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Abstract
The present licentiate thesis addresses the use of well-resolved simulations
to simulate turbulent boundary layers (TBL) subjected to adverse pressure
gradients. Within the thesis a wide variety of analyses are performed, and a
method to improve the performance of the simulations is presented.

The first aim of the thesis is to assess the effect of adverse pressure gradients
and flow history on the development and fundamental characteristics of turbulent
boundary layers. With this in mind, well-resolved large-eddy simulations (LES)
of the turbulent boundary layers over two wing sections are performed using the
spectral-element-method (SEM) code Nek5000. In order to assess the effects of
the adverse pressure gradient on turbulent boundary layers, turbulence statistics
are computed and time series are collected from the simulations. The turbulence
statistics show a significant effect of the adverse pressure gradient on the mean
velocity profiles, turbulent fluctuations and turbulent kinetic energy budgets.
In addition, the time series are used to compute the power-spectral densities of
the turbulent boundary layers and to analyse the effect of the adverse pressure
gradient on the turbulent scales across the boundary layer.

After having compared both wings at moderate Reynolds number Rec =
400, 000, the next goal is to perform high-resolution simulations of wings at
higher Reynolds numbers in order to study conditions closer to those in reality,
and to evaluate the effect of adverse pressure gradient with increasing Reynolds
numbers. To achieve this, better and more efficient computational methods
are required. In this thesis, the performance of the adaptive mesh refinement
method recently implemented in Nek5000 is assessed for the first time on wing
simulations. The obtained results show a large potential of this new method
(which includes the use of non-conformal meshes) with respect to the previous
simulations carried out with conformal meshes.

Lastly, we performed a modal decomposition of the TBLs developing around
both wing sections. To this end, we consider spectral proper orthogonal decom-
position (SPOD), which can be used to identify the most energetic structures
of the turbulent boundary layer.

Key words: turbulent boundary layer, adverse pressure gradient, turbulence
simulation, adaptive mesh refinement
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Studier av turbulenta gränsskikt med negativa tryckgradi-
enter p̊avingar

Álvaro Tanarro del Rı́o

Linné FLOW Centre, Kungliga Tekniska högskolan, Institutionen för Mekanik
SE-100 44 Stockholm, Sverige

Sammanfattning

Föreliggande licentiatavhandling behandlar användningen av välupplösta
simuleringar för att simulera turbulenta gränsskikt utsatta för negativa tryck-
gradienter. Inom avhandlingen utförs ett antal olika analyser, och en metod för
att förbättra simuleringarnas prestanda presenteras.

Det första syftet med avhandlingen är att bedöma effekten av negativa
tryckgradienter och flödeshistoria p̊a utvecklingen och grundläggande egenska-
perna hos turbulenta gränsskikt. Med detta i åtanke utförs välupplösta simule-
ringar med large-eddy simulations (LES) av de turbulenta gränsskikten över
tv̊avingsektioner med hjälp av spektral-element-metoden (SEM) implementerad
i koden Nek5000. För att bedöma effekterna av den negativa tryckgradienten
p̊aturbulenta gränsskikt beräknas turbulensstatistik och tidsserier samlas in
fr̊an simuleringarna. Turbulensstatistiken visar en betydande effekt av den
negativa tryckgradienten p̊amedelhastighetsprofilerna, turbulenta fluktuationer
och turbulenta kinetiska energibudget. Dessutom används tidsserierna för att
beräkna den spektrala energitätheten för att analysera effekten av den negativa
tryckgradienten p̊ade turbulenta skalorna över gränsskiktet.

Efter att ha jämfört b̊ada vingarna vid måttliga Reynoldstalet Rec =
400000, är nästa mål att utföra simuleringar med hög upplösning av vingar
vid högre Reynoldstal för att studera förh̊allanden närmare verkligheten, och
att utvärdera effekten av negativa tryckgradienter med ökande Reynoldstal.
För att uppn̊adetta krävs bättre och effektivare beräkningsmetoder. I denna
avhandling bedöms prestandan för den adaptiva nätförfiningsmetoden som
nyligen implementerats i Nek5000 för vingsimuleringar. De erh̊allna resultaten
visar en stor potential med denna nya metod (som inkluderar användning av
icke-konforma nät) jämfört med tidigare simuleringar utförda med konforma
nät.

Slutligen utförde vi en modal uppdelning av de turbulenta gränsskikt som
utvecklades runt b̊ada vingsektioner. För detta ändamål använder vi spectral
proper orthogonal decomposition (SPOD), som kan användas för att identifiera
de mest energetiska strukturerna i det turbulenta gränsskiktet.

Nyckelord: turbulenta gränsskikt, negativ tryckgradient, turbulenssimulering,
adaptiv nätgenerering
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Preface

This thesis deals with adverse-pressure-gradient turbulent boundary layers on
wings. A brief introduction on the basic concepts, methods and selected results
is presented in the first part. The second part contains four papers: two
articles and two technical reports. The papers are adjusted to comply with the
present thesis format for consistency, but their contents have not been altered
as compared with their original counterparts.

Paper 1. Á. Tanarro, R. Vinuesa & P. Schlatter, 2020. Effect of
adverse pressure gradients on turbulent wing boundary layers. J. Fluid Mech.
883, A8, 1–28.

Paper 2. Á. Tanarro et al., 2020. Enabling adaptive mesh refinement for
spectral-element simulations of turbulence around wing sections. Flow Turbul.
Comb., Under Review.

Paper 3. L. I. Abreu et al., 2020. Wavepackets in turbulent flows around
airfoils. Technical Report.

Paper 4. R. Vinuesa et al., 2019. Turbulence statistics in a spectral-element
code: a toolbox for high-fidelity simulations. Technical Report.

February 2020, Stockholm

Álvaro Tanarro del Rı́o
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analysis of the results has been performed by AT, RV and PS. The paper has
been written by AT with input from RV and PS.

Paper 2. The method was developed by Nicolas Offermans (NO) and Adam
Peplinski (AP). The simulations have been performed by AT and the analysis
has been carried out primarily by AT with some additional analysis by Fermı́n
Mallor (FM) . The paper has been written by AT, FM and NO with feedback
from AP, RV and PS.

Paper 3. The simulation of the NACA0012 was performed by AT, and the data
was post-processed by AT, RV and PS. The methodology of the analysis was
implemented by Leandra Abreu (LA) with feedback from André V.G. Cavalieri
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Part I

Overview and summary





Chapter 1

Introduction

In ancient history, around 250 BC, Archimedes wrote “On Floating Bodies”,
a piece of work which introduced the law of buoyancy. This study by Archimedes
marked the beginning of the analysis of fluid mechanics, a very broad field
which after 2000 years of study still presents numerous questions unanswered.
The field of fluid dynamics is of great relevance in the present world, having
crucial implications in most fields such as aeronautical, renewable energies,
transportation of oil and gas, marine engineering, etc..., making its study a
crucial aspect of technological advancement.

The complexity of fluid dynamics lies primarily in the equations that
describe its motion. These equations are commonly known as Navier–Stokes
equations, a set of partial differential equations which represent the conservation
of mass, momentum and energy. Despite having a defined and complete set of
equations that represent fluid motion, their analytical solution has not been
derived yet and only solutions for simplified problems have been formulated.
Due to this limitation, experiments have played a key part on the analysis of
fluid mechanics. Experiments were the only method to obtain information of
fluid dynamics problems before the emergence of computers, although even now
experiments are extensively used in the validation of computer simulations and
to obtain data of complex problems such as the flow over aircraft, flow through
a wind turbine, and many other industrial applications. With the emergence of
CFD (Computational Fluid Dynamics), simulations have acquired an important
role on the analysis of fluid mechanics, greatly increasing their contribution as
the computational power available increases.

The use of CFD simulations has seen an enormous widespread in the field of
fluid mechanics. CFD simulations allow to avoid some of the usual wind tunnel
limitations and disadvantages, however they have their own constraints as well.
CFD simulations solve the Navier–Stokes equations by discretising the domain
and accurate results require a high refinement which, in turn, involves high
computational power. This becomes a real challenge in the case of turbulent
flows which are the primary type of flow that we find around us, such as the
flow over a wing, the jet flow from an engine or even when stirring coffee in
order to mix the milk. One of the main characteristics of turbulent flow is
that it comprises a wide range of length scales, which entails that, in order
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2 1. Introduction

to obtain accurate results with a CFD simulation, the smallest scales of the
turbulent flow must be resolved by the discretisation of the domain, and this is
the main cause of the limitation of CFD simulations with turbulent flows. The
smallest scale in turbulent flow is known as Kolmogorov scale and it depends
on the viscosity and the rate of dissipation of turbulent kinetic energy. The
Kolmogorov scale becomes extremely small in industrial applications of interest
such as aircraft, making it impossible to resolve this scale with the current
computational power and, therefore, not being able to obtain highly accurate
results in those cases. The current solution to this problem are the so-called
RANS (Reynolds-averaged Navier–Stokes) and URANS (unsteady Reynolds-
averaged Navier–Stokes) models which solve the RANS/URANS equations with
the help of mathematical modelling of certain variables due to the closure
problem of this set of equations. Although these models have proved to give
accurate results in certain types of problems and are widely used in industry,
they show significant limitations when more complex effects (e.g. pressure
gradients, strong curvatures, and others) are present.

The increase in computational power available has provided the tools for
research institutions to perform DNSs (direct numerical simulations) in which all
the scales of the turbulent flow are resolved, and LESs (large-eddy simulations)
in which the largest scales are resolved and the smallest scales are modelled.
Unfortunately, the computational power available is not enough for its use in
most industrial applications which typically rely on RANS/URANS models,
although LESs are becoming more frequent in the less-computational demanding
problems. However, the analysis of the data obtained from research using these
well-resolved simulations is greatly contributing to extend our knowledge of
turbulent flows and to improve the turbulent models used in industry. Also, as
the available computer power becomes larger, the use of CFD simulations in
research will slowly surpass the use of experiments.

1.1. Our contribution

Within turbulent flows, it is very relevant the analysis of turbulent boundary
layers (TBLs) with adverse pressure gradient (APG). This type of flow has
significant importance in industry, for instance in the case of flow around the
wings of an aircraft where the high Reynolds number implies transition of the
laminar boundary layer to turbulent boundary layer, in addition to the fact
that turbulent models show severe limitations when the APG is present in
the TBL. The studies of APG TBLs are numerous and varied, as these have
been performed with experiments, LES and even DNS. The first study was
performed by Clauser (1954, 1956), who carried out experiments of this type
of flow and defined a variable to measure the adverse pressure gradient: the
Clauser pressure-gradient parameter. Later on, the number of studies of APG
TBLs has increased and, with the rise in computational power, these sometimes
are based on CFD simulations of high accuracy. A very good example of this is
the work from Spalart & Watmuff (1993), who performed a DNS of an APG
TBL and was able to extract relevant effects of the APG such as the vertical
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shift downwards of the inner-scaled mean velocity profile in the buffer and
beginning of the overlap layers with adverse pressure gradient. Since then, many
contributions have been made in terms of the effects of APG on TBLs both
through experiments and simulations. To name just a few, experiments from
Sk̊are & Krogstad (1994) focused on the analysis of the turbulent kinetic energy
(TKE) budgets, particularly the effect of APG on the production term; the
analysis of the large-scale energisation due to APG by Monty et al. (2011); or
the study of history effects on APG TBLs by Vinuesa et al. (2017b) and Bobke
et al. (2017), among many others.

These works have provided very valuable insight into APG TBLs, however
industrial applications exhibit much more complex flow conditions. Despite
the fact that improvements in computational power and CFD methods have
allowed to perform high-Re LES such as the work by Vinuesa et al. (2018) in
which they achieve Rec = 1, 000, 000 on a NACA4412 wing section, or the LES
by Sato et al. (2016) in which a flow with Rec = 1, 600, 000 is simulated; the
ability to carry out well-resolved simulations with Rec ∼ O(107) characteristic
of the flow around wings in aircraft is not within our reach yet. Apart from
the improvements in computational power, another requirement to reach the
goal of simulating real-world problems is the development of better simulation
methods such as adaptive mesh refinement (AMR), which provides great mesh
flexibility in order to reduce significantly the number of elements required in
large cases.

Thesis structure. The first part of the thesis continues with an introduction
on the topics presented in the second part. In chapter 2, a background in
adverse-pressure-gradient turbulent boundary layers is introduced, together
with a description of the methodology and most relevant results obtained. In
chapter 3, an introduction on computational fluid dynamics is presented and the
adaptive mesh refinement method implemented in Nek5000 is briefly described
including some of the results obtained from its assessment. In chapter 4, the
aeroacoustic analysis of two wing sections is introduced by summarising the
employed methods.

The second part of the thesis includes two papers (one already published
and the other one in process of being published) and two technical reports. The
first paper includes the well-resolved LESs of two wing sections and the in-depth
analysis of the effect of APG in their turbulent boundary layers. The second
paper introduces the first simulation of wing sections using the adaptive mesh
refinement method implemented in Nek5000, comparing the performance of this
method with another case using a conformal mesh and assessing the quality of
the results obtained. The third paper is related to the aeroacoustic analysis of
the turbulent boundary layers of two wing sections and a flat plate. Lastly, the
fourth paper corresponds to a technical report describing the statistics routines
developed in our group for their implementation in Nek5000 and used to extract
the data required for the analyses performed in the other three papers.



Chapter 2

Turbulent boundary layers with adverse
pressure gradient

The analysis of turbulent boundary layers has been subject of extensive
research, with a particular focus on two types of TBL: the zero-pressure-gradient
and the adverse-pressure-gradient turbulent boundary layer. The study of the
ZPG TBL has been significant and extensive knowledge has been obtained for
this type of flow (although there are still a number of open questions regarding
its behaviour, particularly at very high Re), however the analysis of APG TBLs
has been comparatively more limited and many questions remain unanswered
despite the fact that this is the most relevant type of flow in terms of industry
applications. Within this work, it is intended to contribute towards developing
more knowledge on the effect of adverse pressure gradient on turbulent boundary
layers and try to answer some of the questions raised on this topic such as
the distribution of the small scales and the energisation mechanisms when in
presence of an adverse pressure gradient.

2.1. Background on APG TBLs

A turbulent boundary layer will be subjected to an adverse pressure gradient
for several reasons such as a curved surface (e.g. top surface of an aircraft
wing) or a divergent nozzle, among others, therefore it is of great importance
to develop knowledge of this particular type of flow. Clauser (1954, 1956) laid
the groundwork of APG TBLs with his experiments on APG TBLs in which he
showed that the adverse pressure gradient induces a significant effect on the
turbulent boundary layer. He also defined a non-dimensional parameter to quan-
tify the pressure-gradient magnitude which is widely used today by researchers
studying this particular topic. Not much later, Coles (1956), after an exhaustive
review of different studies of experiments regarding turbulent boundary layers
subjected to pressure gradients and further assessment, proposed a law of the
wall which included the effect of the pressure gradient. The computational
resources at the time were very limited and did not allow for simulations of
APG TBL, therefore we had to wait almost 40 years since the work from Clauser
(1954) to find a highly resolved simulation of such a complex flow performed by
Spalart & Watmuff (1993). In their work, Spalart & Watmuff (1993) carried
out both an experimental campaign and a DNS of a low-Re number TBL on
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2.1. Background on APG TBLs 5

a flat plate in which they imposed an adverse pressure gradient. Within their
results, they found a downwards shift of the inner-scaled streamwise velocity
with increasing APG in the region ranging from the buffer layer to the beginning
of the overlap region. This behaviour has been spotted in later research of APG
TBLs and it will be sought after in Paper 1 in order to validate our simulation
results. Despite the work from Spalart & Watmuff (1993) proved that highly
resolved simulations of turbulent boundary layers were possible, the research
of this type of flow was still heavily based on experiments since these allowed
to reach higher Re than simulations at that time. An example is the work
from Nagano et al. (1993) in which the law of the wall established for the ZPG
TBL was proved to be inadequate for the characterisation of APG TBLs; or
the experimental study by Sk̊are & Krogstad (1994) in which they assessed
the turbulent kinetic energy (TKE) budget of an APG TBL, concluding that
the APG has a strong effect on the TKE production in the outer layer of the
TBL, which induces a high turbulent diffusion towards the wall, an effect not
present in the ZPG TBL. The improvements in computational resources and
computational methods over the years have led to an increasing number of
research activities based on well-resolved computational fluid dynamics (CFD)
simulations, a fact that has raised the amount of contributions in the analysis of
APG TBLs. The level of experienced improvement in terms of computational
power and methods has been so significant that it is possible to run well-resolved
simulations of APG TBLs at Re that compare to those studied in wind tunnels,
a scenario which may situate CFD simulations as first tool to analyse turbulent
flows, to be used complementarily with experiments. Examples of this are
diverse and numerous, such as the flat-plate simulations with constant and
moderate APGs from Bobke et al. (2017) at values of the friction Reynolds
number Reτ (defined in terms of the 99% boundary-layer thickness δ99 and the
friction velocity uτ ) up to 4320 and the well-resolved LES from Vinuesa et al.
(2018) in which the APG TBL of a NACA 4412 wing section is analysed at
Rec = 1, 000, 000.

The works mentioned above have provided very valuable information about
mean-flow velocities and fluctuations which have helped to improve our knowl-
edge on APG TBLs and to create an extensive database to be used on the
theoretical analysis and development of better turbulent models. Nevertheless,
in order to obtain more profound insight into the fundamental characteristics of
APG TBLs we also need to look at the behaviour of the range of scales across
the boundary layer. With this in mind, it is necessary to perform spectral
analyses of the gathered data, either in simulations or experiments, which allows
to identify the range of energetic scales across the boundary layer. Although the
implementation of this analysis has been perhaps less common over the years,
some relevant contributions have been made and have identified interesting
effects in different geometries, being the most studied ones the channel flow
and the ZPG TBL. Regarding the analysis of 1D power-spectral densities, the
results and conclusions include a wide range of effects with significant relevance
on the theory behind turbulence scales in channel flow and turbulent boundary
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layers. Within the most relevant publications for our study we can find the
work by Hoyas & Jiménez (2006) in which the simulation of a channel flow
at moderate Re shows the inadequacy of the inner scaling of the large-scale
structures in the outer layer with increasing Re; the simulation by Eitel-Amor
et al. (2014) and the experiment by Hutchins & Marusic (2007a) which describe
the emergence of a spectral outer peak in ZPG TBLs at high Re; the work by
Hutchins & Marusic (2007b) in which it is shown that the spectral outer peak is
always present but at low Re this is hidden by the strength of the spectral inner
peak; and the analysis by Baars et al. (2017) in which the applicability of the
attached-eddy hypothesis (Townsend 1976) in ZPG TBLs is assessed through
the computation of the linear coherence spectra (LCS). In terms of 2D spectral

analyses (the least common in the literature), del Álamo et al. (2004) identified
bounds for the contours of spectral energy, a similar contribution to the one
shown by Chandran et al. (2017). These works give a very good insight into
the behaviour of scales of different sizes and show similarities between these
flows. Also, it is relevant the simulation of a ZPG TBL by Sillero et al. (2011)
in which the inner scaling of the 2D spectral energy is analysed in terms of Re
and the work by Lee & Moser (2019), who performed a spectral analysis of the
budget equation in the channel flow at high Re.

2.2. Description of the methodology

In order to analyse the effect of adverse pressure gradient on turbulent
boundary layers, two airfoil profiles are simulated with the incompressible
Navier–Stokes solver Nek5000 (Fischer et al. 2008). This code is based on
the spectral-element method presented by Patera (1984) and will be explained
more in detail in Section 3.2. The spatial discretisation used is based on
Lagrange interpolants of polynomial order N = 11 and it follows the PN −PN−2

formulation (i.e. the interpolants for the pressure are of polynomial order N−2).
For the time-stepping, the implicit third-order backward differentiation scheme
(BFD3) is used to solve the viscous terms whereas the explicit third-order
extrapolation (EXT3) is used to solve the nonlinear terms. Additionally, the
nonlinear terms are oversampled by a factor of 3/2 in each direction in order to
avoid aliasing errors.

The airfoil sections selected are the NACA4412 and the NACA0012 at angles
of attack of 5◦ and 0◦, respectively. The choice of the NACA4412 is based on
the existing literature on this specific profile which allows for direct comparison,
whereas the selection of the NACA0012 is justified due to its applicability for
the study performed in Paper 3 and because its pressure profile on the top
surface is considerably different to that on the NACA4412. Both cases have been
simulated at Rec = 400, 000 (i.e. Reynolds number based on the free-stream
velocity, U∞, and the chord length, c). The computational domain is a C-mesh
with streamwise length Lx = 6c, vertical length Ly = 4c and spanwise length
Lz = 0.1c, which was shown by Vinuesa et al. (2017a) as wide enough since
the assessment of the spanwise power-spectral density distributions confirmed
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that the domain contained the relevant scales in the TBL on the suction side of
the NACA4412. Regarding the boundary conditions, the procedure followed
by Hosseini et al. (2016) is implemented such that, except the outlet and those
in the spanwise direction, all the boundaries are defined as Dirichlet boundary
conditions with the values obtained from a Reynolds-averaged Navier–Stokes
(RANS) simulation. The outlet boundary condition corresponds to the one
introduced by Dong et al. (2014) in which any energy inflow is removed, whereas
the boundary conditions in the spanwise direction are set as periodic.

In order to achieve well-resolved LES resolution, the spatial resolution near
the wall is scaled in viscous units and defined as Δx+

t = 18.0, Δy+n = (0.64, 11.0)
and Δz+ = 9.0 (here t and n denote the directions tangential and normal to
the wing surface); whereas the spatial resolution in the wake follows Δx/η < 9,

where η =
(
ν3/ε

)1/4
stands for the Kolmogorov scale (note that ν is the fluid

kinematic viscosity and ε the local isotropic dissipation). The scaling in viscous

units is defined in terms of the friction velocity uτ =
√
τw/ρ (where τw is the

mean wall-shear stress and ρ the fluid density) and the viscous length l∗ = ν/uτ .
The spatial resolution that has just been presented is not able to resolve the
smallest scales of the flow, therefore these are modelled with a subgrid-scale
(SGS) model developed by Schlatter et al. (2004). This SGS model is based
on a relaxation-filter term which accounts for the dissipation of the unresolved
turbulent scales by adding a dissipation force. The application of this specific
SGS model to the mesh resolution described above was validated by Negi et al.
(2018), who compared the results of this simulation with the DNS by Hosseini
et al. (2016). The current spatial resolution is able to resolve approximately 90%
of the total dissipation of turbulent kinetic energy (TKE) while the remaining
10% is added by the SGS model.

Since this study is focused on the physics of TBLs, the transition location
is fixed by tripping both boundary layers at x/c = 0.1. The tripping is based on

the approach by Schlatter & Örlü (2012), which consists of a wall-normal random
volume forcing that spans the whole domain in the spanwise direction. The
combination of the initial condition (obtained from the RANS simulation without
any applied tripping), the change in mesh resolution and the implementation
of the tripping, all introduce significant transients in the simulation which
must be discarded before starting to collect statistical data and time series.
With this in mind, the simulation is first run for 4 flow-over time units with
a polynomial order N = 5, then 2 flow-over times with a polynomial order
N = 7 and then it is run at the final resolution (i.e. N = 11) for 0.5 flow-over
times. Subsequently, the statistical data and the time series start to be collected.
In order to ensure convergence of the results, Sillero et al. (2014) stated that
averaging over approximately 12 eddy-turnover times is required. To account
for the number of eddy-turnover times simulated, the approach followed by
Vinuesa et al. (2016) and Vinuesa et al. (2018) is used. This corresponds to
assessing the temporal averaging by computing the normalised eddy-turnover
time ETT∗ = tuτ/δ99Lz/Lz,ref , where t is the flow-over time (scales with U∞
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and c) and δ99 is the boundary-layer thickness. This definition of eddy-turnover
time takes into account the length of the domain in the homogeneous direction
(i.e. in this case Lz) with respect to a reference length Lz,ref = 3δ99 described
by Flores & Jiménez (2010) as the minimum box size required to contain the
largest structures in the logarithmic region. Regarding the cases simulated in
Paper 1, the temporal averaging for the NACA4412 and the NACA0012 are
ETT∗ = 18 and 65 at xss/c = 0.8, respectively, therefore they are adequately
converged.

In terms of postprocessing, measuring of the local APG is done by means
of the Clauser pressure-gradient parameter β = δ∗/τwdPe/dxt, where δ∗ is
the displacement thickness and Pe is the pressure at the boundary-layer edge
(Clauser 1954, 1956). An example of this measurement as a function of the
chord and the friction Reynolds number is shown in Figure 2.1 where it can be
seen the significant difference in the pressure-gradient profiles on both wings.
On the other hand, due to the interest in the history effects of the APG
on the TBL, a measurement for the accumulated APG is also needed. This
measurement is done in terms of the integrated APG magnitude, β(Reθ) =

(Reθ −Reθ,0)
−1 ∫ Reθ

Reθ,0
β(Reθ)dReθ (where Reθ,0 defines the point where the

integration is started), as a function of the momentum-thickness Reynolds
number (Vinuesa et al. 2017b). Statistical data of the simulations are computed
and gathered with the code described in Paper 4 which saves the instantaneous
velocities and pressures at the spectral mesh and, later on, these are used to
compute the fluctuations and interpolated into a different mesh. Time series
used for the power-spectral density analysis were obtained for a number of
wall-normal profiles with a separation between samples of 10−3 and 8× 10−4

flow-over times for the NACA0012 and NACA4412 cases, respectively. Lastly,
in order to compute the linear coherence spectrum (LCS), the approach followed
by Baars et al. (2017) is implemented which allows to compute the correlation
between the turbulent scales across the boundary layer and a reference wall-
normal location in the near-wall region yR. The equation used to compute the
LCS is the following:

γ2(yn, yR;λz) ≡ |〈ũt(yn;λz)ũ
∗
t (yR;λz)〉|2

〈|ũt(yn;λz)|2〉〈|ũt(yR;λz)|2〉 , (2.1)

where ũt(yn;λz) is the Fourier transform of the tangential velocity at the wall-
normal location yn, in the spanwise direction; ũ∗

t (yn;λz) denotes the complex
conjugate of the tangential velocity at the wall-normal location yn, 〈·〉 designates
ensemble averaging and | · | corresponds to the modulus.

2.3. Selected results

The database created from the simulations described in the previous section
is extensive and allows for an in-depth analysis of the APG TBLs. Within
our analysis the statistical quantities of the tangential mean-flow velocity and
selected Reynolds stresses are assessed and compared between both cases and the
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Figure 2.1: Clauser pressure-gradient parameter β as a function of (left) the
distance from the leading edge and (right) the friction Reynolds number. The
black circle on the right panel indicates the case in which the NACA0012 and
the NACA4412 exhibit matching local values of β and Reτ .

results of the ZPG TBL simulation by Eitel-Amor et al. (2014). The conclusions
are in agreement with those described by Spalart & Watmuff (1993) in terms of
the shift downwards shift of the inner scaled mean-flow streamwise velocity with
increasing APG, and with those described by Sk̊are & Krogstad (1994) regarding
the emergence of an outer peak on the streamwise velocity fluctuations. All
these results are relevant in the study since they confirm previous conclusions
from the literature and validate the performed simulations. On the other hand,
most significant findings are obtained from the power-spectral density analysis.

The spectral analysis carried out in Paper 1 included the 1D and 2D power-
spectral densities of the velocity fluctuations and the linear coherence spectrum
of the streamwise velocity fluctuation. To the authors’ knowledge, such an
in-depth study has not been performed before for APG TBLs therefore most of
the conclusions obtained in this work are new to this field. Focusing on the 1D
power-spectral density, the emergence of an outer spectral peak in the tangential
velocity fluctuations is visualised in figure 2.2 (left) as already described by
Vinuesa et al. (2017a). Nevertheless, an additional effect can be identified
through the analysis of the contours with different APG magnitudes. It can
be observed that one of the most evident differences between contours of the
same power-spectral energy is the region containing small scales in the outer
region of the boundary layer. With increasing APG the amount of small-scale
energy in the outer region raises. The increment in the small-scale energy in
the outer region has been quantified and shown in figure 2.2 (right). This
finding suggests that the APG induces a stronger wall-normal convection across
the boundary layer, as first described by Vinuesa et al. (2018), moving small
scales from the near-wall region towards the outer region of the boundary
layer, an effect that cannot be seen when increasing Re in the ZPG TBL. The
other significant finding of this work comes from the LCS of a ZPG TBL with
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Figure 2.2: (Left) Inner-scaled pre-multiplied spanwise power-spectral density
of the tangential velocity fluctuations of the NACA0012 and NACA4412 wing
sections at xss/c = 0.4 ( ) and xss/c = 0.75 ( ), and ZPG TBL spectra at
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(Right) Integral of the inner-scaled pre-multiplied spanwise power-spectral
density of the various Reynolds stresses with respect to λ+

z for values of λ+
z < 44.
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( ) and linear coherence spectra γ2 of the tangential velocity
fluctuations with respect to the near-wall region ( ). (Left) ZPG TBL at
different Reynolds numbers and (right) wing sections at xss/c = 0.75 from
the leading edge. The contours correspond to kzφ
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γ2 = (0.2, 0.4, 0.6, 0.8). The reference location for γ2 was y+R = 2.

increasing Re number and the LCS of the wing sections with increasing APG.
It can be observed that, despite both effects (i.e. increasing Re and APG)
generate a spectral outer peak, the correlation between the spectral outer peak
and the near-wall region is considerably different. Whilst the ZPG TBL at
high Re shows a very high correlation between the spectral outer peak and the
near-wall region, in the case of the APG TBL such correlation is null. This
result suggests that the energising mechanisms of high Re and APG are different
despite showing similar effects.



Chapter 3

Using adaptive mesh refinement in Nek5000

The development of computers over the years has brought a significant
change on the way engineering problems are tackled. Before computers all
these problems were solved either analytically, an approach which typically
involves over-simplifying assumptions in order to tackle the problem and make it
“solvable”, or through experiments in which smaller prototypes of the geometry
under study would be analysed. Now, computers are used to solve these
engineering problems through the use of simulations. These simulations are
usually based on complex models and codes which try to solve as accurately
as possible the problem under study, however it is often found that these are
limited and a trade-off between accuracy and complexity of the problem must be
assumed. This is the case of turbulent flows, in which the current computational
power is not enough to accurately solve the problems we are interested in
and models have been developed in order to approximate the desired solution.
Within this chapter, the spectral-element code Nek5000 (Fischer et al. 2008)
is introduced as a tool for the study of incompressible flows, and the adaptive
mesh refinement implementation of this code will be assessed as an option
to improve the code’s performance which would allow to solve more complex
problems.

3.1. Computational fluid dynamics of incompressible flows

The study of incompressible flows has been extensive and still of great
importance for both the research community and industry. Despite incompress-
ibility assumes that the density remains constant, compressibility effects only
become relevant at high speed when the Mach number (i.e. ratio of the velocity
of the flow and the speed of sound) is larger than 0.3 whereas a large amount of
flows of interest are under this limit, therefore this assumption is valid for a wide
range of applications. Another assumption which is widely used in the use of
computational fluid dynamics is in which the flow studied is considered to be a
Newtonian flow (i.e. the shear stress is directly proportional to the strain rate).
Examples of Newtonian flows are air, water and oil, which are some of the most
simulated flows, therefore a very common assumption within fluid mechanics.
This type of flow (i.e. incompressible, Newtonian) is mathematically defined by

11
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the incompressible Navier–Stokes equations, which in non-dimensional form are:

∇ · u = 0, (3.1)

∂u

∂t
+ (u · ∇)u+∇p− 1

Re
∇2u = f , (3.2)

where equation (3.1) corresponds to the continuity and equation (3.2) to the
conservation of momentum. The unknowns in these equations are the velocity
field, u, and the pressure, p. On the other hand, x determines the spatial field, t
is the time, and f is any external force field. Lastly, when non-dimensionalising
these equations, the non-dimensional Reynolds number Re is obtained, and it
is defined as the ratio between inertial and viscous forces. Additionally, these
equations need to be provided with an initial condition and the appropriate
boundary conditions dependent on the type of flow and geometry being analysed.

With the objective of simplifying the incompressible Navier–Stokes equa-
tions, an attempt to obtain a time-averaged expression of these equations was
made. This time-averaging was based on the Reynolds decomposition of the
velocity and pressure in which these instantaneous quantities were decomposed
into the time-average and a fluctuation term as shown in equation 3.3:

u = u+ u′,

p = p+ p′,
(3.3)

where u and p are the instantaneous velocity and pressure, respectively; (·)
denotes time average and (·)′ indicates the fluctuation term. By substituting
these expressions into the incompressible Navier–Stokes equations, applying the
divergence-free condition (i.e. equation 3.1) and applying statistical properties

(i.e. (·)′ = 0), the Reynolds-averaged Navier–Stokes (RANS) equations are
obtained and are shown in equation (3.4) in Einstein notation:

∂ui

∂xi
= 0,

uj
∂ui

∂xj
+

∂

∂xj

[
pδij − 1

Re

(
∂ui

∂xj
+

∂uj

∂xi

)
+ u′

iu
′
j

]
= fi.

(3.4)

Looking closely at equation (3.4) it can be observed that RANS equations are

equivalent to the Navier–Stokes equations except for the u′
iu

′
j term. This term,

which includes the velocity fluctuations, is introduced by the non-linearity of
the Navier–Stokes equations and is known as the Reynolds stress. Trying to
solve the RANS equations one realises that these consist of a set of 4 equations
(i.e. in the 3D case), while the total number of unknowns is higher: ui, p and

u′
iu

′
j . This is considered as the closure problem of turbulence, and it is what

makes so complex to find exact solutions to turbulence problems.

As a result of the closure problem, there have been numerous attempts to
develop turbulence models that solve this problem by approximating the value
of the Reynolds stresses by some known quantity or expression. Currently, most
used turbulence models are based on the eddy-viscosity concept described by
Boussinesq. This concept is based on expressing the Reynolds stresses as a
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function of the mean flow variables, therefore closing the system of equations.
From this concept, many models have been developed trying to approximate
the solution of the flow accurately. Some examples are the Spalart-Allmaras
model (Spalart & Allmaras 1992), the k − ε model (Hanjalić & Launder 1972)
or the k− ω model (Wilcox 2008), among many others. These models, together
with some improvements that have been added over the years, are heavily used
in industry where complex geometries are analysed and low-computational-cost
solutions are essential. Nevertheless, these models have serious limitations which
are often ‘forgotten’ due to their computational efficiency. The accuracy of these
models is usually strongly problem-dependent whereas complex effects such
as pressure gradients and separation are not well captured by the turbulence
models, which introduce significant uncertainty to the results obtained. However,
turbulence models are not the only option in CFD for turbulence problems:
DNS and LES are becoming more popular within the research community and,
as the computational power and the computational methods improve, they
will eventually find their way into industry. DNS resolves all the scales in the
turbulent flow such that the result is very accurate, whereas LES resolves the
largest scales and models the smaller ones but still providing a great level of
accuracy.

3.2. Nek5000 and the adaptive mesh refinement

Nek5000 (Fischer et al. 2008) has been the code chosen to perform the
simulations considered in this thesis. Nek5000 is an open-source, widely used
code in research to carry out DNS and LES of turbulent flows due to its high
scalability and high accuracy. Nek5000 is written in F77 and C, and can
be used to solve laminar or turbulent flows, and either the incompressible or
the low-Mach compressible Navier–Stokes equations can be solved with heat
transfer and species transport. It is based on the spectral-element method
introduced by Patera (1984), which combines the geometric flexibility of the
finite-element method and the spectral convergence of spectral methods, making
it a perfect choice for simulations of complex flows such as wings. Nek5000
uses hexahedral elements and the basis functions on each element correspond
to high-order polynomials. One of the advantages of Nek5000, apart from the
high accuracy and geometry flexibility characteristic of the spectral-element
method, is its high parallel scalability, as shown by Offermans et al. (2016),
which has allowed to run DNS of wings at high Reynolds numbers as in Hosseini
et al. (2016). Nevertheless, this ability to run large simulations is limited
by the mesh flexibility of the code. Nek5000, despite the fact that it allows
unstructured meshes, requires conforming hexahedral meshes (i.e. no hanging
nodes), and therefore it reduces the flexibility in the mesh design. An example
of such limitation in the mesh design can be observed in figure 3.1, which is
the mesh used to simulate the APG TBL presented in Paper 1. In order to
reach the desired resolution near the wall (i.e. well-resolved LES resolution),
the elements, in the 3 spatial directions, must be of a very small size near the
wall. Nevertheless, due to the limitations in mesh flexibility, the elements far
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Figure 3.1: Two-dimensional spectral-element mesh, without the Gauss–Lobatto–
Legendre points, used in the simulation of the NACA0012 wing section.

from the wall have restricted size in two directions and the flow in that region is
extremely over-resolved, leading to a significant waste of computational power in
a region with no interest. Furthermore, there is another problem: the elements
away from the wall are highly elongated (i.e. that exhibit a very large aspect
ratio), which negatively influences the simulation performance by increasing the
number of pressure iterations required to solve each time step.

A way to solve this problem is through the implementation of the adaptive
mesh refinement (AMR) developed by Adam Peplinski and Nicolas Offermans
at KTH Mechanics (Offermans 2019; Offermans et al. 2020). AMR is a solution-
aware simulation method which refines the mesh in regions where a higher
resolution is required, whereas those regions with lower variations in the flow
are coarsened. This method is not new in CFD simulations, however, its
implementation in the spectral-element code Nek5000 is very recent. The mesh-
refinement strategy implemented in the AMR method in Nek5000 is based on
splitting the selected elements with an oct-tree (i.e. a 3D element is split into 8
elements of the same size) or quad-tree (i.e. a 2D element is split into 4 elements
of the same size) structure, which transforms the mesh into a non-conformal
design and hanging nodes appear, a feature which was initially not supported
by Nek5000. Therefore, the implementation of this method required also the
development in Nek5000 of an additional feature which enables the use of
non-conformal meshes. The AMR method implemented in Nek5000 uses the
error indicators developed by Mavriplis (1990) to identify which regions of the
computational domain require refinement, coarsening or no modification. These
error estimators are a-posteriori error estimators developed with an emphasis
in adaptive mesh refinement methods for spectral-element methods, therefore
they are an excellent choice for the implementation under consideration.

3.3. Assessment of AMR performance

In Paper 2, the AMR method implemented in Nek5000 is used for the first
time on a well-resolved LES of the turbulent boundary layer over a wing. The
objectives are to evaluate the efficiency of the non-conformal mesh designed
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by the AMR with respect to the conformal meshes used in previous studies,
together with the quality of the results, and to assess the ability of the method
and code to reach simulations at high Re within a reasonable computational
cost. The chosen case to analyse the use of AMR is the flow over a NACA4412
at 5◦ angle of attack and Rec = 200, 000, from which a database using the
conformal mesh is already available from Atzori et al. (2018). Due to the mesh
flexibility provided by the non-conforming mesh, the computational domain
is considerably larger than previous domains such as the one used in Paper
1 with even a smaller number of elements. The computational domain has
rectangular shape with a streamwise and vertical lengths Lx = Ly = 40c, and
spanwise length Lz = 0.6c, in which the wing is located at its centre and
rotated 5◦ in order to introduce the angle of attack. Due to the size of the
computational domain, the boundary conditions do not need to be obtained
from a RANS simulation as done in previous simulations, therefore the inflow
is set as a Dirichlet boundary condition with constant velocity U∞ on the left,
normal outflow condition with tangential U∞ on top and bottom ends of the
domain, stabilised outflow boundary condition on the right side of the domain
(Dong et al. 2014) and periodic boundary conditions in the spanwise direction.
This is the first relevant advantage on the use of the non-conformal mesh since
the simulation is not dependent on the RANS simulation other than for the
initial condition which, after removing all the transients, does not affect the flow
anymore. In order to generate and maintain the turbulent boundary layer at this
low Re, both sides of the wing are tripped at x/c = 0.1. The tripping consists
of a weak random time-dependent volume forcing as discussed by Schlatter &
Örlü (2012). For the non-conformal AMR implementation, the forcing is cut-off
at a fixed distance from the source (i.e. the Gaussian is truncated), whereas in
the previous conformal implementation in Nek5000, the forcing was smoothly
attenuated by the aforementioned Gaussian distribution. Regarding the mesh
design, an initial very coarse mesh is defined and will be considered as the
zero-level mesh (note that the level corresponds to the number of times the
element has been refined). In this simulation some restrictions are introduced in
order to have some control over the AMR refinement. The restrictions applied
are a minimum of level 5 refinement over the wall in order to determine a
minimum level of refinement, and a maximum of level 7 refinement over the
domain which corresponds to the desired well-resolved LES resolution near the
wall. Starting from this setup, the simulation proceeds and the error indicators
are collected in time. The refinement process is carried out at a fixed frequency
since the computational cost of this process is high and would significantly
impact the simulation performance if done at every time step. The mesh design
process is considered finished after its refinement has converged over the whole
domain and the resolution near the wall meets the specified criteria. After
convergence the mesh is “frozen” (i.e. AMR is disabled and the same mesh is
used for collecting the results).

As a first step on the assessment of the AMR performance in Nek5000, a
comparison between the conformal mesh and the non-conformal mesh used in
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Figure 3.2: Comparison of computational domain using AMR for the simulation
of a NACA4412 wing section at Rec = 200, 000 (marked in black) and the
reference conformal mesh computational domain (marked in red). (Left) Zero-
level AMR mesh before refinement and (right) final AMR mesh. The conformal
mesh has been shifted and rotated in order to match the coordinates of the
AMR case.

the simulation of the same case with the same desired resolution near the wall is
shown in figure 3.2. The first observation that can be made is the difference in
domain size, as mentioned previously, in which the non-conformal mesh domain
is up to 60 times larger than the conformal case. Also, in the non-conformal
mesh, the elements far from the wall are coarse (as desired due to the small
gradients that occur in this region) and have a very low aspect ratio in contrast
to the conformal case where the far-field region is over-resolved and the elements
are very elongated, potentially impacting the performance of the simulation by
increasing the number of pressure iterations per time step. Despite the larger
size of the computational domain in the case of the non-conformal mesh, the
resolution near the wall is better than in the conformal mesh and the number
of grid points is lower. In the case of the non-conformal mesh, the shape of
the elements is determined by the zero-level mesh. This feature of the mesh
causes that the resolution in the tangential and spanwise directions will be
determined by the desired wall-normal resolution (i.e. the smallest element
length defined). However, over-resolution is in principle not a problem as long
as the simulation performance is not affected by this, which is the case of this
analysis. In terms of grid points used, the non-conformal mesh has a total of
234 million grid points (with spanwise length Lz = 0.6c) whereas the conformal
mesh (with spanwise length Lz = 0.2c) has approximately 211 million grid
points. Considering both meshes with the same spanwise length, the conformal
case would have almost 3 times more grid points than the non-conformal case, a
feature which will become essential when performing simulations at higher Re.



Chapter 4

Wavepackets in turbulent boundary layers
around wings

Within the aerospace industry, continuous attempts are made to improve
aircraft efficiency in order to reduce fuel consumption, reducing operating costs
and polluting emissions. Nevertheless, another area that requires development
is the noise reduction in aircraft. Despite the fact that the levels of noise from
aircraft have been decreased over the years, these are still negatively impacting
the environment and require further reduction. The main sources of noise in
aircraft are the engines and the landing gear, however the turbulent flow over
the wings plays an important part in the noise generation as well. In Paper 3,
an analysis of coherent structures in two airfoil sections is performed through
modal decompositions, which allowed us to identify the structures relevant for
the aeroacoustics field.

4.1. Databases

The databases selected for the APG TBLs are two wing sections correspond-
ing to a NACA4412 and a NACA0012 profiles. The database of the NACA4412
corresponds to the DNS by Hosseini et al. (2016) simulated at 5◦ angle of attack
and Rec = 400, 000, whereas the data of the NACA0012 corresponds to the LES
by Tanarro et al. (2020) simulated at zero angle of attack and Rec = 400, 000. In
order to perform the desired analysis of the coherent structures, 1124 snapshots
are extracted from the NACA4412 simulation, with a non-dimensional timestep
of Δtc = 0.008 (normalised by the freestream velocity U∞ and the chord length
c), and 515 snapshots are extracted from the NACA0012 simulation, with a
non-dimensional timestep of Δtc = 0.01. In addition, ZPG TBL simulations
are run to assess the effect of APG. The ZPG TBL simulations are performed
with the pseudo-spectral code SIMSON as described by Schlatter et al. (2014)
and 10,000 snapshots are extracted with a non-dimensional timestep of 0.3
(normalised with the inflow velocity and the inflow displacement thickness, δ∗).
Regarding the analysis of the databases, two main methods are used for their
post-processing: the spectral proper orthogonal decomposition (SPOD) and the
resolvent analysis, which are both described below.
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Figure 4.1: First SPOD mode (red dashed line) compared with the optimal
response from resolvent analysis (black solid line) of the streamwise velocity
component u, for the NACA4412 airfoil, at stations x/c = 0.5 on the pressure
side, x/c = 0.6 and 0.9 on the suction side (from left to right).

4.2. SPOD and resolvent analyses

The SPOD (Picard & Delville 2000; Towne et al. 2018) can be understood
as a proper orthogonal decomposition (POD), which consists in finding the
orthogonal basis functions that maximise the mean square energy in the ensemble
of snapshots (Berkooz et al. 1993) but in this case in the frequency domain.
POD is a well-known quantitative method applied to instantaneous fields with
the objective of identifying the most energetic structures of the flow. With this
method, the POD modes (basis for the modal decomposition) are extracted
from the data. These POD modes can be organised in terms of energy, where
the leading modes are those representing the most energetic structures (i.e. the
most relevant ones for the aeroacoustic analysis). However, in Paper 3 the POD
is performed in the frequency domain (i.e. SPOD) since this method is more
adequate for the identification of physically meaningful coherent structures
(Towne et al. 2018) and has already been used in the analysis of turbulent flow
over airfoils (Sano et al. 2019). In addition to obtaining the SPOD modes of
the flow, these are compared to the result of the resolvent analysis (Jovanovic
& Bamieh 2005; Bagheri et al. 2009; Sipp et al. 2010; McKeon & Sharma
2010). The resolvent analysis is based on the linearisation of the Navier–Stokes
equations and can be used for the identification of linear growth mechanisms in
the equations. The nature of the resolvent analysis makes it a low-order model
in which, if the forcing corresponds to white noise, the modes are expected to
match those obtained through the SPOD analysis.

Figure 4.1 shows a selection of results from the comparison between the
SPOD leading mode and the optimal response of the resolvent analysis for the
NACA4412 TBL. These results show a very good agreement at x/c = 0.5 on
the pressure side and x/c = 0.6 on the suction side, whereas some discrepancy
between the profiles exists near the trailing edge, i.e. at x/c = 0.9 on the suction
side. These results are similar to those found for the NACA0012, and indicate
the suitability of the resolvent analysis for the analysis of TBLs subjected to
mild APGs.



Chapter 5

Conclusions and outlook

In this thesis turbulent boundary layers under the effect of adverse pressure
gradients are analysed. The research contained in this thesis can be divided into
three main parts: the first one is related to the fundamental characteristics of
APG TBLs, in which the statistical quantities and the behaviour of the different
scales are analysed; in the second part the ability to reach simulations of APG
TBLs at higher Reynolds numbers is assessed by using the adaptive mesh
refinement method recently implemented in Nek5000; and lastly, aeroacoustic
characteristics of the APG TBLs are studied by applying the SPOD and resolvent
analyses to databases of APG TBLs.

In the first part of this thesis two well-resolved LESs of a NACA4412 and
NACA0012 are presented. These are run with the spectral-element code Nek5000
at a moderate Re. Both wing sections show considerably different adverse
pressure gradients, a fact that allows to study both local and accumulated
effects of the APG. The analysis of these effects is performed by the study of
the statistical data extracted from the simulations together with the assessment
of the power-spectral densities in which the ranges of energetic turbulent scales
are shown. The statistical analysis provides relevant information in terms of the
streamwise mean velocity profiles and the velocity fluctuations, in which features
related to APG TBLs previously introduced in the literature were identified and
extended. The power-spectral density analysis reveals new findings regarding
physics in the outer region of APG TBLs. Within these conclusions, it is
observed that the APG induces a wall-normal displacement of the scales near
the wall and that the energising mechanisms of the APG are different to those
of high Re.

In the second part the implementation of the adaptive mesh refinement
method (which includes the use of a non-conformal mesh) in Nek5000 is used
for the first time in the simulation of a wing section. The case considered
for this analysis is the flow around a NACA4412 at 5◦ angle of attack and
Rec = 200, 000. The mesh characteristics, computational domain and results
are compared to one of the cases by Atzori et al. (2018) in which the same case
is simulated with a conformal mesh. As result of using the AMR method, and
therefore the non-conformal mesh, several advantages are observed. First, the
computational domain of the non-conformal mesh can be considerably larger
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that in the case of the conformal mesh, enabling to set the boundary conditions
without depending on a RANS simulation and avoiding over-resolving and
high-aspect ratio elements in the far field. This improves the code performance
by reducing the number of pressure iterations that appear due to the elongated
elements. This is the result of a higher mesh flexibility which allows to reduce
almost 3 times the number of grid points required to simulate with the same
resolution as in the conformal mesh. The results show very good agreement
except for some discrepancies in some of the quantities under study, therefore
further work on the assessment of these discrepancies is required.

Lastly, an aeroacoustic analysis of the wavepackets characteristic of APG
TBLs is carried out. This is done on the database of the NACA4412 DNS by
Hosseini et al. (2016) and the NACA0012 LES presented in Paper 1. Within
this work, the spectral proper orthogonal decomposition is used to post-process
the data from the simulations and obtain the leading modes of the turbulent
boundary layer. The resultant leading mode is compared to the result obtained
from the resolvent analysis, a low-order model based on the linearisation of the
Navier–Stokes equations. This comparison shows good agreement between both
methods for both sides of the wing sections when far away from the trailing
edge, whereas more significant discrepancies appear near the trailing edge.

In future work the study of APG TBLs should be extended to higher
Re to slowly reach well-resolved simulations of industry relevant cases. The
analysis of the AMR method in Nek5000 has proved that it is a very valuable
implementation in the code, improving performance of the simulation and
reducing the total number of elements required to reach a specific resolution
near the wall. Therefore, the first step in future work should be to further assess
the AMR by studying the few discrepancies obtained in Paper 2 between both
conformal and non-conformal meshes, and by studying optimum setups of this
method in Nek5000. Afterwards, the simulation at higher Re could be started
by aiming to reach a well-resolved LES of a NACA4412 at Rec = 1, 640, 000, to
be compared with the experiment by Wadcock (1987), together with statistical
and spectral analyses in order to determine the effect of APG with increasing
Reynolds number.
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Summary of the papers

Paper 1

Effect of adverse pressure gradients on turbulent wing boundary layers

This paper presents an in-depth analysis of the effect of adverse pressure
gradient on turbulent boundary layers. Well-resolved large-eddy simulations are
performed for two wing sections exhibiting considerably different pressure profiles
at a Reynolds number of 400,000. The data obtained from these simulations
is further studied through statistics and power-spectral density analyses, and
compared with an existing database of an LES of a zero-pressure-gradient
turbulent boundary layer.

The turbulence statistics show that the adverse pressure gradient has a
significant effect on the mean velocity, velocity fluctuations and turbulent kinetic
energy budgets, and confirms that the flow history has a noticeable effect on the
turbulent boundary layer. In addition, the behaviour of the different scales of the
turbulent flow is analysed through the computation of power-spectral densities,
which show significant differences in the outer-region energising mechanisms of
high Reynolds number and adverse pressure gradient.

Paper 2

Enabling adaptive mesh refinement for spectral-element simulations of turbulence
around wing sections

This paper presents the first well-resolved large-eddy simulation of the turbulent
boundary layer on a 3D wing section using the adaptive mesh refinement method
in Nek5000. A short introduction to the method implementation is included
followed by the description of the simulated case and assessment of the results.

The analysis of the performance of the method reveals several advantages
of using the adaptive mesh refinement, which uses a non-conformal mesh, over
the conformal mesh. The results show that the non-conformal mesh exhibits a
higher resolution near the wall using almost 3 times less grid points than the
conformal mesh. In addition, the method allows to design a larger computational
domain which removes the dependence on RANS simulations to set the boundary
conditions as it was required when using the conformal mesh. Lastly, the analysis
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of selected statistical and integral quantities shows a good agreement in both
cases.

Paper 3

Wavepackets in turbulent flows around airfoils

This paper presents an analysis of coherent structures in the turbulent boundary
layers over wings. The analysis is carried out using the spectral proper orthogonal
decomposition with which the dominant coherent structures in the flow are
extracted. This is later compared with the results from the resolvent analysis, a
reduced-order model based on the linearisation of the Navier–Stokes equations.

The results show that the leading modes obtained through the spectral
proper orthogonal decomposition can be associated to optimal linearised flow
responses at low-to-moderate APGs.

Paper 4

Turbulence statistics in a spectral-element code: a toolbox for high-fidelity simu-
lations

This paper presents the toolbox developed for the spectral-element code Nek5000
to compute turbulence statistics. The description of the turbulence statistics
toolbox is started by describing a small test case followed by a summary of the
folders and files that form the toolbox. Additionally, a brief description of the
employed subroutines is presented together with a summary of the turbulence
statistics computed by the toolbox and the description of the user-defined
parameters.


