques, as discussed
in Section 2.4. For the work carried out in this thesis, a digital Iter method described

in Section 3.4.1 is employed. This method is chosen because it is simple to implement
and only requires the de nition of certain statistical quantities such as the mean velocity,
Reynolds stress terms and the de nition of one integral time scale and two integral length
scales. The generated velocity uctuations are then inserted into the domain close to the
region of interest, as described in Section 3.4.2.
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3.4.1 Generation of In ow Turbulence

The present study applies the digital Iter method originally proposed by Klein et al.
(2003) for the generation of arti cial turbulent in ow data. To signi cantly reduce the
computational e ort and memory requirements compared to the original method, the
more e cient procedure suggested by Kempf et al. (2012) is used.

The method relies on discrete linear digital non-recursive lters that depend on certain
statistical properties de ned by the user. These include pro les of the mean velocity and
Reynolds stresses, as well as the de nition of one integral time scalk) (and two integral
length scales Iy, L,). These quantities are su cient to generate arti cial turbulence with
proper autocorrelations in time and two-point correlations in space.

To generate arti cial turbulence, the lter coe cients are multiplied with a series of
random numbers characterized by a zero mean and a unit variance. Thereby, the lter coef-
cients describe the two-point correlations and the autocorrelation of the in ow turbulence.
A required three-dimensional correlation between the lIter coe cients is achieved by the
convolution of three one-dimensional lter coe cients. The cross-correlations between
all three velocity components and thus the representation of realistic in ow turbulence
are guaranteed by the application of the transformation by Lund et al. (1998). In the
following a brief description of the mathematical procedure for the generation of in ow
turbulence as described by Klein et al. (2003) is given.

In order to ensure two-point correlations, a digital linear non-recursive lter is employed.
For this purpose, a series of random datg, is generated such that its meam,, = 0 and
variancer,rm = 1. Then,

X
Um = Dhrm+n ; (3.28)
n= N
represents the digital linear non-recursive lter, wherel,, denotes the generated velocity
uctuations, h, the Iter coe cients and N the lIter length. Since 1,7, =0 for m 6 n,
the autocorrelation follows:

X
hh «
UnUmn+k j= N+k
= : 2
UnUn X (329)

iy
j= N

This provides a relation between the autocorrelation function ofi,, and the lter
coe cients. Next, this procedure needs to be extended to three-dimensions and Kg.29)
needs to be inverted such that the Iter coe cients can be determined from the required
turbulence statistics.

The procedure can easily be extended to three-dimensions using the convolution of the
three one-dimensional lters, such that:

bk =hb b b (3.30)
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In order to determine the Iter coe cients h, for a known autocorrelation function
U Unm+ k=UnUn, @ multidimensional Newton method which is an iterative algorithm can
be used. The determination of the full autocorrelation function requires experimental data,
however, the length scale can be determined from correlations or intuitive considerations
by experts in a eld. Therefore, Klein et al. (2003) proposed a simpli cation where instead
of the autocorrelation function Ry, (x;r), with the distance vectorr only a length scale
must be prescribed which means that the autocorrelation function now has a special shape,
which in the case of late stage homogenous turbulence takes the form (Batchelor, 1953):

!
4.2

Equation (3.31) ful lls the requirements of an in nitesimal length scale, such that
Rw() =1 andlim;; Ry(r) =0. The length scaleL can be expressed with the grid
spacingL = n x. The assumptions mentioned above lead to a discretized expression of
the autocorrelation function as:

Ru(r; 0;0) = exp (3.31)

|
UnUmvk _ _ (k x)* _ k2 .
— Ruw(k X)=exp an xE exp el (3.32)
where the 1D Iter coe cient can be expressed by the following relation:
!
s} . k 2

@ qZA
j= N

The support of the Iter must be large enough to capture twice the length scale, i.e.,
N 2n and n 2. Furthermore, using the method discussed above, di erent length
scalesL,, Ly and L, are possible in the di erent spatial directions withn being replaced
by ny, ny and n,, respectively.

The velocity signalu,, de ned in Eg. (3.28) represents a one-dimensional signal corre-
sponding to a particular length scale. Taking into account the three length scales, this can
be represented in three-dimensional vector notation d$; with U; =0 and U;U; = .
To ensure the required cross-correlations between the various velocity components, the
technique suggested by Lund et al. (1998) is employed. The following transformation can
be performed to obtain the velocity signalsi; = u; + a; U;, where

0 1=2
(Ru1) 0 0
aj = % Rau=an (R 83)" 0 § : (3.34)
Ru=an (R axuds)=a» (Rss a3 a3)"
Here () denotes an averaging procedur®; the correlation tensor andu; the required
velocity signal. For the simulations carried out here, the STIG generates only velocity

uctuations which are separately superimposed onto the velocity eld as described in the
following section. Therefore in the present worky; = 0 within the STIG routine.
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3.4.2 Injection of In ow Turbulence

In the present setup, in ow turbulence is not imposed at the inlet of the computational
domain, but rather within the domain using a special source-term formulation that has
been developed and validated in several studies: Schmidt and Breuer (2017), Breuer (2018),
De Nayer et al. (2018), and Breuer and Schmidt (2019). The idea behind the source-term
formulation is to enable the injection of in ow turbulence in su ciently resolved ow
regions, thereby preventing the in ow turbulence from being damped out by numerical
dissipation before reaching the region of interest. For external ows, as considered in the
present study, the inlet region is not resolved by a ne grid, leading to a strong damping up
to a complete cancellation of small ow structures. However, the regions of main interest
are the boundary layers and the wake region of the airfoil, where the grid is strongly
clustered and thus su ciently ne to resolve these structures. Consequently, the injection
of the in ow turbulence is done in this region.

The arti cial velocity uctuations (without the mean velocity) generated by the digital
Iter method outlined above are introduced as source-terms directly into the momentum
equations in a prede ned in uence area. The source-term for the integral form of the
momentum equation reads:

VA ugyn
SV = L—dV ; (3.35)
y T

where andV denote the density of the uid and the volume of the computational cell,
respectively. T is the integral time scale used in the STIG. The streamwise extension of the
STIG injection region (in uence area) is set to twice the integral length scale, which can
be determined from the integral time scale and Taylor's hypothesis &5 = u; T. Based
on a Gaussian bell-shaped distribution, the source-terms are scaled within this in uence
area. In Schmidt and Breuer (2017) the method was shown to guarantee the correct
distribution of the autocorrelations. Besides the application to channel ows (Schmidt
and Breuer, 2017) the source-term methodology was also successfully applied to the blu -
body ow past a wall-mounted hemisphere (De Nayer et al., 2018) and the ow around a
SD7003 airfoil (Breuer, 2018; Breuer and Schmidt, 2019; Schmidt and Breuer, 2017).

For the present simulation cases, the injection area measures 0.8 chord lengths in the
cross-stream direction and covers the entire domain in the spanwise direction. For the
Re = 100k cases, the injection area is located about two chord lengths upstream of the
leading edge I(s=c= 2), as seen in Fig. 3.1. For the Re = 1M case, the in ow turbulence
is injected one chord length upstream of the leading edge. Schmidt (2016) has shown that
one chord length upstream of the leading edge is a su cient distance from the area of
interest to ensure the correct development of the injected turbulence in ow data. The
reason for the in ow plane being two chord lengths upstream of the leading edge in the
cases of Re = 100k was based on the original assumption that larger length scales would
be used for the Re = 1M cases (to more closely match those in the atmosphere) in which
case a larger injection region measuring twice the length scdlg would be necessary.
However, as it is obvious but was only later considered, the length scales that can be
resolved are heavily depending on the domain size. The Re = 1M domain being reduced
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Fig. 3.1. Instantaneous spatial distribution of turbulent uctuations with an in ow turbulence
intensity of 1.4 % at Re = 100k.

in the spanwise dimension on account of computational costs results in a reduction in the
length scales of the imposed turbulence. Thus, the injection domain for the Re = 1M
case is shifted to just one chord length upstream of the airfoil. This is a similar upstream
distance as that in the study by Breuer (2018).

3.5 Numerical Methods

A detailed description of the numerical methods employed in the cod&=SOCC(L arge
Eddy Simulation On Curvilinear Co-ordinates), which has been used for the simulations
carried out in this thesis, is found in Breuer (2002). Table 3.1 lists some of the features
used.

While carrying out simulations at the high Reynolds numbers discussed in this thesis,
certain numerical instabilities were observed. This section brie y discusses some of the
known numerical errors that may arise on account of numerical damping (Section 3.5.2)
which depends on the discretization scheme used (Section 3.5.1). Furthermore, another
possible source of numerical instabilities, which is depending on the variable arrangement
is also discussed in Section 3.5.3. Finally, a brief introduction into the methodology
employed for the solution of the governing system of equations is provided in Section 3.5.4
to provide the context to one of the modi cations made. The modi cations to the code
are then discussed in Section 3.5.5

3.5.1 Discretization in Space

An important requirement of a numerical method used for LES is that it must be able to
reproduce the wide range of di erent length scales present in a turbulent ow as accurately

as possible. With increasing Reynolds number, the range of scales in the turbulent ow
increases, which means that the requirements on the numerical scheme also increases.
Several methods, such as nite-di erence methods, nite-volume methods, nite-element
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Tab. 3.1. Finite-volume method and models used.

Property Feature

uid incompressible

grid type curvilinear, block-structured

variable arrangement cell-centered, non-staggered

discretization of integrals midpoint rule

interpolation scheme linear interpolation

accuracy in space second-order accurate

solution scheme predictor-corrector time-marching scheme

predictor low-storage Runge-Kutta scheme

corrector pressure-correction method

accuracy in time second-order accurate

pressure-velocity coupling momentum interpolation technique (Rhie and Chow, 1983)
turbulence modeling large-eddy simulation (Breuer, 1998a, 2000, 2002)

SGS model dynamic Smagorinsky model (Germano et al., 1991; Lilly, 1992)
wall treatment wall-resolved LES (Stokes no-slip condition)

in ow turbulence digital Iter concept (Kempf et al., 2012; Klein et al., 2003)

in ow injection source-term formulation (Breuer, 2018; De Nayer et al., 2018; Schmidt and Breuer, 2017)

methods, spectral methods, wavelet methods, or lattice Boltzmann methods can be used
for LES. More details on the di erent methods can be found in Anderson et al. (2016)
and Ferziger et al. (2019).

As seen in Table 3.1, the nite-volume method is employed in this study. The grid is
curvilinear and block-structured while the variable arrangement is cell-centered on a non-
staggered grid. The discretization of integrals follows the midpoint rule and interpolation
onto cell walls is performed in most cases according to a linear interpolation, which in the
context of the nite-di erence method corresponds to the second-order central di erence
scheme (CDS-2). For the sake of simplicity, henceforth the scheme used shall be referred to
as the central di erence scheme, even though the underlying principle is the nite-volume
method.

An increase to a more accurate fourth-order scheme is typically more expensive when
compared to a second-order scheme on a ner grid. That means a second-order scheme
on a ner grid typically yields a similar resolution in wavenumber space as a fourth-order
scheme on a coarser grid but at a cheaper cost (Breuer, 2002). This has already been
elaborated in Breuer (2002) and a further discussion here is out of scope of this thesis.

3.5.2 Numerical Errors and Numerical Damping

Numerical damping plays an important role in selecting a discretization method, as the
discretization error can have a signi cant impact on the solution, both desirable and highly
undesirable. Depending on the numerical schemes employed, numerical damping can be
desirable in certain compressible ow cases, for instance, those involving shock waves.
However, in the case of a turbulent ow simulation, it is desirable to reduce this error.
Before discussing the possible numerical errors that may arise, and to provide the reader
with a reference for the discussions that follow, it is helpful to rst present the nite-
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di erence schemes from rst to fourth order, along with their corresponding truncation
errors Ty, (Breuer, 2002):

@ _ftu 1

1. Order: @Xi = < L+ Ty (3.36)

2. Order: g; = f'+12:'1 + Ty (3.37)
i

3. Order: g; =t +6fig . i Zia, Ts; (3.38)

4. Order: g; = i +8fi312 X8fi 1t fia, Tyt (3.39)

The truncation error T,, is then the di erence between the dierential form and the
corresponding nite-di erence approximation, wheref corresponds to a ow quantity at
grid points separated by x.
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whereH, refers to the terms of higher-order that are not directly represented. Discretiza-
tion errors can be distinguished into three di erent types:

Dispersive Errors

A dispersive error occurs when the truncation error of the discretization contains
odd derivatives, as seen in Eq$3.40) to (3.43). It causes a wave to spread out or
disperse as it propagates, resulting in phase errors or a phase shift, i.e., a deviation
from the characteristic base curve, without in uencing its amplitude (Breuer, 2002).
In this case, the kinetic energy is only dispersed but conserved, which makes it
di cult to assess the direct importance of this error in the simulation of turbulent
OWS.

As analyzed in the model equation by Werner (1991), the dispersive error results in
waves of di erent lengths being transported at di erent speeds through the numerical
method, even though the phase velocity in the analytical solution is independent of
the wavelength. This problem becomes especially relevant for high wave numbers
where the wave length tends to zero. The phase error is greatest for x waves.
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Their phase velocity is zero which means that the waves are stationary and are
thus referred to as wiggles. This is a well-known problem especially when using
central di erence methods. The2 x oscillations typically arise when there are
strong accelerations or decelerations in the ow eld in combination with a high
local cell Reynolds number (Werner, 1991). This is a su cient but not necessary
condition (Ferziger et al., 2019). These wiggles propogate similarly to wave packets
with a group velocity opposite to the direction of convection (Werner, 1991). To
overcome wiggles, high-frequency dampers are employed in RANS simulations but
are not recommended for LES (Breuer, 2002). The occurrence of weak wiggles is
often accepted, and typically despite their existence, numerical damping terms are
not used.

Dissipative Errors

Dissipative errors damp high-frequency components, similar to the viscous terms in
the Navier-Stokes equation (Breuer, 2002). They occur when the truncation error
includes the second derivative. This is the case for the standard rst-order upwind
scheme, which has a truncation error of 1=2 x @f=@3x%. This error also occurs
to a reduced extent if the truncation error contains fourth- or higher-order even
derivatives, as seen in Eqn(3.42) for the third-order nite-di erence scheme. The
second- and fourth-order central di erence schemes, however, do not contain any
even derivatives in their truncation error term (see Eqgs(3.41) and (3.43)) and are
thus not dissipative, while the rst-order upwind scheme is the most dissipative and
therefore typically avoided. This overview explains why most LES predictions prefer
central schemes as far as possible such as the CDS-2 scheme mainly applied in this
thesis.

Aliasing Errors

Aliasing errors occur when non-linear terms, such as the convection term in the
Navier-Stokes equations are numerically calculated, or more precisely, when two
functions are multiplied in discrete space (Breuer, 2002). This can be trivially
shown by using Fourier representations of two discrete functions, where new high-
frequency modes arise on multiplication in discrete space. These modes are referred
to as aliasing errors. The aliasing error in the case of nite-di erence methods is
much smaller than in the case of spectral methods. This is due to the e ective wave
number in nite-di erence methods being lower than the exact wave number as
obtained by spectral methods. Therefore, aliasing errors are not often discussed in
relation to nite-di erence approximations. Because of the increased e ective wave
number with ner grids, the aliasing error in nite-di erence methods increases with
the grid resolution. A way to suppress the aliasing error is to implement upwind
schemes, as the dissipative error damps high-frequency components in the solution.
The aliasing problem in DNS can be tackled using higher-order upwind schemes (Rai
and Moin, 1991) while it is not recommended for a LES due to the large e ect of
its numerical dissipation (Mittal and Moin, 1997).
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3.5.3 Pressure-Velocity Coupling

For the calculation of ow variables, a solver can either use the staggered grid arrangement
or the colocated grid arrangement. In the case of the staggered grid, the ow variables (such
as pressure and velocity) are stored at di erent locations with an o set by half a cell size.
This results in di erent control volumes for the discretization of di erent conservation
equations with the required quantity being de ned at the center of its respective cell.
This method has the advantage that many terms in the Navier-Stokes equations can be
calculated directly without the need for additional interpolation. The biggest advantage
is that it automatically results in a strong coupling between the pressure and velocity
elds. However, the disadvantage is that it is not easily applicable to curvilinear and
non-orthogonal grids and also requires additional memory for the storage of the di erent
control volume data. Additionally, the formulation of boundary conditions on curvilinear
boundaries causes di culties (Breuer, 2002).

To overcome some of these problems, the colocated grid has been frequently used over
the past 40 years. There are a few variants regarding the choice of the control volume
and the location of the storage of the variables (Breuer, 2002). However, in all cases,
the variables are stored at the same location and the discretized conservation equations
are formulated related to the same control volume. This simpli es the programming
e ort and reduces the memory requirements. However, the many advantages are o set
by the disadvantage that the pressure and velocity elds are no longer automatically
coupled, which is especially important for incompressible ow calculations. This results in
a phenomenon referred to as the checkerboard oscillation. This is described in Appendix A.
To overcome this issue, the momentum interpolation technique or tH#&ressure-Weighted
Interpolation Method" by Rhie and Chow (1983) can be employed to avoid decoupling
on colocated grids. A further discussion is out of scope of this thesis, and interested
readers are directed to the detailed studies by Kobayashi and Pereira (1991) and Miller
and Schmidt (1988). INLESOCCa colocated variable arrangement combined with the
Rhie and Chow momentum interpolation technique is used.

3.5.4 Predictor-Corrector Scheme

The discretization of the Navier-Stokes equations, as discussed above, results in a system
of equations that must be solved.LESOCCuses a predictor-corrector time marching
scheme for this purpose. The predictor consists of the explicit solution of the momentum
equation using a low-storage Runge-Kutta scheme. From this, an intermediary velocity

is calculated, which, however, does not yet ful Il the necessary divergence-free condition,
l.e., the conservation of mass. Therefore, a corrector step is required. This consists of
solving a Poisson equation for the pressure correction which is solved using the Strongly
Implicit Procedure (SIP) introduced by Stone (1968). Thus, through the correction step,
the pressure and velocities are corrected to satisfy the divergence-free condition. SIP is
a numerically advanced scheme compared to a standard LU decomposition method, as it
takes advantage of the sparseness of the coe cient matrix. It is an iterative approach for
solving the Poisson equation of the pressure correction method.
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3.5.5 Changes Implemented in the Numerical Method

As will be seen in Section 4.2, the presence of high-frequency disturbances that propagate
upstream has been observed in the simulations of the airfoil ow at the Reynolds numbers
of interest in this study. On investigating the unsteady development of the ow around
the airfoil, it was noticed that this upstream movement of disturbances is rst observed
once the ow has developed su ciently and begins to turn turbulent. In the present study,
this corresponds to the breakdown of the two-dimensional Kelvin-Helmholtz instability
rolls in the absence of added in ow turbulence (further discussed in Section 4.2). The
upstream movement of disturbances was observed to originate from the turbulent region,
which naturally has higher gradients of the physical quantities across the control volume.

To further investigate this issue, simulations of the ow around a circular cylinder at
several Reynolds numbers were carried out. The upstream movement of disturbances,
which begins once the ow develops su ciently and turns turbulent, was once again
observed for simulations at Reynolds numbers of 100k and 500k as seen in Figures 3.2(a)
and 3.2(b). Here, the disturbances are plotted as the uctuating streamwise velocity
up = u U, whereu is the instantaneous velocity anda corresponds to the time- and
spanwise-averaged velocity.

(a) Re: 100k. (b) Re: 500k.

Fig. 3.2. Upstream movement of high-frequency disturbances for the ow around a circular
cylinder at a Reynolds number of 100k and 500k.

As shown in Fig. 3.2 a stream of high-frequency disturbances appears to propagate
upstream from the region where the ow rst turns turbulent. This can be observed
through the alternating blue and red wave packets in the zoomed-in regions. These
alternating red and blue regions resemble a checkerboard oscillation (see Appendix A) and
correspond to neighboring control volumes (see Fig. 3.3). Furthermore, Fig. 3.4 shows
the instantaneous streamwise velocity, where a similar checkerboard-like oscillation can be
seen in regions far from the wall. It is well-known from the literature that such oscillations
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may appear in simulations with very small time steps (Choi, 1999; Kawaguchi et al., 2002;
Shen et al., 2001).

(@ up=u T, (b) pp=p P

Fig. 3.3. High-frequency uctuations visualized by velocity and pressure uctuations and over-
laid on the grid at a Reynolds number of 500k.

Fig. 3.4. Numerical instability possibly of the Rhie-Chow kind (checkerboard oscillations) ob-
served through the saw-tooth pattern. Shown here is the ow around a circular
cylinder at a Reynolds number of 100k.

The literature suggests a few ways to navigate around the issue of persisting checkerboard
oscillations present after employing the momentum interpolation technique suggested
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by Rhie and Chow (1983). Shen et al. (2001) proposed a workaround when employing
the nite-volume method, which was only tested for laminar ows at small time steps.
D'Alessandro et al. (2018) proposed a so-called projected Runge-Kutta approach for time-
marching, where they claimed that the Rhie-Chow interpolation method (Rhie and Chow,
1983) can be avoided even on colocated grids. However, there is no explanation of how
the coupling of the pressure and the velocity eld is guaranteed, and it is also stated that
their method results in a pressure term that is only rst-order accurate. Additionally, it
was necessary to adopt third-order accurate schemes for the velocity leading to a second-
order accurate pressure. Zhang et al. (2014) modi ed the under-relaxation factor applied
together with the Rhie-Chow formulation in the case of an implicit scheme. However, to
the author's knowledge, there is no easily implemented modi cation of the Rhie-Chow
momentum interpolation for explicit time-marching schemes currently available in the
literature. Nevertheless, several studies introduce xes in the form of blended schemes,
speci cally a blend of central and upwind schemes (Dahlstrom and Davidson, 2000; Islam
et al., 2009; Mehta et al., 2014).

To reduce the upstream propagation of high-frequency disturbances as seen above, a
blended scheme is employed in the present work. It blends the second-order central
di erence scheme with a standard rst-order upwind scheme. Of course, the blending
factor has to be chosen with great care in the context of LES. As discussed above, the
upwind scheme leads to strong numerical dissipation which should be restricted to a
minimum in LES in order to avoid that small ow structures are damped out in the
solution. Thus, for the case with a Reynolds number of 100k, it was found necessary
to use a blending of2 %, i.e., a blend between @8 % central di erence scheme and a
2 % upwind scheme. At the Reynolds number of 1M, a blending & % was found to be
necessary.

Additionally, the right-hand side (RHS) of the pressure-correction equation in the
predictor-corrector scheme was modi ed. It consists of the sum of all mass uxes of
the corresponding control volume determined based on the intermediate velocity eld
u; and the new velocity eld. Since the goal of the pressure-correction algorithm is
to satisfy the mass conservation at the new time step, often the corresponding mass
uxes are ignored. If this assumption is not made, the mass uxes at the new time
step can at least be approximated based on the mass uxes from the previous time
step (n - 1). This leads to the following relation for the RHS of the pressure-correction
equation RHS; ecive = RHS  relaxmass RHS™ Y where refers to the mass uxes
based on the intermediate velocity; and relaxmass is a weighting factor smaller than
unity. For the present study, a weight of 0.5 was chosen since it delivers the best results.
This modi cation of the pressure-correction procedure was found to also decrease the
CPU-time to convergence by increasing numerical stability.

Figure 3.5 shows a comparison of the instantaneous velocity between a simulation using
a 100 % central di erence scheme and 2% blended scheme98 % CDS) at a Reynolds
number of 100k. In the absence of blending, checkerboard-like uctuations are present,
which are strongly reduced in the presence of the blended scheme. Section 4.2.1 will
further compare results for the ow around the airfoil.
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Fig. 3.5. Comparison of the instantaneous velocity with and without the blended scheme at
a Reynolds number of 100k. The velocity corresponds to the mid-span and at the
second control volume perpendicular to the wall.

Although the discussion above has been based on checkerboard oscillations due to its
obvious presence near the wall even in the laminar ow region and near the leading edge
as seen in Fig. 3.5, it is di cult to narrow down the actual cause of the disturbances
that propagate upstream. The disturbances could also be caused by the dispersive error,
where wiggles with2 x oscillations are known to travel upstream and originate in regions
of strong acceleration or deceleration. Furthermore, as discussed in Section 3.5.2, in the
case of dispersive errors, the kinetic energy is conserved but dispersed. This agrees with
the earlier discussion where it was seen that high-frequency packets originate and travel
upstream from the region where the ow rst turns turbulent and thus possesses larger
gradients. Furthermore, once the ow turns turbulent, the range of scales that must be
resolved increases, with higher frequencies being present in the ow. An incorrect transfer
of energy between the resolved and unresolved scales can occur due to an aliasing error
(Section 3.5.2). This could potentially also contribute to the formation of the disturbances
seen above. If the origin and propagation of the disturbances observed originate on account
of either of these two errors, it would be recommended to increase the dissipation of higher
frequencies to reduce the e ect of the disturbances. One way to do this is by the use of
an upwind scheme, as already discussed in Section 3.5.2. Thus, whether the origin of the
disturbances is due to the pressure-velocity coupling or if it originates due to a dispersive
or aliasing error, the use of a blended scheme helpd to reduce its in uence.

In this chapter, the numerical schemes employed for the simulations carried out as a part
of this thesis have been discussed together with potential causes of numerical disturbances
that were observed. Furthermore, modi cations of the discretization scheme and the
pressure-correction procedure that reduce the in uence of the numerical disturbances on
the simulation results have been described. The following chapter deals with the specic
setup of the simulation cases carried out.
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4 Flow Cases and Numerical Setup

In this thesis, the ow around an airfoil prole with a relative thickness of 20 % is
investigated. The airfoil corresponds to the pro le at a radius 085 mon a wind turbine
blade of the type LM45.3p of the2 MW Senvion (previously REpower) MM92 wind turbine.
This pro le was chosen as it corresponds to the test section of the aerodynamic Handschuh
experiment (Reichstein et al., 2019). The ow around this airfoil at an angle of attack of
4 is investigated, as this lies within the range measured during the experiment.

It must be clari ed that the goal of the study is not a direct comparison to the experiment
since the length scales of the atmospheric in ow turbulence cannot be directly replicated
on the employed grid. This is because the computational domain is not large enough to
accommodate all necessary length scales due to limitations of the grid dimensions arising
from computational costs. As already pointed out in Section 1.3, the objective of the study
is to determine the di erent transition scenarios and how instabilities arise and develop
within the boundary layer at Reynolds numbers in the order 0©(10°) in the presence of
in ow turbulence, among other objectives which have already been listed.

Section 4.1 describes the computational domain employed for the simulations, followed
by Section 4.2 where a grid-convergence study is carried out, showing that the employed
grid is su cient for the purpose of transitional studies also in the presence of laminar
separation bubbles at the Reynolds numbers considered. Section 4.3 describes the process
employed for the generation of isotropic and anisotropic in ow turbulence using the STIG
generator discussed in Section 3.4.1. Some of the information contained in this chapter
has been previously published in a similar manner by the present author in Lobo et al.
(2022).

4.1 Computational Domain and Grid Resolution

The wall-resolved LES is performed on a C-type grid, with the angle of attack already
incorporated into the base mesh. The computational domain extends eight chord lengths
upstream of the leading edge of the airfoil and fteen chord lengths downstream of the
trailing edge to mitigate the in uence of the out ow boundary (as described in Section 3.3)
on the ow around the airfoil. As observed in the literature, this is a standard domain
size that is su cient for the purpose of LES (Gao et al., 2019; Ke and Edwards, 2017,
Mellen et al., 2003; Solis-Gallego et al., 2020).

The appropriate selection of the spanwise extension of the computational domain is
crucial for geometrically two-dimensional airfoils, and this must be restricted due to the
high computational costs involved. For the cases with a Reynolds number of 100k, the
spanwise width is set toz=c = 0:25, similar to that employed in Schmidt and Breuer
(2017) and Breuer (2018) for a Reynolds number 60; 000 which is of a similar order of
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magnitude. Galbraith and Visbal (2010) conducted a mesh study at a Reynolds number of
60,000 and found minor di erences for cases with spanwise widths betwesrc= 0:1 and
0:3. Additionally, Schmidt (2016) carried out simulations with z=c= 0:25 and 0:5, where
two-point correlations were evaluated, and found that a width ok=c= 0:25was su cient.
Transitional studies in the LESFOIL project (Mellen et al., 2003) atRe = 2 10° used a
spanwise extension of=c= 0:012, which corresponds to a spanwise width scaled down
by a factor of 20 in comparison to that of the present study at Re = 100k, while the ow
has a Reynolds number scaled down by a factor of 20 compared to that of the LESFOIL
project. Following similar scaling principles, the spanwise extension at a Reynolds number
of 1M was set toz=c= 0:06.

High emphasis was placed on the quality of the grid, with a special focus on grid
orthogonality, low expansion factors in the wall-normal direction, and the maintenance of
grid smoothness within the computational domain. Table 4.1 provides the grid parameters
of the employed standard grid, as well as the parameters of the re ned grid, which was
used for the purpose of a grid-independence study, as will be discussed in Section 4.2.

Tab. 4.1. Parameters of the grid-convergence study for both the Re = 100k and 1M cases.

Grid Parameters Standard Grid Re ned Grid
Y1t (rst cell center) < 1.0 < 05
x* (suction) 30 15
X" (pressure) 60 30
z* 25 15

The grid resolution requirements for wall-resolved LES, as outlined by Piomelli and
Chasnov (1996), recommend that the grid has a wall-normal resolution f,; < 2 (rst
cell center), x* = O(50 150)for the streamwise resolution, and z* = O(15 40) for
the spanwise resolution, which are satis ed in this study. Note that Appendix B provides
more information on non-dimensional wall units ( x*; z* andyj,). Additionally, Asada
and Kawai (2018) performed a grid-convergence study for wall-resolved LES, including
separation bubbles, and found grid-independent results for the pressure and friction coef-
cients, as well as a su cient resolution for resolving boundary layer streaks, using a grid
with  x* = O(25 50) for the streamwise direction, z* = O(13 30) for the spanwise
direction, and yj5 = 0:8 in the wall-normal direction.

As shown in Table 4.1, the resolution on the suction side is higher than that on the
pressure side due to the special interest of this study in boundary layer transition on the
suction side. Both the standard and the re ned grid satisfy the requirements outlined
by Piomelli and Chasnov (1996). However those suggested by Asada and Kawai (2018)
are not fully met in the case of the standard grid. The resolution in the spanwise direction
is satis ed. However, the resolution in the streamwise direction is only satis ed on the
suction side. But, as pointed out earlier, transitional studies only on this side of the airfolil
are of particular interest and thus satisfying the general requirements for a wall-resolved
LES outlined by Piomelli and Chasnov (1996) is considered to be su cient on the pressure
side. Furthermore, Asada and Kawai (2018) suggested a valueygf, = 0:8, but it must be
pointed out that their study included several test cases, where several grids wigh, = 0:8
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were employed with varying parameters in the spanwise and streamwise direction, while
only one of the cases varied the wall-normal resolution with a value @i, = 2. Thus, the
study did not analyze cases withy* values that lay between 0.8 and 2. Therefore, the
choseny;,; < 1 which satis es the conditions outlined by Piomelli and Chasnov (1996) is
once again considered to be su cient for the purpose of this study.

This resolution near the wall is appropriate to resolve the viscous sub-layer. A mild
expansion factor of the geometrical series of 1.05 used for stretching the grid is applied in
the wall-normal direction. Table 4.2 lists the discretization of the domain based on the
number of control volumes in a particular direction for the standard grid. Overall, the
curvilinear block-structured grid consists of approximately8:2 1P control volumes (CVs)
distributed among 73 blocks for the Re = 100k cases, while it consists of approximately
523 1P CVs distributed among 1818 blocks for the Re = 1M cases. Parallelization
is achieved through grid partitioning with the classical domain decomposition and MPI,
with a separate processor being employed for each block.

Tab. 4.2. Distribution of control volumes for the standard grid.
Grid Direction Re = 100k | Re = 1M
spanwise 56 CVs 103 CVs
tangential (suction) 240 CVs 1487 CVs
tangential (pressure)| 162 CVs 731 CVs
wall-normal 193 CVs 199 CVs
wake region 169 CVs 142 CVs

For the Re = 100k case, the dimensionless simulation time step is set td u; =c=
5 10 ©, which corresponds to a low maximum CFL number of about 0.05, where the CFL
number is de ned asCFL = (u; t)=min( Xx; y; 2z). The simulations were run for a
total of 3:34 10° time steps, with1:7 1P averaging time steps covering 8.5 dimensionless
time units. Each simulation was run in parallel on 73 processors, consuming approximately
80:5k CPU-hours each. For the Re = 1M cases, the dimensionless simulation time step
issetto tu;=c=3 10 5 which corresponds to a low maximum CFL number of
about 0.26. The simulations were run for a total 08:44 1(P time steps, with 2:66 10°
averaging time steps covering 8 dimensionless time units. Each simulation was run in
parallel on 1818 processors, consuming approximatdl®229k CPU-hours each.

4.2 Grid-Convergence Study

Since the analysis is solely based on numerical simulations, it is necessary to run a grid-
convergence study to show that the grid used is su cient in terms of its resolution for the
objectives of the current investigation. The computational setup described in Table 4.1
(standard grid) is the one used for the present study at both Re of 100k and 1M. The
grid-independence study was conducted by applying a re ned grid with about three times
more grid points in both cases, i.e, abou20 10° and 149 1 CVs, respectively. A
comparison of the most important grid parameters is given in Table 4.1. For the purpose
of this study, it is crucial that the transition processes predicted on both grids are the
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same. Note that the grid-convergence study is carried out on the computational domains
without added in ow turbulence, i.e., the turbulence intensity (T1) = 0 %.

4.2.1 Reynolds Number Re = 100k

Figure 4.1 shows a comparison of the instantaneous ow predicted on the standard and
the re ned grid based on the dimensionless Q-criterion. The Q-criterion is commonly
used for vortex visualization and de nes vortices as areas where the vorticity magnitude is
greater than the magnitude of the rate of strain (Hunt et al., 1988). From Figs. 4.1(a) and
4.1(b) it is evident that when using both the standard and the re ned grid combined with
the 100 %central-di erence scheme, spanwise rolls are observed upstream of the separa-
tion (highlighted by the black rectangle). These rolls are associated with an in ectional
instability upstream of the separation, while they are associated with a Kelvin-Helmholtz
(K-H) type of instability downstream of the location of separation onset, characterized by
the rolls with a large wavelength. The K-H rolls eventually breakdown to turbulence. In
both cases, the location of the laminar separation and turbulent reattachment, as well as
the overall transition process and location of the K-H rolls are comparable.

(@) Standard grid and 100 % central di erence  (b) Re ned grid and 100 % central di erence
scheme. scheme.

(c) Standard grid and blending with 98 % cen-
tral di erence and 2 % upwind scheme.

Fig. 4.1. Re = 100k: Instantaneous iso-surfaces of th&)-criterion (Q = 250) normalized by
u? =c and colored by the mean streamwise velocity. The black rectangle highlights
the mean separation region which is visualized by the black iso-surfac@i=u; = -0.01)
indicating negative mean velocity.

In Fig. 4.1(a) high-frequency streamwise components are clearly visible around the
mid-span. These components are numerical wiggles and are only visible near the region



Grid-Convergence Study 59

of breakdown to turbulence, traveling upstream as discussed in Section 3.5.5. An analysis
of the results shows that this does not directly a ect the transition process. As already
discussed, the cause of these high-frequency streamwise components was found to be minor
numerical oscillations due to the application of the central second-order accurate scheme.
Wiggles are also observed on the re ned grid shown in Fig. 4.1(b). They are quite evident
between the large rolls representing the K-H instability, but are also visible upstream

of this. The wiggles seem to be reduced in size, but this is possibly due to the wiggles
having approximately the size of twice the grid spacing according to th& x oscillations
discussed in Section 3.5.2. Since the grid is re ned, the dimension of the wiggles also
reduces.

The central di erence scheme (CDS-2) as already discussed has the advantage of low
numerical dissipation, which is important for LES and especially the simulation of tran-
sitional ows. However, it is prone to numerical oscillations. To demonstrate that the
numerical scheme is indeed the cause of these high-frequency disturbances, the case was
separately run using a blended scheme, that is a blend between a stand881% central
di erence scheme and @ % standard upwind scheme. The blended scheme is hereafter
referred to as98 % CDS. The resulting Q-criterion plot is depicted in Fig. 4.1(c). By
comparison with Fig. 4.1(a), it is clear that the high-frequency streamwise components
have noticeably reduced when the blended scheme is used.

The application of the blended scheme with a 2 % upwind contribution did not alter
the transition process, and only a slight change to the separation region on the suction
side is visible on the pressure coe cient, and the skin friction coe cient ¢ distributions
depicted in Fig. 4.2. As seen in Fig. 4.2(a) and on the suction side, there are deviations
in ¢, betweenx=c 50 to 60 %. This is due to the high-frequency upstream-traveling
disturbances in the 100 % CDS case modulating the spanwise K-H rolls, as seen in
Fig. 4.1(a). Also predicted in the case of the re ned grid is a laminar separation bubble
on the pressure side as indicated by the plateau in the plot of the pressure coe cient (see
Fig. 4.2(a)). A suggestive representation of this separation bubble is also seen when the
98 % CDS scheme is used on the standard grid. From this observation it is clear that a
streamwise resolution of x* 60 on the pressure side is not su cient for the prediction
of laminar separation bubbles and agrees with the ndings of Asada and Kawai (2018).

For comparison purposes, data predicted by XFOIL (Drela, 1989) are also included
in Fig. 4.2(a) for an Nt value of 9, whereN; is the logarithm of the ampli cation
factor of the most ampli ed frequency that triggers transition. A value ofNg; = 9
corresponds to a low in ow turbulence intensity of 0.07 % according to Mack's correlation
(see Section 2.2.3).

As seen, slight deviations are observed between the results on the standard and the
re ned grids. However, for the focus of the current study on the transition phenomena,
the standard grid provides a su ciently accurate resolution with no signi cant changes
observed in the mode of transition as discussed above. Furthermore, the suction side,
which is of particular interest in the study, has a ner grid resolution than the pressure side.
Taking into account the goal of the present study and the very high computational costs
already necessary for the time-consuming predictions on the standard grid, the resolution
of the standard grid is deemed to be su cient.
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(a) Pressure coe cient of the standard vs. the  (b) Suction side friction coe cient of the stan-
re ned grid and XFOIL (Drela, 1989) for dard vs. the re ned grid.
Nerit = 9.

Fig. 4.2. Comparison of time- and spanwise-averaged statistics al | = 0 %, Re = 100k and
=4 .

Additionally, from the plot of the displacement and momentum thickness shown in
Fig. 4.3 it is obvious that the boundary layer properties in the laminar region converge
quite well. The larger di erences seen between the CDE % and CDS 100 %scheme
in the region of the separation bubble is due to the modulation of the K-H rolls by
the upstream propagation of numerical disturbances as already discussed. In summary,
the grid resolution of the standard grid on the suction side is su cient for the study of
transition, including a laminar separation bubble, but a ner grid resolution could better
capture vortex development (Asada and Kawai, 2018).

As discussed above, there are no signi cant changes to the transition scenario between
the 100 % CDS scheme and the blended scheme. In particular, the mode of transition
and the location of the laminar separation bubble and its turbulent reattachment are com-
parable. Prior to the grid-independence study, simulations with added in ow turbulence
at Re = 100k were already carried out. Since no changes to the transition scenario were
observed between the00 % CDS scheme and the blended scheme, it was not deemed
necessary to restart these simulations using the blended scheme before publication of
the rst results (Lobo et al., 2022). Restarting the simulations at this Reynolds number
would consume the limited computational resources available through the North German
Supercomputing Alliance (HLRN), which had to be preserved for the simulations at a
higher Reynolds number of 1M.

It must be noted that, at a later point in time, after the completion of the simulations
at Re = 1M, computational resources were available to simulate the Re = 100k cases
with added in ow turbulence combined with the blended scheme. Thus, the results in
Chapter 5 will rst discuss the data that were achieved by the simulation witil00 %CDS
and thoroughly analyzed (Lobo et al., 2022). Furthermore, the results from the simulations
relying on 98 % CDS will be separately discussed together with the stability analysis using
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(a) Displacement thickness ; along the suc- (b) Momentum thickness ; along the suction
tion side. side.

Fig. 4.3. Distribution of the displacement and momentum thickness of the airfoil at a Reynolds
number of 10° and =4 .

the parabolized stability equations (PSE). Therefore, unless explicitly stated, all results
for the Re = 100k case in Chapter 5 refer to the 100 % CDS scheme.

4.2.2 Reynolds Number Re = 500k / Airfoil Smoothing

First, it must be noted that simulations at Re = 500k were only conducted as a step-up
to the higher Re of 1M with the objective of investigating any numerical issues that could
arise for simulations at higher Reynolds numbers as discussed in Section 1.3. Simulations
with added in ow turbulence were not conducted and therefore predictions at Re = 500k
will not be discussed in Chapter 5. However, the simulations at Re = 500k provide some
useful insights that o er an explanation for some of the deviations observed between the
standard and the re ned grid at Re = 100k which are seen above in Fig. 4.2 and will
be discussed at the end of this section. Furthermore, di erences between the predictions
observed from the grid-convergence study at Re = 1M can also be explained through a
discussion of some of the experiences gained by conducting simulations at Re = 500k.
On analyzing the predictions from the Re = 500k case, it was found that the distribution
of the pressure coe cient around the airfoil was not smooth, but wavy, especially on the
suction side as seen in Fig. 4.4. This is quite odd, and no numerical source related to
LES could be attributed to this strange phenomenon. On inspecting the employed grid
and in particular the nodal points which describe the airfoil, it was observed that Point-
wise (Pointwise, 2003), the commercial mesh generation software used, was not applying
third-order splines to determine the nodal points from the original airfoil coordinates.
Instead, an interpolation scheme that appears to be linear is used. Note that the inter-
polation scheme used by Pointwise was not speci cally investigated and the Pointwise
support team was not contacted regarding this issue, as for all future cases (Re = 500k
and 1M), the necessary nodal points would be generated externally. This process for
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generating the nodal coordinates from the original airfoil coordinates prior to the grid
setup using Pointwise will be discussed shortly.

Fig. 4.4. Pressure coe cient based on the time- and spanwise-averaged ow across the airfoil
at Re = 500k. Here, the nodal points were generated by Pointwise using the original
airfoil coordinates as input.

(@) Superimposed airfoil geometry. (b) Airfoil zoomed-in to show the favorable
pressure gradient region on the suction
side.

Fig. 4.5. Comparison of the airfoil geometry. Raw airfoil coordinates: The original coordinates
of the airfoil; Original mesh: Airfoil geometry obtained using Pointwise; Smoothed
slope: The airfoil geometry obtained after smoothing the slope obtained from the
original mesh generated by Pointwise.

It must be remarked that to the naked eye, the nodal points along the airfoil as
generated through the interpolation scheme used by Pointwise seems acceptable and
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matches well with the raw airfoil coordinates, as seen in Fig. 4.5. In other words the
poor-quality geometry was not obvious. The "original mesh" generated by Pointwise
for the Re = 500k case consists of 806 nodes on the suction side and 390 nodes on the
pressure side, satisfying the requirements of a wall-resolved LES discussed in Section 4.1,
speci cally the requirements for the standard grid listed in Table 4.1. Note that all grids
discussed at Re = 500k employ the criteria for the standard grid and a comparison with
the re ned grid was not carried out.

Plotting the slope of the airfoil coordinates from the original mesh prepared using Point-
wise, it is obvious that there are regions of constant slope indicating a linear interpolation,
as seen, for example, on the suction side illustrated in Fig. 4.6. There are large chordwise
regions of constant slope up to around 25 % chord, which coincides with the region of large
waviness in the plot of the pressure coe cient (Fig. 4.4) thus con rming the speculation
that the non-smooth pressure coe cient is caused by a bad airfoil geometry.

(a) Slope on the suction side. (b) Zoomed-in slope to show the favorable
pressure gradient region on the suction
side.

Fig. 4.6. Comparison of the slope on the suction side of the airfoil for the di erent meshes
considered.

To x this problem, as a rst step, it was decided to re-generate the nodal points by
rst smoothing the slope calculated from the nodal points (airfoil coordinates) which
were obtained from Pointwise for the Re = 500k grid. First, an array of the slope values
between successive points was separately calculated on both the suction and pressure
side of the airfoil. Next, a trivial moving line averaging was performed on these arrays
using a sliding window of lengthkpackward + Kiorward + 1, Where Kpackwara @and Kiorwara Were
set to 5, representing ve index points upstreami( 1toi 5) and ve index points
downstream { + 1 to i +5) of a given indexi. Equal weights were provided to all points.
Next, from the array of the smoothed slope the new coordinates for every giverx
coordinate are calculated and thus new nodal points(y) along the airfoil are generated.
These new nodal points were then imported into Pointwise and a grid was generated, thus
circumventing the need to generate nodal points within Pointwise itself. The resulting
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"smoothed slope" is seen in Fig. 4.6 while the corresponding airfoil is depicted in Fig. 4.5.
The distribution of the pressure coe cient from this smoothed airfoil is shown in Fig. 4.7.
There is an obvious improvement compared to the original mesh, but a large wave in the
form of a peak is still seen at 5 % chord and the region up to 20 % chord is obviously not
very smooth. Thus, a better smoothing technique was necessary.

Fig. 4.7. Pressure coe cient based on the mean ow at Re = 500k. A comparison between
the results achieved on the original mesh and the mesh generated after smoothing the

slope.

To further improve the distribution of the coordinates of the airfall, it is imperative that
the curvature is smoothed as the distribution of the pressure around the airfoil is sensitive
to the curvature. However, this is far from trivial and was achieved by the application of
a cubic spline. A script solves for the cubic spline coe cients in the following way:

x andy are the set of coordinates that refer to the original airfoil coordinates.

Next, a system of equations for the unknown coe cients of the cubic spline is
formed asy = Ax3®+ Bx2+ Cx + D, which describes each segment of the spline.

The constraints of this system are as follows:

Neighboring spline segments share a node and thus have greoordinate in
common resulting in two conditions that can be de ned at each node.

Continuity of the rst derivative for each segment is ensured. This gives rise
to (n  2) equations, wheren is the total number of original coordinate points.

Continuity of the second derivative for each segment is also ensured giving rise
to another (n 2) equations.

A "not-a-knot" condition is employed at the end points. The not-a-knot condi-
tion is a special condition that enforces that the third derivative is continuous at
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the end points. This provides 2 additional equations. The decision to use a not-
a-knot condition was in uenced by the paper on spline-based airfoil curvature
smoothing (Li and Krist, 2005).

The rst and last point on each side of the airfoil (suction and pressure) is
considered to be xed.

The system of equations is then solved for the unknowis, B, C, and D.

A new set of pointsxney iS then generated with a required step size between the
minimum and maximum of the x-coordinates of the original airfoil data, which is in
this case 0O to 1.

For each pointxney, the correspondingyen Of the interpolated curve representing
the airfoil is computed using the equationynew (i) = A() Xnew(i)3+B(j) Xnew(i)?+
C(j) Xnew(i)+ D(j), wherej is the index of the spline segment that containgpey (i).
The value ofj is updated whenx,ey (i) extends beyond the end of the current spline
segment.

Note: It must be noted that in order to prevent the slope at the leading edge from
tending to in nity, the x-coordinates of the original airfoil must be transformed. For
the present work, the transformationx = x®=%4 has been used on the suction side and
x = x@7L7) on the pressure side. These are arbitrarily chosen values obtained while testing
the code. Naturally, a transformation back to the original coordinates is necessary, as
Xnew = X4 and xqew = X&D, respectively. Finally, as is clear from the description, the
smoothing on the suction and pressure side is carried out independently while they share
a common point at the leading and trailing edge.

(a) Curvature on the suction side. (b) Zoomed-in curvature to show the favorable
pressure gradient region on the suction
side.

Fig. 4.8. Comparison of the curvature on the suction side of the airfoil for the di erent meshes
considered.
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Figure 4.8(a) shows the curvature of the newly generated airfoil coordinates. For
comparison, also included is the curvature from the original/raw airfoil coordinates as well
as the curvature plotted using the airfoil coordinates generated from the rst attempt at an
improved geometry where only the slope was smoothed. It should be noted that, although
not obvious from the plot, the curvature of the raw airfoil coordinates is also not completely
smooth. Also interesting is the kink in the curvature at 5 % chord for the case where
only the slope was smoothed, better seen in Fig. 4.8(b). This corresponds to the bump
in the distribution of the pressure coe cient seen earlier. Also visible is the peak around
1 % chord after attempting to smooth the curvature. However, in general, a signi cant
improvement is obvious, even though the method did not result in a perfectly smooth
curvature. Finally, for the sake of completeness, Fig. 4.8(b) also depicts the curvature
plotted from the original mesh where the generation of nodal points was undertaken using
Pointwise. This shows the overall scale of improvement from the original mesh to the nal
mesh where the curvature was smoothed by the cubic spline.

Fig. 4.9. Pressure coe cient based on the mean ow at Re = 500k. A comparison between
the original mesh, the mesh generated after smoothening the slope and that after
smoothening the curvature.

The resulting distribution of the pressure coe cient is shown in Fig. 4.9. The waviness
seen earlier is no longer apparent. The same procedure is used to smooth the airfoil nodal
coordinates for the Re = 1M case. Note that no smoothing operation was performed on
any case at Re = 100k, since the corresponding grids were coarser and the problem of
waviness thus not obvious at the beginning.

As stated earlier, the Re = 500k case provided insight into some of the discrepancies
seen between the standard and the re ned grid at Re = 100k. Firstly, it is unexpected to
see deviations mainly in the laminar regions of the ow on the suction side as visible in
Fig. 4.2. This is a hint that the discrepancy is not directly related to grid dependence. In
Fig. 4.2(b) a bump in the ¢ plot is seen at around 10 % chord in the case of the re ned
grid. A corresponding bump is also seen in the plot of the pressure coe cient (Fig. 4.2(a))
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although not very obvious. This is similar to what was seen for the Re = 500k cases due
to the low-quality geometry. It is very likely that this bump or wave at Re = 100k is
predicted because the curvature is not su ciently smooth. Since no smoothing operation
was performed at Re = 100k and the nodal points for the grid were generated by Pointwise,
it is now clear that a linear interpolation has been used to generate these points. It is also
obvious that this is an issue that becomes more prominent with increasing grid resolution
and possibly also the Reynolds number. Furthermore, by addressing the airfoil smoothing
iIssue for the Re = 500k case discussed above, it is seen that an increase in the favorable
pressure gradient is predicted in addition to the smoothing of the pressure distribution.
Thus, the drop in the favorable pressure gradient seen in Fig. 4.2(a) for the re ned grid
at Re = 100k in comparison to the standard grid is once again possibly linked to the
underlying geometry and not to the grid resolution of the LES.

4.2.3 Reynolds Number Re = 1M

A grid-convergence study was also conducted at the Reynolds number of 1M. The airfoil
smoothing process was applied based on the knowledge gained from the Re = 500k case
described above. This resulted in a smooth distribution of botle, and ¢ as seen in
Figure 4.10 for both the standard and the re ned grid. Notice that small bumps are still
present in thec plot at 20 % chord, suggesting that the smoothing technique employed
still has room for improvement. This was already seen in the plot of the curvature at
Re = 500k (see Fig. 4.8(b)).

(a) Pressure coe cient of the standard vs. the  (b) Suction side friction coe cient of the stan-
re ned grid. XFOIL results for Ngit = 9 dard vs. the re ned grid.
also included.

Fig. 4.10. Comparison of time- and spanwise-averaged statistics at | = 0 %, Re = 1M and
=4 . Note that it will be shown through the current discussion that the e ective
AOA on the standard grid is actually equivalentto =4:6

On comparing thec, and ¢ predictions between the standard and the re ned grid at
Re = 1M, there is an obvious disagreement, especially visible in the laminar region of the
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ow which is upstream of the separation bubble on both the suction and the pressure
side of the airfoil. The separation bubble is distinguished by the plateau in the plot @f.
Similar to the Re = 100k case, the deviation is mainly seen in the laminar region of the
ow with separation taking place at approximately the same location. This corresponds
to x=c 53 % on the suction side.

It had to be determined whether this deviation could be attributed to the airfoil coor-
dinates. For this purpose, a comparison using XFOIL (Drela, 1989) witN i = 9 was
performed on the coordinates used for the generation of the respective grids. A good agree-
ment is observed between XFOIL and LES predictions depicted in Fig. 4.10(a). Therefore,
an investigation must now be carried out to investigate the reason for the discrepancy
between the LES results on the standard and the re ned grid.

To investigate the discrepancy between the LES predictions, rst, an investigation of
the airfoil coordinates is carried out as seen in Fig. 4.11. Here, the coordinates of the
airfoil employed by LE SOCCfor the two cases are plotted. As is evident, the airfoil pro le
used for the generation of the standard and the re ned grids do not perfectly overlap.
This was only obvious after a large zoom-in, depicted in Fig. 4.11.

Fig. 4.11. Comparison of the standard and the re ned grid at Re = 1M. Minor di erences are
seen. The zoomed-in sections show the suction side of the airfoil near the leading
edge and the middle, respectively

The discrepancy grows larger along the chord as seen in the zoomed-in regions of
Fig. 4.11. Since both pro les were separately generated using the cubic spline procedure
as described in Section 4.2.2, the di erences possibly arise on account of this procedure.
However, this is unexpected since if the same raw airfoil coordinates were used, the
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methodology using cubic splines for the smoothing operation should result in pro les that
overlap each other perfectly as the nodal points are derived based on the same set of cubic
splines.

To further investigate the source of this error, the process of generating the nodal points
was repeated using the raw airfoil coordinates and applying the cubic spline procedure.
The newly re-generated pro les are visible in Fig. 4.12. Here, the number and distribution
of the nodes on the re-generated standard grid and the re-generated re ned grid is similar
to the number and distribution of nodes of the employed standard and the employed
re ned grid, respectively. It is observed that the re-generated re ned grid (Fig. 4.12) and
the re ned grid used in LES (Fig. 4.11) are exactly the same. However, the pro le of the
standard grid used in the LES di ers from the re-generated standard grid and this is the
reason for the deviations seen in Fig. 4.11.

Fig. 4.12. Comparison of the re-generated grids with nodal points equivalent to the employed
standard and re ned grid. Here, a perfect overlap is seen.

The original reason for this discrepancy was found by further investigations. It is caused
by a procedural error of the author and is not an issue related to the smoothing procedure
using cubic splines nor the process of generating the grid itself.

Instead of using the original or raw airfoil coordinates for the generation of nodal
points for both the standard and the re ned grid at Re = 1M, the author only used the
raw coordinates for the generation of the re ned grid. The standard grid, on the other
hand, was generated immediately after the completion of thRe = 500k simulations and
mistakenly the smoothed Re = 500k airfoil coordinates which were obtained as discussed in
Section 4.2.2 by smoothing the slope were used as the input for the generation of the nodal
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points corresponding to the standard grid at Re = 1M. Therefore, the splines generated
for the smoothed geometry of the Re = 500k case were employed for the generation of the
standard grid at Re = 1M.

The reason why the splines and the corresponding nodal points obtained for the
smoothed geometry at Re = 500k di er from those obtained using the raw airfoil co-
ordinates as used for the re ned grid at Re = 1M is as follows:

" The raw airfoil coordinates which are the same as the coordinates used for the
generation of the nodal points for the re ned grid at Re = 1M were imported into
Pointwise for the generation of the grid at Re = 500k.

The necessary nodal points satisfying the grid spacing requirements are then gener-
ated within Pointwise from the raw airfoil coordinates as discussed in Section 4.2.2.
As previously discussed, Pointwise uses a linear interpolation scheme for the calcu-
lation of these new nodal points resulting in waviness in the plot of the pressure
distribution as depicted in Fig. 4.4.

On realizing the above issue, the nodal points generated within Pointwise were
exported and initially smoothed by simply smoothing the slope using a moving line
average and then recalculating the-coordinate for everyx-coordinate.

Next, as discussed in Section 4.2.2 it was found that the smoothing of the slope
alone was not su cient and the pro le coordinates obtained from the smoothed
slope were subsequently smoothed using cubic splines. Therefore, instead of using
the pro le from the smoothed slope, the raw airfoil coordinates should have instead
been used for this step to prevent the issue seen in Fig. 4.11.

Thus, the smoothing of the slope of the nodal points obtained from Pointwise is the
reason for the discrepancy observed. Notice that the di erence between the raw coordinates
and the coordinates used as the basis for the generation of the Re = 1M standard grid
are depicted in Fig. 4.13.

The discussion above explains the discrepancy between the airfoil shape for the standard
and the re ned grid at Re = 1M. Next, the change in the e ective angle of attack for
the standard grid at Re = 1M due to this discrepancy is investigated. First, the angle of
attack at the leading edge for both the standard and the re ned grid is calculated based
on the leading-edge point and the trailing-edge point. This results in a minor di erence
of 0:02 . However, this simple calculation does not represent the di erence in the pro le
shape at the leading edge relative to the in ow velocity. Instead, if the leading edge of
the two airfoils are to be matched such that the incoming ow comes in contact with
a similar localized pro le at the leading edge, it is necessary that the standard grid is
rotated further by 0:6 . This results in an e ective angle of attack of4:6 .

This is best seen in Fig. 4.14 where the nodal points representing the airfoil for the
standard grid are rotated such that they match the nodal points of the re ned grid. A good
match is found for a rotation of0:6 on both the suction and the pressure side resulting
in an e ective angle of attack of4:6 for the standard grid. Using the coordinates of the
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Fig. 4.13. Comparison of the raw coordinate data used as input for the generation of nodal
points for the standard and re ned grid. Nodal points for the re ned grid at Re = 1M
were generated using the "raw coordinates" followed by the cubic spline methodology
while the nodal points for the standard grid at Re = 1M were generated using the
smoothed "Re = 500k" nodal points as base.

standard grid and rotating the grid by 0:6 when using XFOIL leads to an improved
agreement between the predictions from XFOIL and the re ned grid (LES) as seen in
Fig. 4.15. Of course, the agreement is not perfect because the shape of the airfoil has in
general a slight discrepancy due to the process described above. However, it represents
an additional proof that the observed discrepancies between the results on the standard
and the re ned grid are solely due to the faulty treatment of the coordinates and not due

to grid dependence.

Finally, Fig. 4.16 plots the Q-criterion calculated at an arbitrary instant in time on the
standard and the re ned grid. In both cases the transition process is comparable with a
similar location of the separation and the breakdown of K-H instability rolls ak=c 55 %
Therefore, based on the good agreement with XFOIL and the similar transition process
the resolution of the standard grid is considered su cient for the purpose of this study.
Owing to the extremely long simulation times of the LES predictions it was not possible to
repeat the entire simulations on the standard grid applying the corrected grid smoothing
procedure. However, since the main objective is to study the e ect of the in ow turbulence,
it does not play a decisive role here whether the e ective angle of attack is approximately
0:6 larger than originally assumed.
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Fig. 4.14. Rotating the standard grid between 0 to 0:7 such that the leading edge, especially
on the suction side matches that of the re ned grid. The blue dash-dotted line
represents the standard grid while the red dashed line represents the re ned grid.

Fig. 4.15. Pressure coe cient of the standard vs. the re ned grid (LES predictions) and results
of XFOIL (Drela, 1989) for Nt = 9.
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(a) Standard grid.

(b) Re ned grid.

Fig. 4.16. Re = 1M: Instantaneous iso-surfaces of theQ-criterion (Q = 250) normalized by
u? =¢ and colored by the mean streamwise velocity . The black rectangle highlights
the mean separation region which is visualized by the black iso-surfaceuu; =
-0.01) indicating negative mean velocity.

4.3 Isotropic and Anisotropic In ow Turbulence

Arti cial turbulent in ow data was generated for the Re = 100k and 1M cases using the
digital Iter method proposed by Klein et al. (2003) described in Section 3.4. Simulations
at a Reynolds number of 100k were carried out under the assumption of isotropic in ow
turbulence using the standard implementation of the STIG as described in Section 4.3.1,
while the simulations at the more realistic Reynolds number of 1M were performed under
the in uence of anisotropic in ow turbulence as described in Section 4.3.2.

4.3.1 Isotropic In ow Turbulence - Reynolds number Re = 100k

As described in Section 3.4, generating in ow turbulence data requires an appropriate
pro le of the Reynolds stresses, the de nition of one integral time scal&, and two
integral length scales in the lateral and spanwise directiorls, and L, respectively. The
simulations at Re = 100k rely on the simplifying assumption that the approaching ow is
isotropic. This has been shown to approximately hold true, for instance, after a su ciently
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long distance behind passive grids in wind tunnels (Herbst et al., 2017; Mohamed and
LaRue, 1990; Roach, 1987).

In the case of isotropic turbulence, the Reynolds shear stresses are set to zero, and the
three normal Reynolds stresses are equal®u®= v&°= wi®and have a constant value
across the entire turbulence in ow plane. This value depends on the chosen turbulence
intensity T1 = uQu%u, . Five dierent turbulence intensities are studied at a Reynolds
number of 100k: 0, 1.4, 2.8, 5.6 and 11.2 %. The case without in ow turbulencél(=
0 %) is taken as the reference. As outlined in Section 2.1.2, experiments have suggested
thatat Tl > 1 %the transition mechanism is known to deviate from the typical Tollmien-
Schlichting route. Therefore, a slightly higher value off I = 1.4 % has been chosen,
followed by a series in which the turbulence intensity is doubled up to &l = 11.2 %as
in the study by Breuer (2018).

The integral time scale and the two integral length scales are chosen based on the
experimental data of Hain et al. (2009) since the Reynolds number of the experiment is
of a similar order as that studied here. The length scales are easily determined from the
autocorrelation function of the experimental data, for example, using the integral over the
autocorrelation function to the rst zero crossing to determine the time lag (Emeis, 2018).
Since the autocorrelation function is usually an exponential function, it is common practice
to determine the time scale as the time lag at which the autocorrelation function has
decreased to 1/e or 0.37 (Foken and Napo, 2008). In dimensionless form, the integral time
scale from the experiment by Hain et al. (2009) is given by u; =c=0:118 According
to Taylor's hypothesis of frozen turbulence, the two dimensionless integral length scales
are Ly=cand L,=c= 0:118for the generation of isotropic in ow turbulence. The same
length and time scales were previously applied in Breuer (2018) and Breuer and Schmidt
(2019).

Figure 4.17(a) shows the turbulent kinetic energy spectra of the generated in ow tur-
bulence. The resulting turbulence possesses a maximum at the lower end of the fre-
guency spectra, similar to that of atmospheric turbulence, as described in Section 1.2
and seen in Scha arczyk et al. (2017). Figure 4.17(b) shows the downstream devel-
opment of the free-stream turbulence. The decay of free-stream turbulence is plotted
using &he averaged Reynolds stresses at the end of the simulation period de ned as

TI= 3 (uU0+ v&+ wW9=u, , where 2= ul% %= v&Pand 5= wiare the
averaged normal Reynolds stresses in the three principle directions, amd denotes the
mean in ow velocity.

The peak seen in Fig. 4.17(b) at abouk=c = -2 (close to the injection plane) is
due to the way in which the turbulence is injected into the domain, i.e., over an area
of inuence, as outlined above. The required turbulence intensity is expected to be
achieved slightly upstream of the airfoil. An analysis of the development of the in ow
turbulence was conducted by Breuer (2018) for the same in ow turbulence conditions. A
development length of about one chord length was found to be su cient, depending on the
turbulent length scale. In the present case, the fully developed turbulence is seen at about
x=c = -1 to -0.2, which is just upstream of the region in uenced by the airfoil. In all cases,
the airfoil seems to in uence the development of |, beginning at aboutx=c = -0.2. An
increase in e ectiveT| up to the separation/transition point (around 50 % chord, that is
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(a) Turbulent kinetic energy spectra of gener- (b) Turbulence intensity development with
ated in ow turbulence. downstream distance measured at a con-
stant wall-normal distance corresponding
to the boundary layer thickness at 50 %
chord.

Fig. 4.17. In ow turbulence characteristics (Re = 100Kk).

x=c = 0.5) is observed before it begins to drop. In the case afl = 11.2 % there is no
separation bubble, and this seems to be the reason why there is a continuous decay in
turbulence (after the small increase above the leading edge of the airfoil, as also seen in
the other cases). It is possibly related to the boundary layer being thinner in this case due
to the absence of a separation bubble and the fact that the analysis for the calculation of
T1I is conducted at a height corresponding to the boundary layer thickness at 50 % chord
for the TI = 0 % case.

4.3.2 Anisotropic In ow Turbulence - Reynolds number Re = 1M

The generation of in ow turbulence for the Re = 1M case requires the de nition of the
same parameters as in the Re = 100k case described above, namely, the pro les of the
Reynolds stresses, two integral length scales and one integral time scale. However, at this
elevated Reynolds number anisotropic in ow turbulence is introduced into the domain
instead of isotropic in ow turbulence used in the lower Re case described above. This was
carried out to simulate a slightly more realistic in ow.

The generated in ow turbulence, which is anisotropic in nature, follows the Kaimal
spectrum (Kaimal, 1973) given by Eq(4.1), where is the standard deviation,L is an
integral length scale, andU is the mean velocity at hub height.

,  4=Uu
(1+6fL=U)3

The input parameters, such as the relationship between the standard deviations in
the three principal directions and the length scales used for the generation of the in ow

E(f) =

(4.1)
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turbulence, are based on those suggested by the IEC-61400-1 standard and are shown in
Table 4.3.

Tab. 4.3. Kaimal length scales and standard deviation ratios from IEC61400-1 (IEC, 2006).
Velocity component
Longitudinal | Lateral | Vertical
Standard deviation 1 08 1 |05 4
Integral scale, L 8.1 ;4 27 1 |0.66

According to this IEC standard, for hub heights greater than 60 m, the relative length
scale is ; = 42 m which, according to Table 4.3 leads to length scales of 340.2 m,
113.4 m and 27.72 m in the longitudinal, lateral, and vertical directions, respectively. In
the case of the LES carried out here, these length scales refer to the streamwise, wall-
normal and spanwise directions, respectively. However, these scales are far too large for a
computationally expensive LES, and therefore they need to be scaled down to maintain
the anisotropic nature such that the eddies have a similar form but not the same absolute
size. Since the spanwise extension of the domain is the limiting dimension (0.06 chord
lengths), the length scales are chosen tbased on this parameter. The maximum energy is
located in the spanwise wavenumbeés, = = =L ,, and the maximum spanwise wavelength
that can be resolved is based on the spanwise dimension such that= 2 =k , = 0.06. By
solving these equations and using the relations from Table 4.3, it is found that the length
scales in the streamwise, wall-normal, and spanwise directions are 0.211, 0.07, and 0.017
dimensionless units, respectively.

In addition to the determination of the length scales, the Reynolds stress tensor must
also be determined. This is done as described below. First, the turbulence intensity can
be de ned as:

Th= (4.2)

whereu@Pis the RMS of the turbulent velocity uctuations and U is the mean velocity.
The terms u@Cand U can further be represented as:

S

1
uuC= 3 ugug + udu) + udu? (4.3)

L
U= U2+ U2+ UZ; (4.4)

where ufug, uguy and udu? refer to the RMS velocity uctuations in the streamwise,
wall-normal and spanwise directions respectively, while,, U, and U, represent the
corresponding mean velocity components. The uctuating velocity componenid® as
seen in Eq. (4.3) can be represented in terms of the turbulent kinetic energy (TKE) as:
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S

T = gk : (4.5)

Here, k represents the TKE. In the case of isotropic in ow turbulenceufu? = udu? =
udu? and the mean velocity components for LES arg, =1, U, = U, = 0 as discussed in

Section 3.3.2. Therefore, Eq. (4.4) becomes:

U:p12+02+02:1: (4.6)

substituting Eqgs. (4.5) and (4.6) in Eq. (4.2) leads to:
S

2
TI= 3k: (4.7)
On squaring and rearranging, we get:
k = g(TI)Z . (4.8)

Therefore, for a knownTI, the TKE for an isotropic case can be calculated using
Eq. (4.8). In general, the TKE can be represented as:

K= o W00+ UL + UOLY (4.9

Thus, by calculating the TKE for a known T using Eg.(4.8) and using the relationship
between the standard deviations from Table 4.3, E@4.9) can be used to calculate the three
normal components of the Reynolds stress tensor for the anisotropic case. Furthermore,
to allow for a streamwise-spanwiseu( w) correlation, a non-zero Reynolds shear stress
is included. As shown in Jonkman (2009) this can be set a8u? = U2, , where Ugy,
is the friction or shear velocity and typically ranges from 0.05 to 0.1 depending on the
ground roughness scale. For the present simulations, a value of 0.05 is arbitrarily chosen.

The presently applied STIG only allows the de nition of one length scale per direction.
However, this disadvantage is compensated by superimposing the solutions of di erent
length scales given by the maximal length scale divided by the facta® * (n = 1-6) where
n refers to the index of the signals to be superimposed. The scaling is limitedZ(n = 6)
as this is the smallest length scale that can be resolved by the computational grid for the
present setup. The following is an explanation of how the solutions of di erent length
scales are weighed and superimposed to generate a spectrum that satis es Kolmogorov's
5=3 turbulent decay principle.

For this description, sinusoidal signals shall be considered for the sake of simplicity.
The process begins by generating six sinusoidal signals such that each signal has di erent
frequencies (analogous to length scale) scaled By . The sinusoidal signals have the
same RMS value and thus the sam&Il. Next, it is necessary to scale and superimpose
the generated velocity signals (sinusoidal signal) such that the superimposed signal has a
turbulent decay according to Kolmogrov's5=3 law. For this purpose, it is important that
the turbulent kinetic energy of the individual signals is scaled and not the velocity signal.
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Before the scaling factor can be determined, two fundamental aspects must be considered
for the TKE to scale according tok 57,

First, the TKE of a velocity signal is proportional to the square of its uctuations
and is given byk = 7 u®?+ u®+ u® whereu?, ud and u? represent the velocity
uctuations in the Cartesian frame of reference. The STIG employed in this study
generates uctuating components of the velocity and thus the TKE is proportional

to the square of the generated disturbance velocity/ u®.

Furthermore, the uctuating velocity signals to be superimposed possess frequencies
(length scales) which are scaled by a factor @& ! wheren =1 6. Thus, if the

rst signal has a frequencyf , the frequency of the signals to be superimposed can
be represented ag" If .

The scaling factor can thus be determined through the following steps:
1. The frequency of each subsequent velocity signal is scaled by a facto®f V.

2. Next, the TKE is proportional to the square of the velocity uctuations. There-
. . 1 .

fore, the velocity uctuations must be scaled by a factor oRz to represent their
contribution to the TKE. This leads to an intermediate scaling factor of2(" 1 (1=2),

3. Finally, the TKE should decay according to Kolmogrov's5=3 law and thus the
velocity uctuations must further be scaled by2 5= giving rise to the nal scaling
factor to be used:2(" D ( 538 172) = p( 5%6) (n 1)

Therefore, each signal has to be weighed by a factor @ 5)™ U for n = 1-6. The
signals are then superimposed. However, the superimposed signal must be re-scaled to
ensure that theT| of the nal signal matches that of the requiredT| which is also the
same as theT| of each of the individual signals being superimposed. Therefore, the
superimposed signal is scaled by the sum of the weights, but not directly. Since the
individual signals are weighed by a factor representing their contribution to the TKE, the
individual weights must rst be squared to represent the TKE. Therefore, the sum of the
weights is determined as:

sum,, = sum,, +[2 " VP2 (4.10)

where sum,, is initialized as sum,, = 0. Finally, to ensure the required scaling of the
nal velocity signal such that the TKE spectrum and T are as required, the superimposed
signal must be scaled by the root ofum,,, that is:

_ P
Usum = Usym=_Sumy ;
Vsum = Vsum= SuUmy, ; (4.11)
Wsum = Weym= SUMy, ;

where Usym, Vsum and wg,m represent the superimposed uctuating velocity signals.
Fig. 4.18(a) shows the original sinusoidal signals with arbitrarily chosen frequencies6of



Isotropic and Anisotropic In ow Turbulence 79

(@) Scaling with equal weights. (b) Scaling with (2 5)(™ D for n = 1-6.

Fig. 4.18. Turbulent kinetic energy spectra of the superimposed sinusoidal signal.

2t 60, ...,2° 60in frequency space using a standard superposition with equal weights,
while Fig. 4.18(b) shows the signal after superposition as described above. Obviously, the
signal now scales according to Kolmogorovis = law.

Furthermore, the STIG procedure had to be slightly modi ed to be able to successfully
generate velocity ucutations at Re = 1M. This was necessary due to memory limitations.
Since the STIG code is parallelized based on OpenMP, the code has to be executed solely
on one node. Therefore, the maximum size of the Iter lengths is restricted by the available
memory on a single node. Due to the very small time-step sizes at Re = 1M and the
corresponding length scale in the main ow direction, the Iter width in time is much
larger than in the two spatial directions. This long Iter width in time leads to time-
consuming and memory-intensive computations. To overcome this limitation, the STIG
iIs modi ed to produce in ow data for larger time steps than that in the LES. Details on
the changes and the description of why this does not a ect the resolution of the generated
in ow turbulence can be found in Appendix C.

At a Reynolds number of 1M, six di erent turbulence intensities are considered: 0, 0.7,
1.4, 2.8, 5.6 and 11.2 %. Here, an additional case with a turbulence intensity lower than
1 % is simulated with the goal of studying the transition phenomenon with a particular
emphasis on whether bypass transition through the growth of streaks also takes place at
such a low turbulence level, since in the literature it is commonly assumed that bypass
transition takes place forT| > 1% (Morkovin, 1969).

However, due to the use of the blended scheme (see Section 3.5.5) the high frequency
components are especially dissipated, resulting in reduced e ective in ow turbulence
intensities of 0 %, 0.6 %, 1.2 %, 2.4 %, 4.5 % and 7 %. A$ increases, the dissipation
also increases. This is because with increasiiid, the higher frequencies also possess
increased energy as seen in Fig. 4.19(a). Thus, the dissipation of energy above a particular
frequency has a larger in uence on the e ective turbulence intensity.

Figure 4.19(a) shows the generated turbulent kinetic energy spectra. On comparison
with Fig. 4.17(a), it is clear that the spectrum now contains more length scales and decays
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(&) Turbulent kinetic energy spectra of the (b) Turbulence intensity development with
generated in ow turbulence. downstream distance measured upstream
of the leading edge.

(c) Comparison of the generated in ow turbu-
lence measurements from the lower atmo-
sphere reproduced by Jeromin et al. (2014).
See Fig. 1.2 for more details.

Fig. 4.19. In ow turbulence characteristics (Re = 1M).

according to Kolmogorov's5=3 law. The in ow turbulence is inserted into the domain at
a distance of one chord length upstream of the leading edge of the airfoil. The decay of
the free-stream turbulence is plotted using the averaged Reynolds stresses at the end of
the simulation period, as seen in Fig. 4.19(b). A slight increase is observedxatc = -1 in
the vicinity of the in uence area (see Section 3.4.2). An increase in in ow turbulence at
x=c = -0.025 is also evident, and this is due to the in uence of the airfoil, similar to what
is observed at the lower Reynolds number.

Furthermore, a comparison to measurements in the lower atmosphere (Jeromin et al.,
2014) is included in Fig. 4.19(c). It is evident that the spectra are quite similar, especially
for f > 10dimensionless units. The resolution of frequencies to the orderd ! at the
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lower end of the spectra is deemed su cient for the purpose of studying bypass transition.
Moreover, the resolution of even lower frequencies up to the orderXd 2 would require
an increase in computational time by an order of magnitude, which is computationally
infeasible.
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5 Results and Discussion

This chapter presents the results obtained by wall-resolved LES at Re = 100k and 1M.
Section 5.1 discusses several aerodynamic properties and the boundary layer transition pro-
cess including an analysis of its underlying mechanisms for Re = 100k. This is carried out
in the presence of isotropic in ow turbulence as discussed in Section 4.3.1. Aerodynamic
properties and transition in the presence of anisotropic in ow turbulence as discussed in
Section 4.3.2 for Re = 1M are presented in Section 5.2. Moreover, in Section 5.2 rela-
tions predicting an ampli cation factor N, which depends on the in ow turbulence are
obtained from the LES data. Such an ampli cation factor is often used for the prediction

of transition in RANS CFD codes (see Section 2.2.3). Section 5.3 concludes this chapter
by comparing the results obtained at the two di erent Reynolds numbers.

Some of the information contained in this chapter has been previously published in a
similar manner by the author in Lobo et al. (2022), Fava et al. (2022a), Fava et al. (2023a),
Lobo et al. (2023) and Fava et al. (2023b), and in the following soon to be published work:
Breuer et al. (2023) corresponding to the DLES13 conference proceedings to be published
in autumn 2023. More information on the unpublished works can be found in the list of
publications at the end of this thesis.

5.1 Re = 100k: Analysis of the LES data

In this section the predictions of the Large-Eddy Simulations (LES) using the CDS-2
scheme and the standard grid, as discussed in Section 3.5 and 4.1, respectively, are
presented. First, in Section 5.1.1, the in uence of increasing turbulence intensity on several
aerodynamic properties, such as the pressure and friction coe cients, the boundary layer
properties represented by the shape factor, and the lift-to-drag ratio, are discussed. Next,
in Section 5.1.2, changes to the properties of the laminar separation bubble such as the
location of its onset, the reattachment position and the maximum height of the LSB are
examined. These observed changes are due to the presence of boundary layer streaks
(Klebano modes) within the boundary layer interacting with existing modal instabilities
which are discussed in Section 5.1.3. The receptivity of the boundary layer to external
disturbances is discussed in Section 5.1.4. Next, by analyzing the in uence of in ow
turbulence on the turbulent kinetic energy along the chord in Section 5.1.5, the transition
process is further investigated. An analysis of the development of streaks within the
boundary layer is presented in Section 5.1.6. The LES predictions are nally followed by

a study on the disturbance evolution and ow stability with the help of stability analysis
methods in Section 5.1.7. It must be noted that the predictions concerning the stability
analysis were conducted based on LES data relying on the 98 % CDS scheme, as discussed
in Section 3.5.5.

83
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5.1.1 Inuence of Turbulence Intensity on Aerodynamic Properties

Plots of the time- and spanwise-averaged aerodynamic properties of the airfoil at di er-
ent in ow turbulence intensities (AOA = 4 and Re = 100k) are depicted in Fig. 5.1.
Figure 5.1(a) displays the predicted pressure coe cient, which is de ned as expressed
in Eq. (5.1). The friction coe cient ¢ (see EQq.(5.2)) on the suction side of the airfoll
is shown in Fig. 5.1(b). Figure 5.1(c) conveys information about the boundary layer
properties by plotting the shape factorH 1, on the suction side.H 1, is the ratio of the dis-
placement thickness ; to the momentum thickness ,. The displacement and momentum
thickness are calculated according to Egs. (5.3) and (5.4), respectively.

(P p) .

@ = (05 u?)’ (5-1)
— w .
“ = (05 uz)"’ (©-2)
z u
1= 1 — dy: (5.3)
0 e
Z
u u
= — 1 — dy: 54
2 o Us Ue y (5.4)

Above, the integral RO refers to an integration from the wall to the edge of the boundary
layer andue = 0:99u, is the boundary layer edge velocity. The de nition of the boundary
layer edge is not trivial for ows with pressure gradients and is therefore chosen as the
location in the wall-normal direction where the local dimensionless velocity reaches the
edge velocityu(x;y)=u; = ue=u; = 0:99. Finally, the lift and drag characteristics are
displayed in Fig. 5.1(d).

At TI =0, an obvious plateauing ofc, is seen in Fig. 5.1(a) between approximately 50
and 62 % chord. A plateauing of, indicates a separation bubble which is a consequence
of an adverse pressure gradient (APG) acting downstream 86 % chord. On increasing
T, the plateau is no longer obvious, but a slight decrease in the APG is visible as a bump
in the pressure distribution which is noticeable up tal'l = 5:6 %. However, with a further
increase ofT'| to 11.2 % a bump is no longer visible indicating that the separation bubble
completely vanishes. The separation is more obvious in the plot of the friction coe cient
(see Fig. 5.1(b)) with negative values indicating separation. The location of reattachment
is the chordwise location where this value subsequently turns positive. As expected, with
increasing in ow turbulence there is a downstream shift of the separation point up to
Tl =5:6 % as indicated in Table 5.1. From thec plot and as already indicated by the
C, plot, at Tl = 11:2 % a separation bubble does not exist.

Since transition from laminar to turbulent ow takes place over a relatively large chord-
length, there is no xed point that can be described as the point of transition. However, in
the literature often a transition point is described. In this work, a so-called point of crucial
transition onset shall be de ned and is considered as the transition point. The crucial
transition onset is de ned as the point beyond which the ow quickly turns turbulent.
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