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Summary
This thesis presents work conducted within the field of aero-elasticity of wind turbines
in atmospheric wind flow. This involves investigation of the complex and chaotic
turbulent flows in the lower atmosphere along with the structural response of the wind
turbines. To do so, fluid-structure interaction (FSI) simulations are conducted, which
combine high fidelity flow modelling through computational fluid dynamics (CFD)
with structural response modelling to capture the coupled effects between wind and
structure. This method becomes increasingly relevant for wind turbines, as these are
continuously being designed larger and more flexible than ever before. This means
that the aero-elastic stability of the blades becomes essential to consider, and that
current engineering aerodynamic models are used outside the validated envelop.

In order to enable these FSI simulations, various existing CFD capabilities are
combined to consider both relative motion of the rotor and surroundings along with
blade flexibility, through the overset grid method and the FSI coupling respectively.
The overset method has further been enhanced with a tighter coupling between over-
lapping grids, through coupling of pressure gradients. Finally, to consider realistic
atmospheric flow, a hybrid turbulence model have been developed and tested, enabling
the capabilities of simulating turbulent flow in a large range of scales; from the small
blade boundary layer scales to the large turbulent scales of the atmospheric boundary
layer (ABL).

As initial steps, the individual capabilities have been validated before being
combined in more complex studies.

The FSI framework is first validated by simulations of an experimental blade test
of a relatively short wind turbine blade of ≈14m length, conducted in the experimental
test facility of the Technical University of Denmark. The study shows excellent
agreement between simulations and measurements, and finds that the confinement of
the test facility floor and walls has insignificant effects on the aerodynamics during
the test. The study likewise calibrates proper values of blade section drag coefficients,
which are needed as inputs to the engineering models, often used for fatigue test
planning, and are underestimated in current models.

Further, three studies are conducted of a 2.3 MW wind turbine rotor with ≈40m
blades, placed within the ABL, with experimental measurements available for valida-
tion. First, a validation study of the CFD method is conducted with the rotor present
in sheared laminar wind flow including tilt and extreme yaw error. It is found that the
CFD solver and chosen methods capture well the loading of the rotor, and important
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setup considerations and corrections needed for subsequent studies are identified.
After independent validations of both FSI framework and CFD setup and methods,

confidence is gained in the capabilities. More complex simulations combining the two
are therefore conducted to study the aero-elastic effects of wind turbines in complex
atmospheric flow.

Here, FSI simulations including flexibility of the rotor, in the formerly treated
complex flow scenarios are conducted with an improved CFD setup. This, along with
lower-fidelity aero-elastic simulations using the simpler blade element momentum
(BEM) aerodynamics to clarify the differences seen between FSI and the less costly
engineering models. The importance of good airfoil data and corrections for the
engineering model is clarified, as the BEM based simulations do not capture well the
loads due to early stall predictions. The stall is not found in neither measurements nor
FSI simulations, which agree well. The impact of considering the flexibility is small
for the specific relatively stiff rotor, seen in both loading and resulting flow wakes
behind the rotor computed in the FSI simulations.

Finally, another step on the ladder of complexity is taken, as inflow turbulence is
added to the simulations, using the novel turbulence model developed. Here, a large
eddy simulation (LES) model developed for atmospheric flows is combined with the
improved delayed detached eddy simulation (IDDES) model for the separated flow,
e.g in the rotor wake. This model enables geometrically resolved simulations of wind
turbines inside the atmospheric flow, without an excessive need of grid resolution
near the rotor surface. A neutrally stratified turbulent flow is simulated with and
without the rotor present in the flow. For rotor calculations, cases with and without
flexibility of the blades are simulated to investigate the aeroelastic effects. A large load
dependency is found on the incoming turbulence, whereas flexibility of this specific
rotor shows little effect, due to its relatively stiff design, as seen in the aforementioned
study as well. The developed hybrid turbulence model does not yield significantly
different results than the well established IDDES model, but is expected to do so for
more complex flows and/or larger flow domains. Future studies are, however, needed
to explore this.

In general, this project investigates and demonstrates methods of various complex-
ities for the study of wind turbines in ABL flow conditions. This, from the efficient
BEM based methods to the high fidelity FSI simulations using the overset mesh
method and including turbulent ABL flow modelling. The findings lead the way of
future investigations of modern wind turbine designs, with blades of more than 100m,
for which accurate consideration of flexibility and the ABL will be of high importance.
These high fidelity studies can give new insights in the complex aero-elastic phenomena
which can occur between wind and structure, and in the worst case lead to instabilities
with fatal structural consequences. Likewise, simulations will be necessary in order of
aiding the development of the efficient engineering models used in industry, which are
reaching their limits as shown in the conducted studies. To do this, FSI simulations
are convenient, as experimental data are rarely available in the large scales considered.



Resumé
Denne afhandling præsenterer studier omhandlende aeroelasticitet via fluid-struktur
interaktion-metoden (FSI) med fokus på simuleringer af vindmøller i atmosfærisk
vindflow. Disse simuleringer kombinerer kompleks flow-modellering via computational
fluid dynamics (CFD) med modellering af det strukturelle respons for at undersøge
den koblede effekt mellem møllens bevægelse og vindlasten. Relevansen af sådanne
metoder stiger i takt med at vindmøller bliver designet større og mere fleksible
end nogensinde. Dette betyder, at vindmøllevingernes aeroelastiske stabilitet bliver
kritisk at beregne nøjagtigt for at undgå fatale instabilitets-kollaps. Desuden bruges
eksisterende ingeniør-modeller i dag til design-tilfælde der ligger på grænsen eller uden
for deres validerede områder, og derfor kræves rekalibreringer, korrektioner eller helt
nye modeller til fremtidens kæmpe vindmøller.

For at muliggøre disse FSI simuleringer er eksisterende CFD-funktioner i projektet
blevet kombineret for at kunne inkludere både relativ bevægelse mellem mølle og
omgivelserne, vha. en overset grid-metode, samt inklusion af vingefleksibilitet via
FSI-koblingen. Overset grid-metoden er i denne forbindelse blevet videreudviklet
for at skabe en strammere kobling mellem overlappende beregningsnet gennem tryk-
gradienterne. Slutteligt er en hybrid turbulensmodel blevet udviklet for at kunne
modellere det store spænd af relevante turbulensskalaer. Disse skalaer går helt fra
mikroskopiske skalaer i vingens grænselag op til store skalaer i atmosfærens grænselag.

Indledende er de individuelle funktioner blevet valideret før de er blevet kombineret
i mere komplekse studier.

Som et første studie er FSI-koblingen blevet valideret vha. simuleringer af en
eksperimentel vingetest af en relativt kort vindmøllevinge på 14m i DTUs testlabora-
torie. Studiet viser glimrende sammenlignelighed mellem simuleringer og målinger,
og viser samtidig, at den omsluttethed der dannes af gulv og vægge i testlaboratoriet
ingen betydelig indvirkning har på aerodynamikken under testen. Ydermere giver
studiet mulighed for kalibrering af de såkaldte kræft-koefficienter, der benyttes af
ingeniør-modellerne under planlægning af udmattelses-tests, som ellers undervurderes
i eksisterende modeller.

Efterfølgende er tre studier blevet udført omhandlende en 2.3MW vindmølle-rotor
med ≈40m vinger, placeret i det atmosfæriske grænselag, med eksperimentelle målinger
tilgængelige til validering. Studierne stiger løbende i kompleksitet, med første studie
omhandlende CFD af rotoren placeret i skævt påvirkende inflow grundet tilt og yaw,
samt jordoverfladens friktionspåvirkning på vinden, shear. Studiet viser at CFD-
koden beregner belastningen af rotoren i en tilfredsstillende grad, og identificerer
yderligere nødvendige setup-overvejelser til optimering af de efterfølgende studier.
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Efter uafhængig validering af både FSI-kobling og CFD-metode kombineres metoderne
i de næste to studier for at undersøge de mere komplekse aeroelastiske fænomener
forbundet med vindmøller i atmosfæriske strømninger. For at undersøge dette, er den
førnævnte vindmølle-rotor i de samme komplekse flow-situationer blevet simuleret,
men denne gang med vingefleksibiliteten inkluderet via FSI-koblingen samt med et
forbedret CFD-setup. Samtidig er simuleringer af samme situationer udført med
den simplere men markant hurtigere blade element momentum (BEM) metode til
aerodynamiske laster, som i stor stil benyttes i industrien. Studiet understreger
vigtigheden af gode vingeprofils-data og korrektions-modeller til ingeniør-modellerne,
da de BEM-baserede simuleringer ikke i tilstrækkelig grad beregner vingelasterne i
de komplekse flow-situationer. Dette sker da ingeniør-modellen forudsiger vinge-stall
i situationer, hvor hverken FSI-simuleringer eller målinger viser tilsvarende. Disse
matcher til gengæld hinanden godt. Inklusionen af vinge-fleksibilitet viser sig at være
af lav betydning for den relativt stive vindmølle-rotor, hvilket ses i både belastning
samt i den resulterende kølvands-strømning beregnet i FSI-simuleringerne.

I det sidste studie tages endnu et skridt op at kompleksitets-stigen, da turbulens i
inflowet medregnes i simuleringerne via den nyudviklede turbulensmodel. Her blandes
en såkaldt large eddy simulation-model (LES), udviklet til at beregne atmosfæriske
strømninger, med en improved delayed detached eddy simulation-model (IDDES),
beregnet til separeret flow, f.eks. i rotorens kølvand. Den blandede turbulensmodel
giver mulighed for at simulere geometrisk opløste vindmøller i atmosfærisk flow uden at
behøve overdreven opløsning af beregningsnettet tæt på møllens overflade. Et neutralt
stratificeret flow-tilfælde er simuleret med og uden vindmøllen placeret i flowet. I
vindmølle-simuleringerne er aeroelasticiteten undersøgt ved simuleringer med og uden
vingefleksibilitet. Studiet viser, at møllelasterne er meget afhængige af den indkom-
mende turbulens, hvorimod fleksibiliteten af vingerne igen ikke er af stor betydning
grundet det relativt stive vindmølledesign. Den udviklede turbulensmodel sammen-
lignes med den rene IDDES model, og viser ikke betydelige ændringer i det beregnede
flow. Det forventes dog at forskelle vil opstå ved mere komplekse stratifikations-tilfælde
samt for større beregningsdomæner. Dette kræver dog opfølgende studier at påvise.

Alt i alt undersøger og demonstrerer dette projekt metoder af forskellig kompleksitet
til studier af vindmøller i atmosfæriske flow-forhold; fra den effektive BEM metode
op til komplekse FSI-simuleringer med overset grid-metode og turbulent atmosfærisk
vindflow. Metoderne og erfaringerne kan bruges til fremtidige studier af store fleksible
vindmølle-designs, med over 100m lange vinger, hvor vinge-fleksibiliteten samt det
varierende flow i atmosfærens grænselag er essentielle at beregne med høj nøjagtighed.
Disse simuleringer kan give ny indsigt i de komplekse aeroelastiske fænomener, der
kan opstå mellem vind og struktur, såsom instabiliteter med alvorlige strukturelle
konsekvenser. Ligeledes vil de være nødvendige for at udvikle nye ingeniør-modeller
samt kalibrere de eksisterende, der nærmer sig deres gældende grænser som vist i disse
studier. Til dette er FSI-simuleringer en oplagt mulighed, da nødvendig eksperimentel
data i store skalaer sjældent er tilgængelige.
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CHAPTER 1
Introduction

1.1 Motivation
In order to enable the green energy transition, wind energy continuously grows in
popularity around the world. This is a result of many years of engineering development
and research leading to wind turbines now being cost efficient compared to the
competing technologies. Still, there is a continuous desire of optimizing wind turbines
to become even more efficient. One way of increasing the power output of wind
turbines is simply to increase the rotor size to cover more area, thereby extracting
more kinetic energy from the wind. However, "simply" increasing the sizes of turbines
is no simple task at all. Along with size of the turbine, the load area and especially
the total mass rapidly increase as well. This introduces infeasible aerodynamic and
gravitational loads on the wind turbine structure and foundations. For this reason,
much research is done in optimizing rotor designs to more slender and efficient designs,
that create more power with limited increases in loads and mass. This results in blades
becoming more flexible producing aero-elastic difficulties that need consideration in
the design process. Current blade designs have already exceeded 100m blade lengths,
and future concepts show continuously longer blades, e.g. the academic IEA 15MW
reference turbine [1] with almost 120m blades.

When designing the future wind turbines, industry widely uses aero-elastic codes
to simulate load cases defined in e.g. the IEC 61400 standard [2], considering various
wind and turbine conditions. In these aero-elastic codes, the aerodynamics are often
based on blade element momentum (BEM) theory [3]; an efficient way of calculating
loads on the turbine blades based on prescribed airfoil data and wind conditions.
Aero-elastic codes include the coupling of structural response of the wind turbines and
the aerodynamic loading. This happens by considering the change of loads happening
because of the structural response changing the relative wind speed and angle of attack.
However, for some design load cases, the current BEM based aerodynamics models
are known to be insufficient for accurate simulations. One limitation is for instance
that the BEM methods cannot simulate the unsteadiness of static stall when the flow
separates from the blades, which can be critical especially in the stand still operation.
Likewise, three dimensional flow effects and delays of the boundary layer response are
not captured by the quasi-steady BEM method, which is therefore corrected using
various empirical engineering models.
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The needs of corrections increase along with the increasing sizes of the wind
turbines. This is seen on e.g. the reduced frequencies along the blade, k = fc/(2Vrel),
with f being the considered frequency, c the chord length and Vrel the relative velocity.
The reduced frequency determines the type of response of the boundary layer. Low
reduced frequencies (k < 0.05) allow time for the boundary layer to respond in a quasi-
steady manner (like uncorrected BEM), whereas high reduced frequencies (k > 0.2)
introduce strong unsteady aerodynamic effects [4, 5]. With high reduced frequency,
the delay between instantaneous events (turbulent gusts, sudden pitching/heaving
etc.) and the resulting flow reaction needs to be considered, as it does not happen
instantaneously as assumed in quasi-steady aerodynamics like BEM.

Figure 1.1 presents the reduced frequency for three representative wind turbine
blades of increasing size, with the frequency f being 1 or 3 times per blade revolution.
As seen, the increasing chord length in the inner part of the DTU 10MW rotor [6] is not
equalized by an increase of the relative velocity seen by the blade sections, increasing
the reduced frequency into the unsteady aerodynamics domain. This correlation will
likely be even higher for future larger wind turbines.

Figure 1.1: Reduced frequencies along blade ω = fc/(2Vrel). f= 1/rev (dashed lines)
and f=3/rev (solid lines). Turbines being DTU 10MW [6], NREL 5MW
[7] and WINDPACT 1.5MW [8]. Adapted, with permission, from [4].

This effect is especially important for the increasingly flexible blades, which are
more vulnerable to the fluctuating forces created by the flow instabilities. Here, the
unsteady forcing might interact with the structure, creating aero-elastic instability
such as vortex induced vibrations or flutter. Underestimations of stability issues could
turn out fatal, and overestimations, on the other hand, will demand unnecessary stiff
designs increasing the weight and cost of the turbine.

To resolve the accuracy problems of BEM based aero-elasticity simulations, the
blade resolved computational fluid dynamics (CFD) method offers an obvious alterna-
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tive to the engineering aerodynamics; especially considering continuously increasing
computational power available.

In addition to this, fluid-structure interaction (FSI) simulations become increas-
ingly relevant in wind energy applications. Here, the coupled and highly complex
aerodynamics along with structural responses are simulated. This, using the high
fidelity methods CFD and computational structural dynamics (CSD). Combining these
highly accurate aerodynamics calculations with structural codes creates accurate and
physically realistic wind response predictions, which can assist in the design process.
Coupling of structural codes for wind turbines with accurate CFD codes is, however,
not widely used in the wind turbine industry, because of the massive computational
costs and need of code development [9]. Hence, one goal of the field of FSI is to assist
in improving existing and developing new engineering models, which are much more
computationally efficient.

Another aspect that needs increased consideration, when enlarging wind turbines,
is the flow conditions in the atmospheric boundary layer (ABL). As larger areas are
swept by the rotor, the blades will undergo a large variety of flow speeds due to shear
and the turbulent structures passing. These turbulent fluctuations and gusts are
important to consider, especially when having large flexible blades. To accurately
predict this type of flow, considering both turbulent fluctuations and sheared and
veered wind profiles, CFD offers various methods which supersede the BEM based
approaches which rely on engineering models and synthetic turbulence generators.
This comes with a cost in computational power, depending on the fidelity of flow
desired. For the current high fidelity ABL simulations conducted, such as large eddy
simulations (LES), the computational cost is anywhere from negligible. For this
reason, hybrid methods, which capture important physics requiring the least possible
computational resources, are desirable.

As of today, the field of FSI on wind turbines is still fairly young, and much
research has yet not been conducted extensively on complex flow scenarios, like the
turbulent ABL flow.

1.2 Objective and outline
The objective of this specific project was to investigate aero-elastic effects of wind
turbines in complex atmospheric flow conditions by fluid-structure interaction simu-
lations. In order of doing so, the CFD solver EllipSys3D has been used along with
the aero-elastic code HAWC2 and the FSI framework DTU coupling. These are all
developed at DTU Wind Energy.

Existing methods and models of the CFD solver were combined to simultaneously
use the FSI coupling with the overset grid method and atmospheric turbulence
modelling. For the latter, developments were needed to enable simulations of realistic
atmospheric flow through large eddy simulations (LES), including geometrically
resolved wind turbines. This was made possible by blending the LES model with a
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less costly detached eddy simulation (DES) model near the geometry. This allows
for simulations of a large range of turbulent scales, without the need of resolving the
smallest scales near the rotor surface, by use of the DES model.

In order to succeed in the overall objective of the study, the following project
milestones were set:

• Perform validation of existing CFD solver for atmospheric flows using the overset
grid method.

• Perform validation of existing FSI framework.

• Develop a turbulence model to enable simultaneous modelling of large scale
atmospheric flow to small scale boundary layer flow.

• Investigate aero-elastic behaviour of wind turbines operating in atmospheric
flows through FSI simulations.

The thesis is divided in two parts. First, a synopsis explaining the background of
the field, the involved computational codes and the developed methods. Secondly, the
conducted studies are presented through a series of scientific publications.

Part I - Synopsis

• Chapter 1: Present introduction to motivation and thesis outline.

• Chapter 2: Brief introduction to state of the art in numerical simulations of
wind turbines in atmospheric flow, fluid-structure interaction for wind turbines
and finally the combination of the two aspects.

• Chapter 3: Introduction to the computational solvers involved in the conducted
studies.

• Chapter 4: Descriptions of code developments conducted in this project.

• Chapter 5: Summaries of the studies conducted and documented in articles
throughout this project, also presented in Part II.

• Chapter 6: Concluding remarks and outlook.

Part II - Conducted studies
In the second part, articles written in relation to the conducted studies are presented.
These studies focus on the aspects; fluid-structure interaction, wind turbines influenced
by atmospheric flows and the combination of the two.
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The following articles were written, all with the author of this thesis as main
author:

• Article 1
C. Grinderslev, F. Belloni, S. G. Horcas and N. N. Sørensen, Investigations
of aerodynamic drag forces during structural blade testing using high-fidelity
fluid-structure interaction. Wind Energy Science, vol 5, pp. 543-560, 2020.

• Article 2
C. Grinderslev, G. Vijayakumar, S. Ananthan, N. N. Sørensen, F. Zahle and M.
A. Sprague, Validation of blade-resolved computational dynamics for a MW-scale
turbine rotor in atmospheric flow Journal of Physics: Conference Series, vol
1618, p. 052049, 2020, TORQUE 2020.

• Article 3
C. Grinderslev, S. G. Horcas and N. N. Sørensen, Fluid-structure interaction
simulations of a wind turbine rotor in complex flows, validated through field
experiments Wind Energy (undergoing review, submitted July, 2020).

• Article 4
C. Grinderslev, N. N. Sørensen, S. G. Horcas, N. Troldborg and F. Zahle, Wind
turbines in atmospheric flow - FSI simulations with hybrid LES-IDDES turbu-
lence modelling Wind Energy Science (undergoing review, submitted November,
2020).

1.3 Project process
This project has been conducted under the Danish requirements of PhD studies. By
this, the project has been conducted over three years, and has besides the presented
research consisted of courses (30 ECTS), external project work, dissemination and an
external research stay.

During this project, courses have been taken at the Technical University of Denmark
(DTU), the University of Southern Denmark (SDU) and at the von Karman Institute
(VKI).

The work of the project has been disseminated through oral conference presentations
at:

• EAWE PhD Seminar, September 18-20 2018, Brussels, Belgium

• WES Conference, June 17-20 2019, Cork, Ireland

• TORQUE Conference, Sept. 28 - Oct. 2 2020, Online

An external research stay was completed for four months at the National Renewable
Energy Laboratory (NREL), more particularly at the National Wind Technology
Center (NWTC), Colorado, USA. Here, a successful collaborative study was conducted,
ending in an article (Article 2) and conference presentation (TORQUE 2020).
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CHAPTER 2
Background

To study the coupled aero-elastic effects between wind turbines and the atmospheric
flow, knowledge is needed first about the separate contributing aspects. In this chapter,
the state of the art will be briefly described, focusing on simulations of wind turbines
within the atmospheric boundary layer, along with aero-elastic modelling of wind
turbines using fluid-structure interaction. Finally, studies involving both concepts are
presented showing the current research state of which this projects builds on.

2.1 Wind turbines in the atmospheric
boundary layer

To model physically realistic flow conditions for wind turbines, it is necessary to
consider the effect of the atmospheric boundary layer (ABL), where non-uniform
unsteady flow results in unsteady loading of the turbine. The ABL is defined as the
part of the atmosphere where wind flow is influenced by the roughness of the Earth’s
surface. More specifically, the lower part of the ABL (≈10% of the ABL height),
known as the atmospheric surface layer (ASL), is often studied, as this is where wind
turbines (at least the smaller ones) often operate. The ASL is defined as the region
where heat fluxes and vertical momentum are close to constant. Here, ground friction
is the main contributor to turbulence in the flow. For large modern turbines, the
majority of the rotor will at times operate in the area above the ASL, meaning that
considering the entire ABL height becomes necessary for accurate simulations.

The size and characteristics of the ABL varies during the day, due to temperature
variations. The size of the ABL can be up to ≈1-2 km at daytime and down to ≈300
m at nighttime [10].

During the day, the sun heats up the Earth’s surface, which heats up the surround-
ing air. This creates buoyant plumes of air near the ground which rise up vertically
and mixes with the above-lying air. This is known as unstable stratification. The
large mixing of the layers during unstable stratification lead to a low shear, meaning
that only a slow increase of wind speed is seen vertically (resulting in the high ABL).
In this period, the intensity of turbulence is usually highest.

During the evening and night, a stable stratification is present, where the Earth’s
surface starts extracting heat from the air instead of providing it. This leads to
negative buoyancy making the air move downwards. In this period, turbulence is
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dampened while the effect of ground friction increases, and high vertical gradients of
wind speed and temperature are seen.

In between the stable and unstable periods, a period appears where mainly wind
shear affects the turbulence. This is known as neutral stratification. This period is
simpler to model, as buoyancy is negligible and temperature modelling can be omitted.
The basic engineering power law and log law wind profiles are for instance based
on neutral stratification. For this reason, the neutral boundary layer is often cho-
sen for ABL simulations which are not directly studying the stratification phenomenon.

2.1.1 Modelling the ABL
To simulate the ABL flow conditions in CFD, various methods are available depending
on the desired fidelity. A wind profile affected by shear forces can be simulated in
many ways. A simple method is to just define an engineering wind profile (log law and
power law) at the inlet of the CFD domain and use a slip wall condition as ground
boundary condition, to limit the development of the profile through the domain. This
method is not maintaining the profile as to why it is not suitable for long domains,
where the flow will develop, but it can be sufficient for simulations of shorter domains
containing one turbine as done in [11].

Alternatively, a wall-model can be used which forces the flow in the first cell
adjacent to the ground to fit the desired wind profile. By this, the wind profile is
developed during the simulation. Finally, one can use a no-slip boundary condition
and refine the grid close to the wall such that the shear profile is resolved, in the same
way as is done near the wind rotor surface when doing blade resolved simulations.
This last approach is naturally computationally heavy compared to using a wall model
or input profile, as roughness of the surface will need to be resolved, which is not
realistic in large ABL simulations.
If a steady ABL flow is considered, e.g. a sheared wind profile without turbulent

fluctuations, Reynolds averaged Navier Stokes (RANS) turbulence models are popular
choices, as these require little computational effort, at least relatively in the world of
CFD. These models resolve no scales of turbulence, but instead model the averaged
effect of the turbulence, see Section 3.3.1. Large scale unsteadiness can be considered
by ensemble averaging (URANS), to capture for instance the azimuthal variation of
loading on a turbine blade. The RANS and URANS methods are appropriate for
calculating average effects of e.g. wake deficits [12], annual energy production (AEP)
calculations and mean loads on the turbine [11]. Many different RANS turbulence
models are, and have been, developed to include more physics of the ABL such as
fitting the Monin–Obukhov similarity theory (MOST)[13] describing the effect of
stratification to the wind profile. Examples of successful uses of RANS for ABL
modelling are the works of Van der Laan et al; [14, 15, 16]

If turbulent fluctuations in the flow are of interest, more computationally demand-
ing turbulence models are needed. For high Reynolds numbers, direct numerical
simulation (DNS), which resolve all turbulent scales, as depicted in Figure 2.1, is not
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Figure 2.1: Sketch of kinetic energy spectrum of turbulence. Turbulence models and
their resolved/modelled range of wave-number, k depicted with dotted
lines.

computationally feasible, as to why a compromise is needed. Here, large eddy simula-
tions (LES) are growing popular, as this method resolves the dominant anisotropic
turbulent scales, and models the smaller more isotropic scales. Pioneers in LES of
atmospheric flows, were Deardorff [17, 18] and Moeng [19, 20], whose models from the
70s and 80s are still used and further developed on today in many research groups.
The reader is referred to Section 3.3.2 for more details about these topics.

In wind energy, LES can be used for various purposes, for instance resource
assessment [21], where the flow through a complex terrain of a specific site can be
simulated and used for optimal placing of wind turbines.

Turbine wakes and wind farm analyses can be investigated using LES with turbines
being represented as actuator discs (AD) or lines (AL) [22, 23]. Here, the turbines
are represented through body forces in the simulations to account for their impact
on the flow. The body forces are found by the flow angle and prescribed airfoil data,
similar to the BEM method. AD/AL methods are efficient in term of grid resolution
as the rotor does not need to be geometrically resolved, but is instead represented
within the grid by smearing the body forces to resemble the turbine disk or blade
lines. This makes it possible to simulate the ABL flow using LES while considering
the turbine(s) as done in [24, 25, 26, 27, 28]. Drawbacks of this method are, however,
that the rotor boundary layer and tip vortices are not properly modelled. For this,
more computationally heavy geometrically resolved simulations are needed.

The computational resources required to conduct pure LES simulations with
resolved turbine geometry, meaning that very small scales need to be resolved, are still
too high. For blade resolved CFD with turbulent inflow, yet another compromise is
therefore needed to reduce the cost. Examples of this are Detached Eddy Simulations
(DES)[29, 30, 31] and variations/corrections of this [32, 33, 34, 35, 36], where a URANS
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model is transformed into a LES model in the relevant zones (e.g. incoming turbulence
and separated flow region) in order to resolve the relevant turbulence scales. URANS
is then used for modelling the small scales near the surface, where the resolution
needed for LES is too high. The DES models were initially developed for improving
the prediction of flow separation and resolving the turbulent wakes, but the models
are also applicable for imposed inflow turbulence. Examples of using DES models for
blade resolved wind turbines in turbulent inflow are [37, 38].

Another hybrid method used for modelling blade resolved turbines inside a LES
modelled ASL, is presented by Vijayakumar in [39]. Here, an atmospheric LES model
is used to model the flow in the domain, where the turbulent flow is produced through
roughness and buoyancy. Near the rotor, in a prescribed distance from the rotor
surface, a URANS zone is defined. Between the two zones, the turbulent features
are blended together. A similar method will be studied further in the present thesis,
see Chapter 4 Section 4.2. The mentioned turbulence models implemented in the
EllipSys3D code are described in Chapter 3 Section 3.3.

Inflow turbulence
Different approaches of imposing turbulent inflow to a simulation are possible. The
choice of method is based on the need of control of the inflow and the objective of the
study.

A popular method is synthetic turbulence modelling, where turbulent fluctuations
are pre-calculated and imposed to the CFD simulation added to a uniform or an
analytically expressed inflow profile using the power or log law. The synthetic
turbulence simulations are often based on spectral tensors such as the Mann model
[40] and the Veers Model [41], as these engineering models include the correlation
between the turbulence in all directions and are efficiently computed. These methods
are also popular choices for BEM based simulations, as they can be used for inputs
in aero-elastic codes as well. By using a Mann turbulence simulator, a discretized
box snapshot of a 3D turbulence field is created. By assuming Taylor’s hypothesis
of frozen turbulence [42], each cross plane of the box is then passed as inflow planes
imposed to the simulation inlet. Using a LES or DES turbulence model then allows
the turbulence to be convected through the computational domain. One problem
using this approach is that the imposed turbulence is not in balance with the CFD
simulation, meaning that a development of the turbulence is unavoidable. Along with
this, the imposed turbulence will decay over the CFD domain if no source of turbulence
(e.g. shear) is applied. This can be handled by scaling up the inlet turbulence such
that the inflow decays to the required turbulence level at the targeted location, as
done in [43]. Troldborg et al. [44] applied synthetic turbulence and shear in a neutral
stratification based on the immersed boundary technique, where artificial body forces
are applied to the interior cells to force the required turbulent wind field. One major
advantage of this method, is that the actual turbulence forcing can be applied to the
cells close upstream of the location of interest, on top of the induction field present in
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Figure 2.2: Example of synthetic turbulence planes imposed using immersed boundary
technique. Visualization of velocity magnitude.

the simulation, as presented in Figure 2.2. This avoids the need of high grid resolution
between the inlet and the region of interest, along with reducing the turbulent decay.
In [44], the synthetic turbulence was modelled using the Mann model, but fed to the
domain in a limited cross section placed close to the modelled rotor. The method
was shown to yield good results, if the shear of the CFD simulation was adequately
close to the shear assumed in the synthetic turbulence simulator. This requirement is
necessary as the turbulence created using the Mann turbulence simulator is not in
equilibrium with the shear of the domain, leading to discrepancies as the wind field is
convected downstream. The synthetic turbulence models, like the Mann method, are
based on neutral stratification, meaning that they are not suitable for simulations of
stable/unstable stratification including buoyancy effects.

An alternative method of obtaining turbulence in a more physical way is by running
a so-called precursor simulation as done in e.g. [45] and also in [44] for comparison
with the aforementioned synthetic turbulence method. Here, the turbulence is directly
generated by LES simulations of wind flow over the desired domain using wall models
with given roughness (and possibly temperature), and periodic boundaries recycling
the flow until a fully turbulent and sheared wind flow is developed and recorded.
This creates a turbulence box made specifically for the considered CFD setup, which
can include influence of buoyancy if desired. This gives some requirements to the
domain sizes to represent the dominant scales, without these structures reaching from
boundary to boundary.
The turbulent field is then, similarly as the synthetic turbulence box, used as an
input wind flow in a new simulations including the studied wind turbine, imposed as
actuator disc/lines. See Figure 2.3 for precursor to successor concept. Contrary to the
aforementioned synthetic method, this turbulence is made for the specific roughness,
domain and grid, thereby being in equilibrium. This method is, however, much more
expensive compared to synthetic turbulence, as multiple cycles need to be simulated
using expensive LES calculations before obtaining equilibrium.
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Figure 2.3: Concept of precursor simulation turbulence sampled and used for successor
simulation. Color visualization showing velocity magnitude. (From Article
4).

2.2 Fluid-structure interaction in wind
energy

In the present document, fluid-structure interaction (FSI) is referred to as high fidelity
simulations of the interactively coupled effects between a structure and its surrounding
fluids. FSI is relevant in various fields, where structures and fluids interact and
the fluid-elastics are of interest to simulate accurately. In the field of aeronautics,
aero-elastic phenomena is naturally of high interest, as flexible aircraft wings can
undergo fatal flutter if not considered in the design. For nuclear energy, the fluid-elastic
interactions between water, steam and for instance the boiling water reactor and/or
the internal rods are of high interest as only little tolerance in motion is accepted.
In civil engineering, aero-elastics are important for some types of structures such as
slender chimneys, towers, pipes and long span bridges, where aero-elastic instabilities
might occur. This was seen when the Tacoma Narrows bridge collapsed in 1940 due
to flutter and in various other less dramatic cases with oscillating structures. In
the offshore industry, hydro-elastic interaction between waves and structures are of
interest, such as oil rigs, floating platforms and wave energy plants to name a few.
Finally, researchers in the field of bio-mechanics show the diversity of FSI applications
by, for instance, simulating the coupled interactions between blood flow and flexible
vanes and heart valves.

In the field of wind energy, FSI is gaining interest as the flexibility of wind turbine
blades increase, introducing the need of accurate high fidelity simulations. Most BEM
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based aero-elasticity codes include the structural dynamics and their effect on the
relative wind seen by the turbine. However, these codes cannot model flow phenomena
like stall separation, tip vortices and vortex-induced vibrations (VIV), since vortices
are not modelled in the BEM method. To simulate these phenomena, a high fidelity
method like CFD must be used combined with a structural solver to consider the
response. Frameworks to couple structural and aerodynamic computations can work
in various ways. A popular method is doing partitioned coupling of separate solvers
for structure and fluids, since this allows the use of specifically developed codes for
the separate purposes. In wind energy these are often based on existing aero-elasticity
codes, where the usual build-in BEM aerodynamics are exchanged with external
CFD, as done in [46, 47, 48, 49]. The concept of partitioned coupling is depicted in
Figure 2.4. An alternative coupling strategy is monolithic coupling, where one solver
computes both fluid and structure, see for instance [50], however this method is not
as popular in wind energy as it has less flexibility.

Figure 2.4: Concept of fluid-structure interaction.

FSI for wind turbines has been studied in various ways and degrees of fidelity,
depending on whether single blade resolved rotors or entire wind farms are studied.
Computational efficiency is, despite the increasing computational resources and quality
available, still essential for the relevance of methods, especially for industrial use.
To consider local flow features like stall separation and vortex generation, the costly
geometrically resolved CFD simulations are needed. In the work by Heinz [51], the
specific case of vortex induced vibrations is studied on a single geometrically resolved
blade during stand still using the DTU coupling framework [46]. To accurately
compute the vortices, CFD with delayed detached eddy simulations (DDES) turbulence
modelling was used. Vortex shedding and exponentially increasing structural response
were observed, showing that aero-elastic instabilities are plausible for wind turbines.
In a subsequent study, [52], Heinz continued the work studying standstill vibrations
due to vortex shedding on a geometrically resolved wind turbine blade for realistic
uniform wind speeds. Multiple cases were conducted of varying wind speed, pitch angle
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and inclination angle of the flow (corresponding to different azimuth angle positions).
The study shows that for a range of cases, vortex shedding occurs around the same
frequency close to the first edgewise mode over significant parts of the blade. When
the frequencies of vortex shedding and structural response come close to each other
a so-called lock-in phenomenon can occur, where the vortex shedding locks to the
natural frequency of the structure, leading to large amplitude motions. This finding
shows the relevance of further research for e.g. cases of stand still operation during
maintenance or in case of a failing yaw system.

Additionally in the study [51], Heinz compared the blade resolved FSI results with
the BEM based aero-elasticity code HAWC2 for various operation cases, which showed
agreeing results. These results show the strength of the efficient BEM based codes,
and emphasize the fact, that high fidelity FSI is mainly relevant for special cases
outside the capabilities of BEM.

Using the same framework, Horcas et al. investigated the impact of tip geometry
alterations [53] and trailing edge flaps [54] on this VIV phenomenon. The studies
show that changes to the tip or the inclusion of flaps change the onset of VIVs and the
lock-in phenomenon, showing that design choices greatly impact the risk of on-setting
VIVs.

Examples of other studies of FSI on geometrically resolved wind turbines are the
works of Bazilevs et al. [55, 56] from University of California. Here, the CFD work
is done using unstructured finite element discretization and the so-called Arbitrary
Lagrangian-Eulerian Variational Multiscale (ALE-VMS) method. The structure is
resolved in shell elements using non-uniform rational B-splines (NURBS) representation
and deformations are calculated through so-called Kirchhoff–Love shell modelling.

At the University of Stuttgart, FSI on wind turbines is studied using their frame-
work [48] coupling the compressible CFD code FLOWer [57] with the CSD code
SIMPACK. Examples are the study of Klein et al. [48] studying low frequency noise
emissions of a 5MW turbine, along with Guma et al. [38] looking at fatigue loading of
a 2.3MW rotor in turbulent inflow considering flexibility of the rotor.

At the National Renewable Energy Laboratory (NREL), in the United States,
blade resolved FSI is also studied using the CFD code Nalu-Wind [47] coupled with
the aero-elasticity code OpenFAST [58].

At the University of Iowa, Li et al. have studied FSI using the CFDSHIP-Iowa[59]
incompressible CFD code coupled to the structural MBD code Virtual.LAB Motion
[60, 61]. This framework has for instance been used for aero-servo-elastic simulations
[62] looking into the NREL 5MW turbine including flexibility, gearbox and controller.

At Ghent University, FSI for wind turbines has been studied by Santo et al.
[63, 64, 65], using the partitioned coupling framework Tango [66], which communicates
between the commercial solvers ANSYS Fluent and Abaqus for fluids and structure
respectively.

Common for all above mentioned geometrically resolved FSI frameworks and
studies, is that the field is still quite young as high fidelity simulations have been too
computationally heavy for practice. Further, the past designs of rotors have been much
stiffer than those seen today, limiting the need of such computations until recently.
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2.2.1 Fluid-structure interaction with
atmospheric flow modelling

It is not yet feasible, in terms of computational resources, to conduct CFD simulations
of multiple geometrically resolved wind turbines or even entire wind farms including
the turbulent atmospheric boundary layer, as to why actuator disk (AD) and actuator
line (AL) techniques are often used instead [26, 44, 45, 49, 67, 68, 69, 70, 71]. Of the
mentioned AC/AL studies, Churchfield et al. [45], Storey et al. [68] and Mikkelsen et
al. [49, 71] couple the simulations with structural codes and by that do some degree
of FSI analysis.

Storey et al., [68], assume the rotors to be rigid, but include dynamic pitching of
the blades when calculating the force applied to the flow through an actuator disk
making this an fluid-servo interaction study.

Churchfield et al., [45], use the actuator line technique and use the aero-elastic
code FAST [72] to calculate the blade deformations of the turbine.

Mikkelsen et al., [49, 71] couple the CFD code EllipSys3D [73, 74, 75] with the
aero-elasticity solver Flex5 [76]. Turbines are simulated in atmospheric flows with
shear and turbulence using actuator lines to represent the rotor. In [71], multiple rigid
rotors are considered, while in [49] one rotor including flexibility is considered through
the structural solver.

These studies focus mainly on larger effects on the flow and the wake due to the
atmospheric turbulence and structural response and not so much the flow close to the
turbine blades, as to why the actuator disk/line approaches are appropriate choices [37].

Examples of FSI for geometrically resolved wind turbines are more limited in
terms of number of turbines considered and the turbulence models used with the
high computational resources required. The need is, however, arising with the future
flexible designs, reaching high into the atmospheric boundary layer (ABL), at times
exceeding the atmospheric surface layer (ASL).

Korobenko et al. [77] conducted FSI simulations for two back-to-back rotors placed
in a steady atmospheric boundary layer, using the ALE-VMS approach as done in
the aforementioned framework by Bazilevs et al. [55]. The study concludes that
including the structural response in the simulations does not significantly change the
rotor-wakes, but it allows for capturing better the cyclic stresses which the blades
undergo, influencing the fatigue life of the blades.

Yu and Kwon [78], studied the NREL 5MW reference turbine under shear and
yawed conditions separately, using a loosely coupled approach with data exchange
once per revolution only. In the study, it is found that especially the torsion of the
blade leads to reductions in the loading, as the angle of attack changes.
The impact of yaw misalignment is studied through two quite extreme cases of 30 and
60 degrees. Here, it is found that the yaw introduces a more unsteady loading, and
thereby response, due to the tower passing and the skewed rotor wake, which is found
to be closer to the rotor disk plane during the rotation than in the un-yawed case.
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Li et al. [43] also studied the NREL 5MW reference turbine in sheared and
turbulent inflow including flexibility of the rotor, using the aforementioned coupling
between CFDSHIP-Iowa and Virtual.LAB Motion. Mann turbulence was included
through the inlet boundary condition on top of both uniform and sheared log-law
wind profiles. The main conclusions of the study was that realistic atmospheric flow
including shear and turbulence has large effects on thrust, torque and blade deflections.
Additionally, the study concluded that inclusion of blade flexibility does not impact
highly the wake behaviour, whereas inflow turbulence have high impacts on wake
diffusion.

A comprehensive study was published by Santo et al. [63], where FSI is studied
on a large wind turbine in sheared inflow with the turbine structurally represented
through finite element shells. The effect of tower shadow is found to affect very locally
around the azimuthal range when the blade passes the tower, and simulations with
and without tower yield very similar results in the remaining part of the revolution.
Yaw and tilt was also considered in the study, and tilt was found to increase blade
deflections due to gravity. Introducing yaw led to a large increase in yawing moment
while leading to lower tip deflections. Following this, the impact of single gusts in a
sheared ABL flow is studied in [64], finding that for the studied setup, the local flow
acceleration of the gust only led to limited added deflections due to a resulting onset
of flow separation in the blade boundary layer.

Recently, Guma et al. [38], from the IAG Stuttgart group, published a study of
fluid-structure interaction on a 2.3MW NM80 rotor, also studied in the present project,
under turbulent atmospheric inflow. Turbulent inflow, computed using the Mann box
method, is applied by use of body forces inside the domain, as described in [44]. The
study investigates the impact of rotor flexibility and different fidelities in the setup.
Additionally, the study investigates the impact of turbulent inflow and inclusion of
flexibility on fatigue damage described through the damage equivalent loading (DEL).
It is found that for the specific rotor and flow case, DEL is mainly influenced by the
incoming fluctuating wind, and including flexibility only has marginal impacts.

Common for many of the great studies presented here is the lack of validation
options, as academic reference turbines are studied, and very little experimental data is
available. Likewise, compromises have been necessary for either turbine representation
or turbulence modelling due to computational resources, and many steps up the ladder
of complexity are still untrodden. The purpose of the present PhD project is to move
up this ladder and build on the existing knowledge.



CHAPTER 3
Code Introduction

The main tools used in this project are the CFD code EllipSys3D, the aero-elastic
tool HAWC2, and the coupling framework of the two, DTU coupling. In this chapter,
the basic concepts of EllipSys3D will be presented, with emphasis on features that are
specifically relevant to this thesis being; the overset grid method and turbulence mod-
elling. Likewise, the DTU coupling will be described along with a short introduction
to HAWC2. What is presented here only includes existing capabilities developed by
other researchers at DTU Wind Energy. Developments conducted in the present PhD
project are presented in the following Chapter 4.

3.1 EllipSys3D
The CFD code EllipSys3D [73, 74, 75] solves the incompressible Navier-Stokes (NS)
equations, (3.1), using the finite volume method in general curvilinear coordinates,
with a collocated grid arrangement.

∂
∂t (ρ) + ∂

∂xj
(ρUj) = 0

∂
∂t (ρUi) + ∂

∂xj
(ρUiUj)− ∂

∂xj

[
µ
(
∂Ui

∂xj
+ ∂Uj

∂xi

)
− ρu′iu′j

]
+ ∂P

∂xi
= Sv

(3.1)

Here, the NS equations and continuity constraint are written in Reynolds decom-
position, meaning that that the fluid velocity is described through a mean Ui and
a fluctuation u′i. ρ is the fluid density, µ the dynamic viscosity, P the pressure
perturbation around hydrostatic pressure, and Sv the external volume sources.

For closure, several turbulence models based on RANS, DES and LES are imple-
mented. These will be described further in Section 3.3.

The code is parallelized using message passing interface (MPI) and multi-block
decomposition, of cubic blocks, making it efficient and highly scalable.

EllipSys3D has multiple different convective schemes to choose from among others;
central difference (CDS), second order upstream (SUDS) and quadratic upstream
interpolation for convective kinematics (QUICK), which all have their own beneficial
features for specific problem types.

For pressure correction, the SIMPLE/SIMPLEC algorithms and variations hereof
are used to couple the velocity and pressure. Rhie-Chow interpolation is used to avoid
odd/even pressure decoupling.
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All the aforementioned concepts, schemes and methods have been thoroughly
described in many papers and books on CFD, see for instance [79] for more details.

The EllipSys3D code has been used extensively for many years for various cases
and was validated in e.g the Mexico project [80, 81] and for the Phase VI NREL rotor
[82, 83] prior to the present work.

Mesh motion
In order of making dynamic CFD simulations, with moving structures, a dynamic mesh
method is needed. For moving and deforming grids, the Arbitrary Lagrangian-Eulerian
(ALE) formulation of the Navier-Stokes equations is implemented in EllipSys3D,
described in more detail in [84] and [46]. Here, the flow velocity of a cell is corrected
using cell motion velocity and fluxes are added to moving cell faces to account for
the motion. For steady rotor simulations, the so-called steady state moving mesh
(SSMM) method is implemented, see [84]. This method allows steady state static mesh
computations, despite using a moving mesh model, by use of analytical expressions
for mesh fluxes and unsteady terms. This method can be useful for unsteady cases as
well, as a good starting point can be computed efficiently before starting the transient
version of the moving mesh model.

Deformation of grids is handled through volume blend factor function. Mesh points
are moved as function of the surface displacement and distance along the grid line to
the surface. This ensures that mesh points at the vicinity of the surface move along
with the deformation, and points further away stay static. The reader is referred to
Section 3.4.4 for more details about the mesh deformation algorithm implemented in
EllipSys3D.

Relative motion
If inclusion of e.g. turbine tower or ground is needed in a simulation, multiple grid
parts are needed to allow relative motion. Since the rotor needs to rotate, but the
tower and ground need to stay stationary, the mesh parts must move independently.

A flexible method for this is the overset grid method, also known as the Chimera grid
method. The method allows the use of multiple overlapping grids, which means that
different convenient grid types can be used, e.g a curvilinear body-fitted grid around
the blades and a Cartesian grid for the general surrounding domain. Interpolation
schemes are used to connect the local and global grids through so-called donor and
fringe (receiver) cells in the interfaces of the grids. The grids can move independently
relative to each other, with no need of remeshing, only by updating the interface
interpolation coefficients and the hole-cutting. Examples of the overset grid method
being used for wind turbine simulations are many, for instance [11, 38, 63, 85], all
looking at wind turbines rotating relatively to the ground and/or tower. The overset
grid method implemented in EllipSys3D is described further in the following section.
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3.2 The overset grid method in EllipSys3D
During his PhD project, Zahle [86] created a functioning overset mesh capability in
EllipSys3D, which ensured the capabilities of conducting simulations with relative
motion. In [85], this capability was used to study rotor-tower interactions, as it
was possible to create body fitted meshes around the rotor and tower independently,
allowing the motion of the rotor, while keeping the tower stationary. Other examples
of use of the overset grid implementation in EllipSys3D are [37] for rotor wake studies,
[11] for studying rotors in sheared inflow and [87] for studying the effect of using slats
at the inboard part of the rotor.

In the following, the basic concepts of the overset method implemented in Ellip-
Sys3D will be explained. For further information, the reader is referred to the thesis
of Zahle [86].

As an example of the use of overset grids, consider a body fitted curvilinear
grid around an airfoil, overlapping a Cartesian background grid representing the
computational domain, as depicted in Figure 3.1. In this example, one benefit is that
the airfoil grid can easily be moved, remodelled or altered in various ways without
interfering with the Cartesian background grid.

As the information between grids need to travel both to and from the domains,
identification of donor and fringe (receiver) cells is needed for all communicating
grids. In this case, the curvilinear airfoil grid needs to receive flow information at
its border. The background domain likewise needs information from the curvilinear
subgrid to include the effect of the airfoil on the flow such as induction and wake.
This communication cannot take place in the same cells as used for donors to the
subgrid, as to why an overlap of multiple cells is needed. The cells of the background
domain that are encapsulated by the fringe cells are effectively blanked, such that
they do not influence the solution. This procedure is known as hole-cutting. One can
also create a hole manually in the background grid, for which the hole edges are then
defined as fringe cells. When dealing with grids moving relative to each other, the
procedure of identifying fringes, donors and hole-cutting is needed at each time step.
This search procedure is sped up by the fact, that only small motions are imposed per
time step, as to why the location of fringe/donor cells must be the same or close to
the location of the former time step.

Some drawbacks of the overset grid method are, however, also present. By using
interpolation between the overlapping grids, errors are introduced, which might lead
to conservation issues within the subgrid. The size of these errors depends on used
interpolation schemes and matching of communicating cells in the interface. If a fringe
cell and its donor cells have large differences in sizes or shapes, the donors are no
longer good representatives, and the coupling will be inaccurate.
Computationally, some difficulties also occur when introducing the overset grid method.
In a multiblock parallellized code like EllipSys3D, the fringe cells and its corresponding
donor cells are likely not handled by the same computational processor. This means
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Figure 3.1: Left: Body fitted airfoil grid overlapping Cartesian background. Fringe
cells highlighted by red and dark blue on subgrid and background grid
respectively. Right: Zoom in of fringe cells of subgrid and corresponding
donor cells of background grid.

that more communication between processors is needed, which creates overhead in
the computational time. Load balancing likewise becomes an issue, as each processor
is not guaranteed to handle the same amount of communication, as fringe and donor
cells will often be present in very specific locations of the total computational grid. At
this time, no specific load balancing scheme dealing with overset grids is implemented
in EllipSys3D, which by its nature of being a multi-block solver with uniform blocks
is very well balanced in conventional grid setups.

3.2.1 Cell role identification
Identification of fringe, hole and donor cells is necessary to do for each time step, when
simulating moving objects as the donor and fringe cells consequently change positions
relative to each other. This means, that efficient search and identification routines are
necessary, which will be briefly described in the following for the respective cell types.

Hole cells
When two or more grids overlap, the lower layer grids need to be blanked, such that
only the top layer grid is used. Take again the aforementioned airfoil example. Within
the borders of top layer body-fitted grid, the background grid is disabled except for the
cell rows in the overlapping region between fringe cells of the subgrid and background
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grid. The overlap between two cell groups can be chosen to the specific setup, but must
ensure that no fringe cell is used as donor on the opposite grid, as the interpolation
must be explicit.

To efficiently identify the cells that need to be blanked, different approaches are
used. Originally, the EllipSys3D overset algorithm used the boundary ray method
[88]. Here, cutting surfaces (or curves in 2D) are defined based on e.g the distance
to the wall boundary of the solid body, or as in EllipSys3D a number of cells from
the subgrid outer boundary to ensure a specific number of overlapping cells. The
boundary ray method checks whether each cell is a hole cell, by counting the number
of intersections a horizontal ray projected towards −∞ has with the defined cutting
surface [86]. If the ray intersects the given cutting surface an odd number of times,
the point from which the ray is projected from must lie within the boundary, as to
why the cell is blanked as a hole cell. The method is accelerated by subdividing the
cutting surface into bounding boxes using a binary tree structure [86].

Since the implementation of overset methods in EllipSys3D by Zahle [86], an inverse
mapping method has been implemented for hole-cutting as well. Here, a mapping of
the hole surfaces is made on a Cartesian grid, which is then used to inversely tell the
background grid where to blank cells [89]. This method is quite efficient as searches
are done on the coarser Cartesian map.

Fringe cells
Fringe cells are identified in two ways. Firstly, the outer bound of the subgrid
overlapping another grid is automatically fringe cells as a boundary condition to the
grid is needed. Secondly, fringe cells are identified for cells that are neighbours of hole
cells, as a boundary condition is also needed here. In EllipSys3D, two layers of fringe
cells are added at the borders to enable higher order schemes.

Donor cells
The donors are identified by finding the equivalent point of a fringe cell on the donor
grid layer and choosing the nearest cells as donors. To speed up the process between
time steps, the fact that the motion is often limited to one cell size per time step, due
to the low time steps of the solver, is utilized. Instead of searching through the entire
domain, an initial guess is made looking at just the neighbouring points of the present
location. If the point is not located at its previous or neighbouring location, a stencil
jumping search approach is conducted using inverse mapping. Here, the search is done
on the Cartesian map of the e.g. curvilinear mesh. For a given cell, interpolation
coefficients are found, and if these coefficients are not between 0 and 1, the procedure
jumps to another cell based on the interpolation coefficients, until a match is found.

3.2.2 Interpolation scheme
When dealing with overlapping grids, the flow variables can be solved independently
in each grid. However, an interface is needed, which communicates the flow variables
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from one grid to the other as fringe boundary conditions. As the grids are not directly
compatible, an interpolation scheme is used to find the values in the fringe cells,
depending on the values in the donor cells and the distance between the points. For
each fringe cell, multiple donors are found, as depicted in Figure 3.1 (right). In 2D
the four nearest cells on the background grid are used, while in 3D eight donors are
used per fringe. The donors are not exclusive and will often be used for more than one
fringe cell, however with different interpolation coefficients due to different distances.

As part of the study in [86], different interpolation methods were compared, and it
was found, that for EllipSys3D, the relatively simple second-order accurate trilinear
interpolation method produced effectively identical solutions as the more advanced
third order accurate Lagrange interpolation. For this reason, the trilinear interpolation
scheme was chosen for implementation in EllipSys3D.

The interpolated velocities applied to the fringe cells are used as a Dirichlet
boundary condition on the considered grid layer. Pressure is not coupled between
the grids as it is not feasible for incompressible solvers to couple both velocity and
pressure as Dirichlet conditions in a non-conservative interpolation scheme as used in
the overset grid method [86]. Instead, the fringe pressure is described through a 2nd
order polynomial extrapolation from the interior cells of the considered grid.

A consequence of the interpolation over the non-matching interfaces is a mass
conservation error, which must be handled to obtain convergence of the pressure
correction [86]. In EllipSys3D, the error ε to correct for is found by integrating the
face fluxes along the overset interface for each block group n, which under optimal
circumstances would be zero.

εn =
∑

IBn

Fi (3.2)

Here Fi is the mass flux across overset boundary face i and
∑
IBn

is the sum over all

overset boundaries in blockgroup (subgrid) n [86]. Each face flux is then corrected
proportionally to its local flux relative to the absolute sum of fluxes S in the block
group n, which showed to give stable results [86]. The modified flux F ′i is then
expressed as:

F ′i = Fi −
εn|Fi|
Sn

(3.3)

3.2.3 Overset grid solving algorithm
The overset operations are done throughout the ordinary solving algorithm, which
in the case of EllipSys3D will usually be the SIMPLE algorithm or variations of
this, where the momentum equations are solved and the pressure is solved through
correction steps based on the continuity constraint. A brief explanation of the overset
grid steps is found below, but the reader is encouraged to read the thesis of Zahle [86]
for further information of the implementation of the algorithms in EllipSys3D:
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• As an initialization step, the cell role identification must be conducted to find
the proper fringe, donor and hole cells of the overlapping meshes along with
creating the communication tables between the grids.

• Next, within the subiterations of the algorithm, the momentum and pressure
fields are solved as usual, however with communication between the grids to set
up the individual boundary conditions of the overlapping grids.

• Before the pressure correction is solved for, the aforementioned flux correction
is conducted on the fringe cells to ensure a zero net flux on the blockgroup.

• When the pressure correction is conducted on the pressure field and the velocity
is corrected correspondingly, the overset communication is repeated to update
boundaries on the grids.

• Finally before going to the next subiteration, scalar functions such as turbulence
model variables (such as k and ω) are updated for the overset grids as well.

• When the solution is converged sufficiently through the subiterations or the
maximum allowable amount of subiterations is reached, the solution can advance
in time.

• When advancing in outer iterations/time steps, the cell role identification must
be repeated if grids are moving relative to each other.

3.3 Turbulence models
As wind turbines operate at high Reynolds numbers, valid turbulence models are
essential to predict realistic wind flow. In EllipSys3D, many different methods and
models are implemented with varying fidelities and computational costs. In the
following, these methods will be separated in three groups being Reynolds averaged
Navier Stokes (RANS) models, large eddy simulation (LES), and a hybrid of the two
detached eddy simulations (DES). One thing that these models all have in common, is
that the effect of turbulence can be modelled as an added viscosity, known as the eddy
viscosity µt. This originates from the so-called Boussinesq eddy viscosity assumption
[90].

3.3.1 URANS turbulence models
Reynolds averaged Navier Stokes based models are some of the most commonly used
turbulence models in research and industry due to their low computational cost
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and often sufficient accuracy. RANS models are, as the name implies, used to find
the average effects of turbulence, and thereby not resolve the unsteady turbulent
fluctuations. Only low frequency unsteady features can be captured if the averaging
is done as ensemble averages, which is known as unsteady RANS (URANS). The
method is based on Reynolds decomposition of wind velocity into two parts; a mean
part ui and a fluctuating part u′i. By implementing this in the incompressible Navier
Stokes equations and averaging in time, the URANS equations are obtained as shown
in equations (3.4) and (3.5) omitting contributions from Coriolis force and other outer
volume sources for simplicity.

ρ
∂ui
∂t

+ ρ
∂

∂xj
(uiuj) = − ∂p

∂xi
+ ∂

∂xj

[
µ

(
∂ui
∂xj

+ ∂uj
∂xi

)
− ρu′iu′j

]
(3.4)

∂ui
∂xi

= 0 (3.5)

Here, ui is the fluid velocity, µ fluid dynamic viscosity, ρ fluid density, and p is
pressure. The last term of (3.4) is the so called Reynolds stress term: τij = −ρ(u′iu′j),
which adds six unknowns to the system of equations, meaning that the system is not
closed. Through the Boussinesq assumption, these stresses can be expressed by the
aforementioned eddy viscosity as:

ρu′iu
′
j = −µt

(
∂ui
∂xj

+ ∂uj
∂xi

)
+ 2

3ρkδij (3.6)

Here, µt is the turbulent dynamic viscosity, δij the Kronecker delta and finally k is the
turbulent kinetic energy per unit mass. By this definition, eq. (3.4) can be rewritten
to eq. (3.7), where the term 2

3ρkδij , has been absorbed by the pressure term p, which
represents the perturbation around the hydrostatic pressure [73].
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(3.7)

Many turbulence models can be used to approximate the eddy viscosity, where the
most commonly used are the two-equation models k − ε [91] and k − ω [92] and
variations of these. Here, the turbulent kinetic energy, k, and either the turbulent
dissipation, ε, or the specific turbulent dissipation rate, ω, are calculated through
transport equations, and through empirically found relations, the turbulent viscosity
is computed. It is well known, that in their original forms, the k − ε and k − ω
models have some drawbacks, e.g the k− ε does not do well in flows with large adverse
pressure gradients like near wall surfaces, whereas the k− ω tends to be very sensitive
to the turbulence inlet conditions. In rotor calculations, one of the most widely used
turbulence models is therefore the k−ω shear stress transport (SST) model by Menter
[93], which combines the best from the k − ε and the k − ω models. The combination
is basically a blending the two models depending on the distance to the boundary
layer. Along with this, better prediction of separation for adverse pressure gradient
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flows is obtained, by accounting for the transport effects of the principal turbulent
shear-stress [93]. The transport equations of k and ω are, as described in [93], using
the Lagrangian derivative D
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+ ui

∂

∂xi

Dρk

Dt
= τij

∂ui
∂xj
− β∗ρωk + ∂
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(3.8)
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Here νt is the kinematic turbulent viscosity νt = µt/ρ. The F1 parameter creates a
combination of the k − ω and k − ε models by blending the model parameters and
introducing the last term of the ω transport equation (3.9) when going to zero, which
corresponds to the k − ε model. The parameters are for the k − ω part empirically
found to: σk1=0.85 , σω1=0.5, β1=0.0750, a1=0.31, β∗=0.09, κ=0.41, γ1 = β1/β

∗ −
σω1κ

2/
√
β∗ and for the second k − ε part: σk2=1.0, σω2=0.856, β2=0.0828, β∗=0.09,

κ=0.41, γ2 = β2/β
∗ − σω2κ

2/
√
β∗ These parameters are blended in accordance to F1

such that a parameter φ is found as:

φ = F1φ1 + (1− F1)φ2 (3.10)

The blending function F1 is described by:

F1 = tanh
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where dw is the distance to the nearest wall and CDkω is found by:

CDkω = max(2ρσω2
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For the k − ω SST model, a limiter is applied to the kinematic eddy viscosity.

νt = a1k

max(a1ω,ΩF2) , (3.13)

where Ω is the absolute value of vorticity and F2 is found by:

F2 = tanh
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with ν being the kinematic molecular viscosity.
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3.3.2 Large eddy simulations
Where URANS models only solve ensemble averaged effects of turbulence, the higher
fidelity model known as large eddy simulation (LES) actually resolves the turbulent
fluctuations down to a chosen scale, often limited by the grid resolution. The thought
is that bigger turbulent scales, which are often anisotropic and the most important
for e.g. wind energy purposes, are resolved, while the more isotropic lower scales are
modelled. The modelling of the smaller scales is often referred to as sub grid scale
(SGS) modelling.

LES is gaining popularity, as an increase is seen in computational resources, which
has been, and still is, a limiting factor for high-fidelity simulations of flow at high
Reynolds numbers. Within EllipSys3D, the LES models used are based on grid
resolution filtering, and the SGS modelling of turbulent eddy viscosity, µt, can be
done through various models; for instance the original Smagorinsky model [94], and
the Deardorff model [17].

In the following, only the basics of LES will be described, along with the Smagorin-
sky and Deardorff models. For more information about the use of LES in EllipSys3D
the reader is referred the works of Troldborg described in e.g. Berg et al. [21].

The concept of LES looks very similar to that of URANS, but instead of finding
the average flow and model turbulence, one finds the filtered flow and models the
turbulence below the filter scale. Often, it is chosen to use a filter length scale, ∆,
equal to the size of the grid, as this is the lowest length scale possible to resolve.
However, one can choose a larger filter length scale if needed. In the following, it
will be assumed that ∆ is equal to the grid size found as ∆ = 3

√
dx · dy · dz, which is

the standard practice in EllipSys3D. The filtered Navier-Stokes equations, where the
overline "·" represents the filtered value, is described in eq. (3.15).
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After filtering the Navier Stokes equations, just like with URANS, a stress term is
found, here known as the SGS-stress;

τ̃ij = −ρ(uiuj − uiuj) (3.16)

As in the aforementioned URANS method, the modelled SGS turbulence is modelled
through an eddy viscosity term:

τ̃ij −
1
3 τ̃kkδij = 2µtSij (3.17)

where Sij is the the strain rate of the resolved flow Sij = 1/2
(
∂ui

∂xj
+ ∂uj

∂xi

)
[79]. Here,

the turbulent viscosity µt can be approximated with different models such as one of
the most popular SGS models; the Smagorinsky model [94]:

µt = C2
sρ∆2

√
SijSij (3.18)
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Cs is a parameter which is often set equal to 0.2, but is known to not fit all conditions,
as to why it is important to choose it for the specific purpose. For sheared flows for
instance, the parameter is often reduced to ≈ 0.065 [79].

A more comprehensive model, often used in EllipSys3D computations [21], is the
Deardorff one-equation model [17, 18], described in [95], which base the turbulent
viscosity on a time-evolving subgrid scale turbulent kinetic energy equation e.

µt = Ckρl
√
e (3.19)

where the constant Ck is set to 0.1 and l is the mixing length scale, which for neutral
stratification is equal ∆ [18]. For stable stratification, however, l is in areas where
∂θ
∂z > 0 reduced to:

l = 0.76
√
e√

g
θ0
∂θ
∂z

(3.20)

g is the gravitational acceleration, θ the potential temperature , θ0 the potential
temperature reference, and z the vertical coordinate.

The turbulent subgrid scale energy e is solved through the transport equation:
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where Cε is equal to 0.93, the buoyancy SGS fluxes τθi = −µθ/ρ ∂θ∂xi
with µθ =

µt
(
1 + 2l

∆
)
being the eddy heat diffusivity.

By this transport equation, e can be computed and the turbulent eddy viscosity is
found by equation (3.19).

Wall modelling As it is not practical to resolve the necessary small scales near the
ground for high Reynolds LES simulations of the ABL, wall models are commonly
used. A popular choice for this is the simple Schumann-Grötzbach (SG) model [96, 97],
assuming homogeneity of the surface in all directions and the first grid point to be
located within the surface layer. By this, the Monin-Obukhov similarity theory [13] is
used to describe the relation of mean flow velocity, U(z) and instantaneous surface
shear stress τi3,s(x, y, t) (i=1,2) in the first cell adjacent to the ground.

U(z) = u∗
κ

[ln( z
z0

)− ψM (z/L)] (3.22)

Here, u∗ is the friction velocity, u∗ =
√
−〈τ〉, with 〈τ〉 being the horizontally averaged

wall shear stress, κ is the von Karman constant (≈0.4) and ψM is the stability
correction which corrects the profile for stratification effects, described through semi-
empirical expressions depending on the relation between altitude and the so-called
Obukhov length scale L.

L = −T0
κg

u3
∗

Q0
(3.23)
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This length scale is negative for unstable conditions, positive in stable conditions and
approaches ±∞ for neutral conditions. Q0 is the surface heat flux, θ∗ the surface layer
temperature scale, g the gravitational acceleration, and finally T0 is the surface air
temperature. In the SG model, the instantaneous surface shear stress is then found as:

τi3,s(x, y, t) = 〈τ〉
[
ũ(x, y, z, t)
U(z)

]
(3.24)

Here, ũ(x, y, z, t) is the resolved velocity at the first grid point. By combination of
eqs. (3.22) and (3.24), the surface shear stress is found as:

τi3,s(x, y, t) = −
[

U(z)κ
ln(z/z0) + ψM

]2 [
ũi(x, y, z, t)

U(z)

]
(i = 1, 2) (3.25)

Multiple other models for predicting the surface shear stress are available, not
described here, but in the presented studies of this thesis the SG model is chosen for
its simplicity.

Despite gaining popularity, LES still requires a large amount of computational
power, making it infeasible to use for geometrically resolved rotors or the like. The
grid resolution needed to resolve the important turbulence scales at the Reynolds
numbers where turbines operate, is simply too expensive computationally.

3.3.3 Hybrid turbulence models
To understand turbulent structures created by e.g. flow separation on turbine blades, a
popular approach is to use hybrid methods, which combine URANS and LES methods.
These methods utilize the efficiency of URANS in the attached boundary layer flow,
and then switches to LES in the massively separated turbulent regime outside the
boundary, resolving the important turbulent structures. Multiple hybrid methods
have been developed using different methods to switch between URANS and LES,
but some of the most popular approaches are Detached Eddy Simulations (DES) and
corrections to this approach like Delayed DES (DDES), Improved DDES (IDDES)
and Simplified IDDES (SIDDES), see [29, 30, 32, 33, 35, 36]. These models will be
briefly described in the following.

DES
The original idea of DES [29, 30] is to use the grid resolution and the turbulent length
scale to determine whether to use LES or URANS, such that the attached flow will be
modelled in URANS and largely separated flow in LES. The implementation method
is described in [31] and is done in the URANS formulation with an alternation of the
length scale used in the dissipation term of the kinetic energy equation (3.8);

β∗ρωk = ρk3/2/lk−ω → β∗ρωk = ρk3/2/l̃ (3.26)
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Here lk−ω =
√
k

β∗ω is the length scale for the k − ω SST model and the altered length
scale is found as:

l̃ = min(lk−ω, lDES) (3.27)

where lDES = ∆CDES with ∆ being the largest dimension of the considered cell and
the DES parameter CDES being found using the blending function of the k−ω model
F1 eq. (3.11).

CDES = (1− F1)Ck−εDES + F1C
k−ω
DES (3.28)

Here, Ck−εDES = 0.61 and Ck−ωDES = 0.78. By this implementation, the model will transfer
from URANS to LES when the k− ω length scale becomes larger than the scaled grid
dimension CDES∆.

As mentioned, some corrections have been made for the DES method [34, 35, 36].
These have been necessary, as the original DES model tends to result in artificial
separation due to grid refinement, and also tends to have a mismatch between the
logarithmic profile of URANS and LES regions. The procedures will only be briefly
described in the following, but the interested reader is referred to the nice paper by
Gritskevich [36] describing the existing models DDES, IDDES and proposing the
SIDDES model for k − ω SST based DES. The implementation of DES and DDES in
EllipSys3D is described in [98] and [82] respectively.

DDES
Since the switch between URANS and LES is based on the ratio between the URANS
turbulence length scale and the local cell sizes, a refinement of the grid, might force the
switch to happen inside the attached wall boundary layer. This will create a sudden
reduction of turbulent viscosity, which is not balanced by any resolved turbulence.
This can lead to what is known as grid induced separation (GIS), which is non-physical
and therefore needs to be avoided. This is possible by shielding the critical range
of the boundary layer from switching from URANS, which is the principle of DDES
[34, 36]. Here an empirical blending function fd is used to scale the DES length scale
(3.27) delaying the transfer to LES depending on the flow strain rate, vorticity, wall
distance and some empirically found function constants.

l̃DDES = lk−ω − fd max (0, lk−ω − lDES) (3.29)

The delay function fd is found as:

fd = 1− tanh
[
(Cd1rd)Cd2

]
, where rd = vt + v

κ2d2
w

√
0.5 · (S2 + Ω2)

(3.30)

Empirical constants are; Cd1=20, Cd2=3, which are blended through F1 eq. (3.10).

IDDES
In addition to the shielding of DDES, the logarithmic layer mismatch can be avoided
using the IDDES method [35], which adds another hybrid model to the DDES model,
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to enable wall-modeled LES (WMLES). This model switches between the DDES model
and a WMLES model, based on the flow in the considered regime. The WMLES
model used is implemented by yet another length scale based on the URANS and
LES length scales and blending functions fB and fe. fB is based on wall distance and
maximum cell dimension, and fe is used to elevate the URANS part of the length
scale in certain areas, where the Reynolds stresses otherwise are reduced too much
[35]. In k− ω SST based IDDES, the fe blending is rarely very active, which is why a
simplified version (SIDDES) was suggested in [36], omitting the fe function entirely,
and thereby simplifying the model considerably.

l̃IDDES = f̃d · (1 + fe) · lk−ω +
(
1− f̃d

)
· CDES∆IDDES (3.31)

With a length scale of:

∆IDDES = min {Cw ·max [dw,∆DES ] ,∆DES} with Cw = 0.15 (3.32)

The delay function f̃d is found as:

f̃d = max {(1− fdt) fb}
fdt = 1− tanh

[
(Cd1 · rdt)Cd2

]
, with rdt = vt

κ2d2
w

√
0.5 (S2 + Ω2)

fb = min
{

2 exp
(
−9α2) , 1.0

}
, with α = 0.25− dw/∆DES

(3.33)

Additionally, the elevation factor fe is found as:

fe = fe2 ·max ((fe1 − 1.0) , 0.0)

fe1 =
{

2 · exp
(
−11.09 · α2) , α ≥ 0

2 · exp
(
−9.0 · α2) , α < 0

fe2 = 1.0−max (ft, fl)

ft = tanh
((
C2
t · rdt

)3)

fl = tanh
(((

C2
l · rdl

)10)

rdl = v

κ2d2
w

√
0.5 (S2 + Ω2)

(3.34)

New constants in this model are; Cl=5.0 and Ct=1.87.

In the paper of Shur, [35], the concept of IDDES is exemplified with the backward
facing step case, which is a typical benchmark test of turbulence models. Here, the
flow before the step is handled through the DDES, and is based on URANS near
the top and bottom walls, where the flow is attached. After the step, however, the
flow separates and the near wall flow is treated through the WMLES model instead,
resulting in better representation of the skin friction on the wall agreeing very well
with experimental results.
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3.4 FSI framework
The framework used for fluid-structure interaction (FSI) simulations at DTU Wind
Energy, formerly known as HAWC2CFD but here referred to as DTU coupling, was
originally developed by Heinz during his PhD project [46]. Here, a coupling framework
was developed in Python, combining the thoroughly validated in-house CSD and
CFD codes, HAWC2 [99] and EllipSys3D [73, 74, 75] respectively. Different coupling
approaches were studied and the framework was tested by comparison studies between
CFD and BEM aerodynamics. Since the implementation, the framework has been
further developed and used for various studies. Interesting examples are e.g. the
study of vortex-induced vibrations (VIV) by Heinz [52] followed by G. Horcas’ work
on the influence of respectively geometric tip alteration or deformable flaps on the
VIV phenomena [53, 54]. A further development of the coupling framework has been
conducted recently described in [100], to enable coupling to the Miras vortex code
[101, 102] as an alternative to the EllipSys3D CFD code.

In the following, the basic concepts of the FSI framework will be described. First,
a brief introduction to the aeroelastic code HAWC2, that provides the structural
module for the FSI framework. Further, the coupling strategy will be described along
with the necessary steps in the CFD solver to include the calculated motions and
deformations in the mesh.

The reader is referred to the original thesis of Heinz [46] and the work by R. Garcia
et al. [100] for further reading about the framework implementation.

3.4.1 HAWC2
HAWC2 [99] is an aeroelastic code based on multi-body-dynamics (MBD) structural
analysis and BEM aerodynamics.

The structural part of the code is based on the multi-body formulation in a floating
reference frame. Each body can be represented by Euler or Timochenko beam elements,
which are connected as sub-bodies with constraint equations to assemble the total
structure. The division into sub-bodies connected with constraint equations, enables
the code to account for non-linear effects, as seen for large deflections of blades for
instance [103].

HAWC2 solves the equation of motion (EoM) under constraints as formulated in
Equation (3.35).

M(~u)~̈u+ C~̇u+ K~u+ GT (~u)~λ = ~f(~u)
~g(~u) = −→0 (3.35)

Here, M(~u), C and K are respectively the mass, damping and stiffness matrices
of the system.
Vectors ~̈u, ~̇u and ~u are the generalised accelerations, velocities and coordinates and
~f(~u) is the applied external force vector such as the aerodynamics.
Constraints between bodies and sub-bodies are considered through constraint vector
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~g, and the Jacobian of the constraint equation G = ∂~g
∂~u , along with the Lagrange

multipliers ~λ.
The EoM is solved through predictor/corrector steps, with a strong coupling

between structure and aerodynamics. For time-integration, the second order accurate
Newmark-beta scheme is used [104].

The structural module of HAWC2 was verified in a study of Pavese et al. in [105].
For further readings about the structural model of HAWC2, the reader is referred to
the thesis of Göscü [103].

The aerodynamics of HAWC2 are based on blade element momentum (BEM)
theory, and includes multiple correction models for dynamic stall, tiploss effects,
skewed inflow etc. The implementation and validation cases are described thoroughly
by Madsen et. al. in [106]. BEM-based models need input from airfoil polars along the
blades to provide force coefficients used to calculate the aerodynamic forces in each
node. These will often be found through wind tunnel tests corrected for tunnel effects
and to include 3D effects or alternatively they can be obtained by CFD simulations.
Between the defined aerodynamic sections, the forces in the structural nodes are found
trough interpolation.

3.4.2 FSI partitioning
The DTU coupling is a partitioned FSI framework, which through a Python framework
exchanges deformation and loads between the structural and fluid solvers, which are
compiled as shared objects. A benefit of using partitioned coupling is that the
solvers can run in their appropriate temporal and spatial discretizations, and the
communication framework does the transfer of loads at user specified times. By
having a communication framework instead of a built-together monolithic solver, it
is also possible to change the auxiliary solvers as wanted, for instance if one solver
is specifically well suited for a study. This could be the exchange of a MBD beam
structural solver with a higher fidelity finite element shell solver, which can include
stress/strain calculations directly. In the present framework for instance, the fluid
solver can be exchanged between the EllipSys3D CFD to the Miras vortex code also
developed at DTU. An example of a monolithically coupled FSI framework, is the
work done by Bazilevs et al. [50] [55], where all computations of a full scale turbine
rotor were made together using a finite element approach for both structure and fluid.
The monolithic approach is most often used for academic purposes only and are not
flexible as they are created for specific problems. However, stability and accuracy
issues seen with partitioned coupling are avoided [46].

In the approach of the DTU coupling, the deformation at a time instance is
calculated through a second-order-accurate prediction, based on the kinematics as
in the original HAWC2 formulation. Contrary to the original strong coupling of
BEM aerodynamics and structure in HAWC2, the FSI framework is loosely coupled,
meaning that only one predictor/corrector step is done per time step. This was found
sufficient in the studies of Heinz [46] as the mass ratio between rotor and air is very
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Figure 3.2: Loose and strong coupling schemes [46].

high. The principles of loose and strong couplings can be seen in Figure 3.2, from [46],
where FF , FS , x and u are force and displacement in fluid and structural domain
respectively.

The process of the loosely coupled framework of the DTU coupling can be described
in the following steps:

• The displacements of the time step are predicted by HAWC2, using kinematics
from the previous time step.

• Displacements are send to EllipSys3D and the surface mesh is deformed, while
displacements are propagated into the volume mesh using a volume blend
method.

• The Navier-Stokes equations are solved to calculate flow field for the new time
step through under-relaxed sub-iterations in EllipSys3D.

• Forces are computed and integrated on the CFD mesh surface and sent to
HAWC2.

• Forces are applied in the aerodynamic sections of the HAWC2 model and the
actual deformation is calculated.

• Unless the solution has reached the total simulation time, the simulation is
advanced to the next time step and the procedure is repeated.

In a strong coupling the corrected displacements are transferred to the CFD solver
which then again corrects the fluid forces, continuing until a convergence criteria is
obtained before advancing in time. Further discussion on coupling strategies can be
found in [46, 51].
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3.4.3 Transfer of forces
The transfer of forces between the fluid and structural solvers is no trivial task, as the
spatial discretizations of the two models are rarely identical. For CFD, the resolution
around the structure, e.g. a wind turbine blade, will be quite fine in order to resolve
the boundary layer of the flow around the surface. In a BEM based aeroelastic code
however, the structure will often be described as an multi-body model with a finite
number of beam elements, much coarser than the CFD resolution. In the standard
HAWC2 code, the forces are interpolated to the element nodes from the aerodynamic
sections, which are placed radially along the blade, with higher concentrations near
root and tip where the radial gradients are high [46]. In the coupled approach, the
locations of these sections are used as well, to keep the interpolation from sections to
nodes as is, but forces are exchanged from the BEM based forces to those of the CFD
solver.

The linear interpolation between aerodynamic sections and structural nodes in-
troduce a non-conservative load transfer, as the actual distribution in between the
sections captured by the CFD resolution is non-linear. However, this error is deemed
low compared to the error coming from the loose coupling scheme, which was found
acceptable. In the implementation work [46], Heinz showed that it is possible to
obtain second order time accurate solutions for FSI on wind turbines, using a loose
coupling with non-conservative force transferring. A more computationally heavy
strong coupling was tested with and without conservative force transferring. By
comparing results of the NREL 5MW concept rotor, it was found that the strong
coupling and force conservation were redundant for wind turbine aero-elasticity cases
due to the high mass ratio between turbine and air. This finding is supported by the
findings in [43].

When starting up FSI simulations, or transitioning from stiff CFD to flexible FSI
simulations, the current version of the DTU coupling has the option of blending the
CFD forces with the BEM forces over a chosen period. This avoids the introduction
of any extreme initial transient forces from the CFD to the structural solver, which
might lead to extreme responses as well. Likewise, it avoids any sudden jump in forces
between BEM and CFD seen by the structural solver, if passing from stiff CFD to a
FSI coupling during a simulation. The smooth transition happens through a linear
blending over an input time range between tstart,blend and tend,blend.

Fapplied = FBEM · (1− α) + FCFD · α, (3.36)

where

α = min(max( t− tstart,blend
tend,blend − tstart,blend

, 0), 1) (3.37)
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3.4.4 Transfer of deformation
Predicted deformations from the HAWC2 solver are transferred, using the framework,
to the CFD solver as a deflection of the mesh surface. To convert the displacements
of the HAWC2 nodes to the more refined CFD mesh nodes, spline interpolation is
used with respect to the radial position of nodes [46]. The deformation then needs to
be propagated to the volume mesh before updating the flow field in the CFD code.
As with any CFD computation, a good mesh quality is crucial to get reliable results.
This need is naturally also the case with FSI, but is complicated further, as the
studied body moves and deforms during the simulation. When applying motion and
deformation to a computational mesh, fluxes through the moving cell faces need to be
considered in the flow solver. This can be done through the Arbitrary Lagrangian-
Eulerian (ALE) formulation of the Navier-Stokes equations. Here, the velocities of
the moving cell vertices are subtracted from the flow velocity in the convection term,
and in the continuity constrain [107]. As described in [84] and [46], this is introduced
in EllipSys3D as fluxes based on the change of the volume due to deformation, to
maintain geometric conservation.

In the current volume mesh deformation routine of EllipSys3D, an analytical
approach is used to propagate deformations to the volume grid. Here, the deformation
of the surface is pushed to the volume grid based on a smooth blending factor,
considering the distance to the surface along the considered surface normal grid line.
The blending factor, which can be either linear or a hyperbolic tangent function goes
from 1 to 0 over a chosen distance such that only mesh points at the vicinity of
the surface move the entire deformation distance, whereas more remote mesh points
are unaltered. The blending factor is tuned to the specific mesh and FSI problem
considered. This approach is quite simple, but also limited in terms of good quality for
large deformations, as no corrections are made to ensure good orthogonality and cell
quality. For the cases studied in this thesis, the method suffices, as the deformations
are not extreme and no large rotations need handling.
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CHAPTER 4
Code Developments

This chapter serves as an introduction to two developments of the CFD code EllipSys3D
conducted through this PhD project.

First, a tighter coupling between overlapping grids have been obtained by imple-
menting a coupling of pressure gradients between donor and fringe cells used to create
a Neumann boundary condition on the pressure. Secondly, a hybrid turbulence model
is proposed, combining the capabilities of the Deardorff LES model for atmospheric
boundary layer flow with the less grid demanding DES models for the separated flow
close to the wind turbine.

4.1 Pressure gradient coupling between
overset grids

In the original version of the overset grid method of EllipSys3D [85, 86], the boundary
condition of pressure in fringe cells is found using polynomial extrapolation of pressure
from the inner cells of the subgrid. As velocities are interpolated and used as Dirichlet
boundary conditions, the pressure cannot be directly coupled as well, without leading
to over-determination and thereby convergence issues [86]. This means, that no actual
coupling between the domains is done in terms of pressure, leading to an arbitrary
pressure offset between domains, along with possibly decoupled pressure gradient
fields. The pressure offset between grids has no actual influence on the flow solution, as
only the pressure gradients have influence in the Navier-Stokes equations. A pressure
gradient decoupling however might influence the resulting flow.

In the present study, it will be tested, whether better results can be obtained by
substituting the uncoupled pressure extrapolation with an extrapolation based on
interpolated pressure gradients from the donor grid. By knowing the first and second
order gradients in the fringe cells, based on the donor grid, a Neumann boundary
condition of pressure can be enforced using a second order Taylor extrapolation.

Firstly, the pressure gradients of the donor cells are found by the central difference
method. The gradients of the donors are then interpolated to the fringe cells and in
practice for EllipSys3D, this is where the second order gradients are found. This, using
the one sided derivative of the interpolated gradients between the two neighbouring
fringe cells. This approach is chosen for practicality in EllipSys3D to simplify the
translation between curvilinear and Cartesian gradients, but the second order gradients
could just as well be found in donor cells and interpolated directly.
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To update the fringe pressure values of the subgrid, a second order Taylor extrapo-
lation is used by the interpolated gradients and the pressure value of the neighbouring
inner cell. The sequence of the pressure update can be described through the following
steps, where the curvilinear ξ-direction is used as an example. Note that the distance
between curvilinear coordinates are by default equal 1.

1. First order pressure gradients are found in donor cells

dp

dξ
= p(ξ + 1, η, ζ) + p(ξ − 1, η, ζ)

2 (4.1)

2. Donor pressure gradients are transformed to Cartesian coordinates and inter-
polated to fringe cells (FR1 and FR2), where they are transformed back to
curvilinear coordinates of the receiving grid.

3. First order pressure gradients of fringe cells are linearly extrapolated to fringe
face (FF).

dpFF
dξ

= dpFR1
dξ

+ 0.5 ·
(
dpFR1
dξ

− dpFR2
dξ

)
(4.2)

4. Second order gradients at fringe face is found using one sided derivative of the
first order derivatives.

dp2
FF

dξ2 =
(
dpFR1
dξ

− dpFR2
dξ

)
(4.3)

5. Pressure is extrapolated from the first neighbouring inner cell (p1) using the
fringe face gradient value in the extrapolation direction to the fringe face and
fringe cells.

pfringe = p1 +
dp/dξ

1! ·∆ξ +
dp/dξ

2! ·∆ξ
2 (4.4)

This sequence is depicted in Figure 4.1.

* Note that in practice in the EllipSys3D code, the gradients are transformed
to Cartesian coordinates before interpolation and transformed back to curvilinear
coordinates in fringe cells to avoid any mix of directions between grids.
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Figure 4.1: Visualization of extrapolation of pressure to fringes and fringe face. 1st
step (red arrows) is to obtain 1st and 2nd order pressure gradients at
fringes and extrapolate these to the fringe face. 2nd step (orange arrows)
is to extrapolate the pressure from inner cell using the obtained fringe
face gradients.

4.1.1 Example

The following simple example will be used to demonstrate the effects of the developed
additions to the overset method of EllipSys3D. The case is a FFA-W3-241 airfoil
modelled using a curvilinear mesh setup overlapping a Cartesian background mesh.
The mesh is extruded 1 meter over 32 cells in the spanwise direction to include any
3D effects. The airfoil is discretised in 128 cells and the full mesh consists of a total
of 393,216 cells, divided in 12 blocks of 32×32×32 cells, see Figure 4.2 (left). Sides
are set as symmetry boundary conditions while inlet (left side) is set as velocity inlet
and the outlet (right side) has a zero change assumption. In the overset setup, the
curvilinear subgrid receives flow information at the outer boundary fringe cells, and
sends back flow information to the fringe cells of the background grid at the boundary
of the cut hole, as depicted in the zoom-in of Figure 4.2 (left).

Additionally, a case with a similar conform grid setup consisting of the same
amount of cells is used for comparison, presented in Figure 4.2 (right).

Similar for all cases is a Reynolds number of 1,000,000, and turbulence modeling
using the k − ω SST model. For convection, the QUICK scheme is used along with
the SIMPLE algorithm for velocity-pressure coupling. The simulations are conducted
as steady state.
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Figure 4.2: Setups for example case. Left: Overset grid setup. Right: conform grid
setup.

To qualitatively demonstrate the effect of the gradient coupling, the case with 0
degree angle of attack is presented. Firstly, the contour of the pressure derivative in the
x-direction is shown for the case using the original polynomial extrapolation function
(left) and the new gradient based extrapolation (right). Within the overlapping region,
contours from both grids are shown. As seen, the original method has a mismatch in
pressure gradients near the subgrid border, as no constraint of this is given. For the
gradient based method, the values of gradients match between subgrid and background
as the fringe pressure gradient is interpolated directly from the background.

Figure 4.3: Contours of pressure derivative in x-direction for case with polynomial
extrapolation (left) and gradient based extrapolation (right). The red line
indicates the center of the inner fringe cell.
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The effect of the gradient coupling is also evident on the pressure contours, Figure
4.4, which consequently match better than in the original method. Here, the constant
pressure gap between the domains have been removed. This has no effect on the
gradients nor solution, but allows for better comparison of contours.

Figure 4.4: Pressure contours for case with polynomial extrapolation (left) and gradi-
ent based extrapolation (right). The red line indicates the center of the
inner fringe cell.

Looking at the influence of the coupling in a force context, the airfoil polar is
simulated with and without the presented fringe pressure correction and with the
conform setup.

Figure 4.5: Resulting lift and drag coefficients CL and CD of simulation methods.
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Lift and drag force coefficients are compared for a range of angles of attack from
-10◦ to 16◦, depicted in Figure 4.5. As seen, all the methods predict similar force
coefficients, with only small discrepancies in stall onset angle. Both overset methods
capture similar forces as the conform setup, showing that the original less "physical"
polynomial extrapolation based simulations, despite not matching perfectly at the
subgrid boundary, computes the pressure gradients sufficiently near the surface to
capture the correct forces.

Despite not adding better force predictions, the new developed pressure gradient
coupling will be used in the overset grid based studies presented in this thesis. This is
chosen as the method only adds marginal computational time to simulations, while
keeping a more physical match between the overlapping grids. Studies are still needed
to investigate the sensitivity of the method for more complex cases. Likewise, studies
identifying cases where the new method adds significant improvements to simulations,
compared to the original method, are desired for the future.

An alternative method, described by Zhang, [108, 109], might be relevant to test
as well. In this approach, the pressure correction term is coupled between overlapping
grids showing a tight coupling of pressure in the given low Reynolds number examples.

4.2 A hybrid turbulence model for
wide-range turbulence scales

As part of this project, a new hybrid turbulence model in EllipSys3D has been
developed. The model blends the capabilities of the k − ω SST model, including
DES models, with the capabilities of the Deardorff one-equation LES model. The
aim is to use the Deardorff model to develop realistic turbulent ABL flow, which will
be blended smoothly into a DES formulation near the rotor. This will enable the
possibility of simulating blade resolved rotors inside a turbulent ABL domain based
on LES, without need of extreme refining of the grid near the rotor. The simulations
will indeed be heavy computationally, but much less than if pure LES was utilized
requiring a large increase of needed cells near the rotor.

The model is based on the model of Vijayakumar, [39, 110]. In his work, however,
the one-equation spectral LES model of Moeng [19] is blended with the k − ω SAS
model [111] by Egorov and Menter.

The blending of models, in both [110] and here, happens through the energy
equations, which are present for both the Deardorff LES model and k − ω SST DES
model. The major difference is that the energy transported in the Deardorff model is
the sub-grid-scale (SGS) energy e, whereas the energy solved for in the k − ω SST is
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the total turbulent energy k. Despite this, the work of [110], showed that a blending of
these two equations is possible and creates stable results. The blending is implemented
in the k − ω SST model, in which the DES models are also implemented. By this,
the choice of DES model, if any, is free for the user and the blending will happen
between the chosen model and the Deardorff LES model at a specified location. In the
following, the term "DES" will be used for all terms regarding the k − ω SST model,
no matter the chosen DES model (i.e. DDES, IDDES or pure URANS).

The energy equations of the k − ω SST, and the Deardorff model are similarly
divided in contributing terms of convection, shear production, dissipation, diffusion
and buoyancy. The transport equation of the blended energy k̃ can be written as:

(
∂

∂t
+ uj

∂

∂xj

)
k̃ = P +B − ε+D (4.5)

Production of turbulent kinetic energy / SGS energy, P , is computed similarly in
the two models as:

P = −τijSij (4.6)

where, Sij is the strain rate tensor and τij is the Reynolds stresses/SGS stresses.

τij = −2νtSij , Sij = 1/2
(
∂ui
∂xj

+ ∂uj
∂xi

)
(4.7)

Diffusion, D, is likewise modelled in similar manners between the k − ω SST and
the Deardorff model, however with different Prandtl numbers σk. For the LES model
σk = 2, whereas the k − ω SST model has varying values of the constant, depending
on the blending between the k−ω ( σk = 0.85) and k− ε (σk = 1) zones, see equations
(3.10) - (3.14).

D = ∂

xi

(
σk(ν + νt)

∂k̃

∂xi

)
(4.8)

Dissipation, ε, describes the destruction of turbulent kinetic energy, which happens
when large eddies dissolve into smaller eddies. This is modelled differently between
the two models, but can be described in a similar manner depending on a destructive
length scale. In the k−ω SST formulation, this is the only term affected when enabling
DES simulations. the dissipation is described as:

εDES = ρ
k̃3/2

l̃
, (4.9)

and for the Deardorff model:
εLES = Cερ

k̃3/2

lLES
, (4.10)

The DES length scale, l̃, will depend on the chosen DES model, see for instance
equations (3.27) and (3.28) for the standard DES model length scale. The LES mixing
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length, lLES , is the grid dimension ∆ for neutral stratification but reduced for stable
stratifications through equation (3.20). Cε is a model constant set to 0.93

Buoyancy, B, is computed by:

B = g

θ0
τθi (4.11)

where g is the gravitational acceleration, θ the potential temperature , θ0 the potential
temperature reference. τθw represents the heat flux, which is calculated differently
for the k − ω SST and Deardorff models, as the first models the total flux, while the
latter models the SGS flux.
For k − ω SST, the flux is found as:

τθi,DES = −νt
∂θ

∂xi
(4.12)

For the Deardorff model, the SGS fluxes τθi are found through the so-called eddy heat
diffusivity, νθ

τθi,LES = −νθ
∂θ

∂xi
, νθ =

(
1 + 2l

∆

)
νt (4.13)

The blending of the energy models simply happens through a blending of the terms or
model constants through a factor Fh.

Dρk̃

Dt
=− τijSij

+ g

θ0
(τθw,DES Fh + τθw,LES (1− Fh))

− ρk̃3/2
(

Fh
lDES

− Cε
1− Fh
lLES

)

+ ∂

∂xj

[
(µ+ µt (σk,DES Fh + σk,LES (1− Fh))) ∂k̃

∂xj

]

(4.14)

As the k − ω SST model is a two-equation model, ω needs to be treated as well in the
LES region. Since, there is no expression for ω in the Deardorff one-equation LES
model, a new equivalent term in the LES region is defined. This, should ensure that
the turbulent viscosity in the LES region can be described through the same relation
as in the RANS region by µt = k̃

ω̃ .

µt = CkρlLES

√
k̃ = k̃

ωLES
⇒ ωLES = ρ

√
k̃

CklLES
(4.15)

With Ck being a model constant of 0.1.
A blended ω is then found for the entire domain by the blending function:

ω̃ = Fh · ωDES + (1− Fh) · ωLES (4.16)
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By this, the standard k−ω equation for turbulent viscosity can be utilized everywhere:

µt = ρ
a1k̃

max(a1ω̃, F2Ω , a1 = 0.31 (4.17)

Note here, the direct linear dependency to length scale in turbulent viscosity, and
thereby ωLES . As the length scale is directly found from the grid resolution, this
makes the LES region of the model very sensitive to sudden grid changes. This is
no issue in standard LES ABL simulations, as uniform grids are popular choices,
but for the aim of this hybrid model, with objects and changing grids, care must be
taken. This issue will be discussed in the coming paragraph about considerations
using overset grids.

The blending factor Fh can be described as a smooth tanh function depending
on wall distance or predefined geometric boundaries. For a function based on wall
normal distance Fh can be described as:

Fh = 0.5− 0.5 ·
(
tanh((wd −R) · 2

δblend

)
(4.18)

where wd is the wall distance, R the desired wall distance to the location of the
blending midpoint where Fh = 0.5 and δblend is the transition distance, where Fh
transitions from 0.12-0.88.

Figure 4.6: Blending factor Fh as function of wall distance. Exemplified with variations
of midpoint R and transition range δblend .

Considerations using overset grids
When multiple grids are overlapping, with, for instance, a resulting sudden refinement
of the grid cells, the turbulent length scales are altered as well. Consider for instance
the grid setup of Figure 4.7, described later in more detail in Example 2. Here, multiple
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grids are overlapping with stepwise grid refinement to connect the resolution of the
background ABL domain to the much finer spheroid curvilinear grid. This means that
the modelled turbulent viscosity will be reduced, as smaller scales of turbulence can
be resolved.

Figure 4.7: Grid setup for Example 2. Changing colors show changing grids layers.

In the Deardorff LES region, the length scale directly and instantly impacts the
turbulent viscosity, through ω̃, see Equation (4.15). This results in a jump in turbulent
viscosity, proportional to the change of length scale from one grid to the other. In the
DES region, the length scale is only present in the dissipation term of the transport
equation of k̃. This means that despite suddenly refining (or coarsening) the grid, the
reduction (or increase) of viscosity happens smoothly over the overlap interface. This
limitation needs to be handled, and multiple strategies are treated later in Example 2.

Considered possibilities of handling the refinement issue are:
• Accepting the jump in viscosity over the refinement, assuming that the reduction

of turbulent viscosity is equalized by the increase of resolved turbulence. In this
case, decisions are to be made on turbulent parameters interpolated between
grids. By interpolating viscosity, instead of k̃ and ω̃ and recalibrating these on
the new grid, a smooth connectivity between the grids is created. However, k̃
and ω̃ will be discontinuous. In the perfect world this should be sufficient, but
as with the original issues of the DES model, it is known that sudden increase
of resolution does not lead to instant increase of resolved turbulence.

• Consequently blending the models outside the refinement area, such that only
the DES model is active over the overset grid transition. This method is straight
forward, and will be sufficient in many cases, as the LES region is needed to
resolve the ABL flow of the background grid, while the DES model is used for
the aerodynamics around the object, where the finer grid resolution is needed.

• For the LES region of the model, a minimum value of the length scale ∆les

can be chosen, fitting the resolution of the coarsest ABL domain for instance,
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thereby ignoring the resolution change when refining grids near the studied
object. This method should create a smooth eddy viscosity through overlapping
domains until reaching the model blending region. Care must then be taken to
define the blending region far enough from the object such that important small
scales shedding from the object are not quickly dissipated in the coarser LES
resolution.

To test and demonstrate the capabilities of the hybrid turbulence model, two
case studies have been conducted. Firstly, a test with an empty periodic domain is
presented, comparing the original Deardorff LES model with the hybrid method in
different blending modes. Secondly, a case with precursor LES Deardorff turbulence
imposed to a hybrid inlet-to-outlet domain is presented. Here, tests are conducted
with a spheroid object present in the flow using the overset grid method. This case is
very similar to what is desired from the model when simulating wind turbines in an
ABL.

4.2.1 Example 1 - Empty periodic domain
In the present example, the hybrid model is tested in an empty domain with neutral
and stable ABL flows. Here, examples with the new hybrid LES/DES model is
compared to the standard Deardorff LES model.

Examples of the hybrid model with different blending regions are conducted. One
with pure LES mode, equivalent to Fh=0 everywhere, one with at large sphere of k−ω
SST IDDES (Fh=1) in the the domain, and finally one with a small sphere of k − ω
SST IDDES present in the domain, which resembles more the final purpose, where
only a small region around the rotor will be run in the IDDES mode. For comparison,
the same case is conducted using the original Deardorff LES turbulence model.

At ground level, a no slip wall boundary condition is applied with the Schumann-
Grötzbach (SG) wall model ensuring the log law profile, including Monin-Obukov
similarity theory (MOST), to account for the non-neutral case. The wall function is
applied through the wall shear stress in the first layer of cells adjacent to the ground.
The given expressions for the wind and potential temperature profiles are based on
the GABLS1 benchmark [112], which is the source of inspiration for this test case:

dU

dz
= u∗
κz

(1 + 4.8 z
L

) (4.19)

dθ

dz
= θ∗
κz

(1 + 7.8 z
L

) (4.20)

where L is the Obukhov length scale.
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Roughness is defined as equivalent to onshore conditions over long grass terrain
using a roughness length z0=0.1. A latitude of 73◦ North is used corresponding to
f = 1.39 · 10−4 in the Coriolis force Fco = −fk×U , with k being the upwards normal
vector from the surface and U the velocity.

The spheres are located in the middle of the domain horizontally (x=y=200m) and
100m above the ground (z=100). The radii of the spheres are set to 35m for the small
sphere and 65m for the large sphere setup. Both setups blend the turbulence over a
20m distance (δblend=20m). The domain is 400×400×400 meters, with 64 cells in each
direction. Side boundaries have cyclic periodic conditions, meaning that flow coming
out of the domain is inserted in the opposite end of the domain. At the top, a farfield
condition is chosen with a prescribed velocity of 8 m/s resembling the geostrophic
wind.

18 hours have been simulated with time steps of 0.5 seconds. Convection has been
calculated through 4th order central difference (CDS4), and a version of the SIMPLEC
[113] pressure correction algorithm was chosen. Air is modelled with density of 1.32
kg/m3 and dynamic viscosity of 1.784·10−5 kg m−1 s−1.

a) b)
Figure 4.8: Setup for empty domain cases. a) Domain with boundary conditions. b)

Iso-surface of large IDDES sphere (Fh=0.5) in hybrid mode.

Results - Neutral conditions
Neutral conditions are obtained by omitting temperature calculations and have no heat
flux on the ground wall. By this, only the described roughness influences the turbulent
flow. In the following figures 4.9 and 4.10, results are presented for a monitored point
probe placed at (200m,200m,100m) i.e. the center of the IDDES spheres in the cases
where they are present.
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Figure 4.9: Time series of flow velocity, U , at point (200m,200m,100m). Left, entire
time series. Right, zoom to 10 minutes period.

In Figure 4.9, the time series of the flow velocity, U , for the four different cases is
depicted. As seen, all methods end up in similar fluctuations, however with different
locations of the turbulence onset. The hybrid methods tend to provoke the turbulence
onset; the larger a portion of the domain is in IDDES mode the earlier the turbulence
is initiated, likely due to added numerical disturbances from the blending. In Figure
4.10, the spectrum of the last five hours of the same signal is depicted. The level and
cascade is seen to be similar in all cases.

Figure 4.10: Spectra of the last five hours of the U time series.

Figure 4.11 depicts horizontally averaged values of wind speed, U , turbulent kinetic
energy, k̃, turbulent viscosity, µt, and Reynolds stresses, uu, vv and ww. The variables
are found at the approximately same temporal distance to the onset of turbulence.
All parameters agree well, and even the highly fluctuating Reynolds stresses show
same spatial trends and levels.
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Figure 4.11: Horizontally averaged profiles of instantaneous flow velocity U , hybrid
turbulent kinetic energy k̃, turbulent viscosity µt, and Reynolds stresses
uu, vv and ww.

Results - Stable conditions
Stable stratification is ensured through a negative temperature flux by a linearly
decreasing temperature of 0.25◦K per hour, on the ground wall starting at 265◦K:
θ0 = 265◦K − 0.25◦K · t/3600, where t is the simulation time in seconds. Figure 4.12
shows the time series of the flow velocity U for the four different cases at the point
probe placed at (200m,200m,100m). In this case, the shift of turbulence onset is seen
to be larger than for the neutral case. The signals are again similar in levels and
frequencies.

Figure 4.12: Time series of flow velocity, U , at point (200m,200m,100m). Left, entire
time series. Right, zoom to 10 minutes period.
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In Figure 4.13, the spectrum of the last five hours of the same signal is depicted.
The level and cascade is seen to be similar as well.

Figure 4.13: Spectra of the last five hours of the U time series.

Figure 4.14 depicts horizontally averaged values of wind speed, U , hybrid turbulent
kinetic energy, k̃, turbulent viscosity, µt, and Reynolds stresses, uu, vv and ww. The
variables are found at the approximately same temporal distance to the onset of
turbulence. In the plot of U , a low level jet is developed around 150m altitude for
all cases. Here, the flow velocity peaks before being reduced towards the farfield
geostrophic wind at higher altitudes as expected for at stable stratification. All
parameters agree well also for this case, and the Reynolds stresses show an even
better match in spatial trends and levels than for the neutral case, due to the lower
turbulence intensity.

Figure 4.14: Horizontally averaged profiles of instantaneous flow velocity U , turbulent
kinetic energy k̃, turbulent viscosity µt, and Reynolds stresses uu, vv
and ww.
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Conclusion - Example 1
Despite being cycled through a region of IDDES turbulence modelling≈ 500-1000 times,
the turbulent features of the flow do not change significantly, neither in neutral nor
stable conditions. The flow velocity and spectra are alike for all cases, and horizontal
means of flow features such as velocity, turbulent viscosity and even Reynolds stresses
are similar for all cases. From this it is seen that the hybrid model smoothly blends
the features, with no significant altercations to the flow. No numerical issues with the
hybrid model were experienced.

4.2.2 Example 2 - Spheroid in turbulent flow
In this example, a spheroid object is placed in the domain using the overset grid
method to test the hybrid turbulence blending based on normal distance to an object
along with the impact of sudden grid refinement between the overset grid layers. The
domain inflow is based on a turbulent stable LES precursor run with an empty periodic
domain. The setup is similar to what was presented in the former example, but using
twice the number of grid cells (128×128×128 cells on a cube with 400 m sides) for
better resolution of turbulence.

The computational background domain is a box of 2000m×400m×400m× with
160×128×128× cells distributed such that the first 400m of the domain length have 128
cells to ensure cubic cells in this region. The last 1600m are distributed in 32 stretched
cells to diffuse the turbulence before reaching the outlet for numerical stability. The
bottom of the domain has a no slip boundary condition with the SG wall model as in
Example 1, while the vertical sides are periodic and the top boundary is a farfield
condition similar to the previous example.

A spheroid object with circular mid-diameter of 7m and a length of 20m is placed
in the domain with center in (200m,200m,65.5m) using overlapping grids. The surface
is discretized in 256×192 cells along the circular and ellipsoid direction respectively.
A curvilinear volume mesh is extruded ≈10-20 m from the surface over 160 cells.
Two refinements through Cartesian box meshes of 64×64×96 cells are overlapping
the background domain before adding the top layer curvilinear spheroid mesh. The
meshes can be seen in Figure 4.15.

Figure 4.15: Grid setup for spheroid cases. Changing colors show changing grids
layers.
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To study the sensitivity to the blending location and the impact of a length scale
limiter, different strategies are tested here.

First, cases without any length scale limit are tested with the blend happening at
5 or 8 meters normal to the wall with a 2m blending range, labeled B5m and B8m
respectively. Secondly, the same blend locations are tested, but with a limiter on the
LES length scale ∆LES , corresponding to the length scale of the background grid (≈
3m), labeled B5m,∆lim and B8m,∆lim respectively. Finally, a test with the blending
happening in the background grid outside the overset grid domain is conducted, such
that the IDDES model is used at the grid refinements, labeled Bbox. The prescribed
region is box-shaped with 180m width and length and 122m height with the blend
happening over a 8m range. Examples of blend cases with blend location R=5m and
the box region are shown in Figure 4.16.

A time step of 0.002s is used and a mix of fourth order central difference (CDS4)
and the QUICK scheme, as described in [31], is chosen for the convective terms as
this is an appropriate scheme for the DES model. To study the sensitivity of blending
locations, points P1 and P2 are monitored 3.8m (x=195m) and 8.8m (x=190) upstream
of the surface at the sphere mid point. The first probe point, P1, is in a transition
region for R=5 and in the IDDES region for cases R=8. The second point, P2, is in
the LES Deardorff region for case R=5, while in the transition range for R=8.

Figure 4.16: Section of blending factors of cases R=5, B5m and B5m,∆lim(left) and
the predefined box region, Bbox (right).

Results
The turbulent features µt, ω̃ and k̃ of the tested strategies (5m blend range, and
box blend region), are depicted at the same time instance in Figure 4.17 showing an
intersection of the flowfield at the midpoint of the sphere.

As seen in the first row, blending inside the overset without any limiter on length
scale, results in discontinuous turbulent kinetic energy k̃ and specific dissipation ω̃.
Along with this, a rapid reduction of turbulent viscosity is seen when refining the
grids, through the overlapping grids.

Limiting the length scale, ∆LES , to the background grid size, on the other hand,
ensures a smooth insensitive transfer of turbulent features between the grids, as seen
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in the second row of the figure. This means, however, that less turbulence can be
resolved in the Deardorff region, but when blending to IDDES, the actual grid size is
again used through the turbulent length scale ∆DES .

R=5m, without ∆-limiter, B5m

R=5m, with ∆-limiter, B5m,∆lim

Box blend region, Bbox

Figure 4.17: Resulting turbulent features, µt, ω̃ and k̃, depending on blend strategy.
Top: wall distance based blend of scalars without limiting ∆LES .
Mid: wall distance based blend of scalars with ∆LES limited to back-
ground grid cell size.
Bottom: blending of models in background grid outside overset region.
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In the lower row of the figure, the blending between Deardorff LES and IDDES
happens in the background grid outside the overlapping grid region. This also results
in a smooth transport of turbulent features, since the turbulent viscosity in the IDDES
model is not linearly proportional to the grid size. However, the turbulent length
scale impacts the dissipation of kinetic energy, which results in the turbulent viscosity
decreasing in the refined grids compared to the case with Deardorff LES with a limit
on ∆LES .

In Figure 4.18, the flow velocity U , the turbulent eddy viscosity µt, the turbulent
kinetic energy k̃ and the specific dissipation ω̃ are plotted; solid lines for point P1
(3.8m from surface) and dotted lines for point P2 (8.8m from surface). As seen, for
the flow velocity, practically no change is seen between the strategies, as any change
in viscosity will need a long distance to alter the wind speed significantly. For this
reason, the largest difference is seen for the case with blending in a box region, as
the blending here happens furthest from the points. For the turbulent features, some
difference is observed as the different turbulence models have different length scales,
and blending locations. For instance, it seems that the kinetic energy, and thereby
the turbulent viscosity, fluctuates more when using the ∆LES limit.

Figure 4.18: Time series of flow velocity and turbulent features k̃, µt and ω̃ 3.8m
(solid) and 8.8m (dotted) upstream of the midpoint surface of spheroid.

Looking at resulting wind forces on the object, a chaotic shedding pattern is seen,
as depicted in Figure 4.19, showing the integrated horizontal forces in the cross flow
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direction for all the strategies. This is due to the high Reynolds number of around
4M based on the diameter as length scale. As seen, large fluctuating forces are found,
in similar amplitudes for all cases, however a qualitative comparison not easy.

Figure 4.19: Time series of integrated forces in y-direction (horizontal perpendicular
to flow direction).

Figure 4.20: Spectra of integrated forces in y-direction (horizontal across flow direction)
from Welsh estimate.

Looking at the spectra of forces in the y-direction instead, Figure 4.20, again
similar trends are seen with peaks at around 0.05-0.06 Hz, which corresponds to a
Strouhal number (St = fc ·D/U∞) of ≈0.06 based on the mid diameter, D, of 7m
and the mean flow speed of that altitude of 5.74m/s. This Strouhal number is quite
low, when comparing to e.g. cylinders, where St ≈0.2. Similar results were, however,
also found in the much more comprehensive study by Strandenes et al. [114], where
the flow around a spheroid with a 45◦ inclination angle was simulated.
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The main difference between the strategies is seen around 1Hz, where the cases
including a ∆LES-limit decay faster than those without a limit, which consequently
can resolve smaller turbulence scales in the LES region.

In Table 4.1, the force coefficients in x,y and z are found based on the surface
area (≈ 361.8m2) and the mean wind speed at the center altitude (U=5.74 m/s). As
seen, the values agree well, despite the chaotic shedding pattern and the limited time
sample of 700 seconds (≈ 42 cycles of shedding). Note that the asymmetry in forces
despite the symmetric shape is due to the sheared, veered and turbulent inflow.

Table 4.1: Force coefficient statistics based on 700 seconds of timeseries.

B5m B8m B5m,∆lim B8m,∆lim Bbox

Along flow direction x
µCx 0.124 0.125 0.124 0.126 0.128
σCx 0.028 0.029 0.028 0.028 0.028

Horizontal cross flow direction y
µCy 0.068 0.066 0.068 0.069 0.074
σCy 0.044 0.048 0.044 0.043 0.047

Vertical cross flow direction z
µCz -0.058 -0.057 -0.057 -0.059 -0.059
σCz 0.015 0.015 0.015 0.015 0.016

Conclusion - Example 2
All in all, it is difficult to define one strategy as right or wrong, since the turbulent
viscosity near the spheroid is similar in all cases and the resulting forces as well.
Physically, the first strategy, with no limit on ∆LES , is not ideal as the turbulent
kinetic energy and specific dissipation are discontinuous over the grids. The two other
strategies both show smooth transport of turbulent features. Blending outside the
overset region, enables the use of refining grids for e.g. wakes, with a more smooth
transfer between the grids. However, the grids have to have sufficient distance to
actually resolve more turbulence to equalize the reduction of turbulent viscosity. More
studies will be needed in the future to validate the model and strategies. The method
is utilized in Article 4 of this thesis, studying the turbulent flow around a wind turbine
rotor comparing with the pure IDDES turbulence model.
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CHAPTER 5
Study Overview

This chapter serves as an overview and summary of the studies conducted through
the PhD project. Four articles have been written, hereof two are published and two
are under review at the time of publication of this thesis.

The first section summarises the first article published, which presents a validation
study of the FSI framework. The second section presents the three following articles,
all related to wind turbines within the atmospheric boundary layer (ABL) flow. The
first of these studies involve validation of the CFD methods only, while the following
two consider the combination of both FSI and atmospheric flow. Before presenting
these three ABL studies, an introduction is given to the field measurement campaign on
which they are all based. A numerical setup investigation conducted is also presented,
based on the results of Article 2 in order to create an optimized setup utilized in
Article 3.

5.1 Validation of FSI framework (Article 1)
As a first study of the project, a validation of the FSI capabilities of the DTU coupling
framework has been conducted. This, by simulations of an experiment conducted at
the Large Scale Facility of DTU with measurements available for comparison. An
opportunity presented itself in a need of understanding the aerodynamics during a
blade fatigue test as part of the BLATIGUE project [115]. What is unique about
this opportunity, is the fact that both wind conditions and structure response is well
known, which is rarely the case with wind turbines in operation, at least in a sufficient
fidelity. Here, the initial flow around the test setup is known to be stationary as
the experiment was done indoors, and the structural response was measured through
accelerations and strains. The experiment simulated is a so-called pull-release test,
which, as the name implies, is simply pulling a cantilevered blade down and releasing it
to measure the decaying oscillations in the flapwise direction. The purpose of the FSI
study is to investigate the aerodynamic forces which the blade experiences during this
oscillation, as the aerodynamics deviate severely from the steady state aerodynamics.
When planning fatigue tests, structural solvers with BEM-based aerodynamics are
often used. It is however known, that the force coefficients normally used in these
codes are not sufficiently approximating the forces experienced by the blade during
fatigue tests. This is due to the fact that during the oscillation, the blade creates
large vortices in the wake, which it passes again after changing direction.
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In the study, high fidelity FSI is investigated using EllipSys3D coupled to HAWC2.
The calculated accelerations of the blade, and the corresponding strains are compared
to those of the experiment, and excellent agreement is seen in both amplitudes and
the oscillation decay from the aerodynamic resistance to the motion. Further, the
study is used to calibrate the effective drag coefficient of the flapwise motion, with
a 90◦ angle of attack, which is found to be ≈4 times as high as the drag coefficient
under steady flow at that angle of attack. This value is higher than what is currently
being used for most fatigue test simulations, leading to an underestimation of the
aerodynamic damping.

Finally, the study investigates the impact on the blade forces of the confinement
from walls and floor of the test facility. No influence from confinement is seen in the
considered setup, meaning that no corrections are needed to account for the actual
shape of the confinement. However, no general conclusions can be made on the overall
confinement influence during fatigue tests due to the limited size of the blade.

The study is published in Wind Energy Science, see Article 1.
Article 1
Title: Investigations of aerodynamic drag forces during structural blade testing using
high-fidelity fluid-structure interaction
Written by: C. Grinderslev, F. Belloni, S. G. Horcas and N. N. Sørensen.
Published in: Wind Energy Science, vol 5, (2020), pp. 543-560
DOI: https://doi.org/10.5194/wes-5-543-2020

5.2 Turbines in complex ABL flow
Moving on towards FSI of wind turbines operating in the ABL, three studies have been
conducted, step-wise increasing in fidelity. The first of this series of studies (Article
2) is used as validation of the CFD code’s capability of simulating a 2.3MW rotor
in complex ABL flows using URANS turbulence, i.e. without turbulent fluctuations
but including shear and yaw. The second study (Article 3) serves as a continuation
of the aforementioned validation study, considering experiences gained in terms of
methodology. Further, the structural aspect of the rotor is included, investigating the
aero-elastic effects between the complex flow and the rotor through FSI, and also using
the more efficient BEM method for comparison. Lastly, the third study (Article 4)
investigates FSI in turbulent ABL flow, using the newly developed hybrid turbulence
model combining LES and DES models.

Common for all studies are the flow cases and experimental measurements used
for validation of results, which are based on the DanAero field experiment [116] on
the 2.3MW NM80 wind turbine. The studies have been conducted as part of the
IEA Wind Task 29 [117] which is a large cross-institutional project investigating
aerodynamic modelling of wind turbines of various degrees of modelling fidelity.

In the following, the DanAero experiment measurements will be introduced, pre-
senting the flow measurements and defined cases. This will be followed by brief
presentations of the studies and the in-between considerations of methodology.

https://doi.org/10.5194/wes-5-543-2020
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5.2.1 DanAero experiments
The DanAero field experiments [116] were conducted in Tjæreborg, Denmark, in the
summer of 2009. Multiple campaigns were conducted measuring both the incoming
flow and the resulting pressure on a wind turbine blade. The wind turbine itself is a
2.3MW NM80 model equipped with LM-38.8 blades resulting in a diameter of ≈80m.
The blades are attached with no cone angle, but have a prebend into the wind of
≈1.5m at the tip. Additionally the rotor is attached at a hub height of 57.2m with a
5◦ tilt. Pitch, yaw position and rotational speed were held constant in the various
measurement campaigns. In the following, pitch is defined positive when increasing
the angle of attack, while yaw is defined positive when the blade in top position follows
the yawed wind component.
The considered wind turbine is part of a wind farm of a total of 8 turbines. In
the considered cases, the directions of the wind are deemed to not introduce any
wake shadow from neighbouring wind turbines. Inflow velocities and directions were
measured on a met mast with cup and sonic anemometers. The mast is located
approximately 2.5 diameters from the turbine, which means that some difference
between actual flow at the wind turbine and the mast is expected but not considered.
Among other sensors, one blade of the turbine was equipped with pressure taps at
radial positions 13.1, 19.1, 30.2 and 36.8 meters from the rotor center, corresponding
to approximately 33, 48, 76 and 92 % blade length. Measurements from these are
used to obtain the pressure forces for comparison with the simulation results.

Three flow cases are considered in the studies, as defined in the IEA Wind Task
29 Phase IV.

Case 1 is an idealized case, used as a sanity check of the setups, as the assumptions
make the inputs to the CFD solvers quite simple. The case is axisymmetric meaning
that tilt is ignored and the flow is uniform with 6.1m/s. The rotational speed is 12.3
rpm and the pitch is 0.15◦. The case is based on measurements in a time range of 250
seconds with a mean yaw error less than 1◦, however with a high standard deviation
of 6.01◦. The measured shear is very low as measured velocity has less than 0.3 m/s
variation of mean velocities between all six locations of the met mast anemometers,
justifying the no shear assumption. For the comparison with the axisymmetric
simulations, the measured pressure forces are phase averaged over the revolutions to
smear out any influence of the tilt angle and any other periodic influences.

Case 2 is dominated by shear and based on 143 seconds of measurements. A power
law with shear exponent of α = 0.249 is found as best fit using the mean velocity
measurements of the anemometers. The mean yaw error is 6.02◦. Rotational speed
and pitch is constant of 16.2 rpm and -4.75◦ (decreasing angle of attack) respectively.

Case 3 is the most complex of the three flow cases, as this includes both a high yaw
error of 38.34◦ and a large shear; α = 0.262. 345 seconds of measurements were used
to define the case. As with Case 2, the rotational speed and pitch are kept constant
at 16.2 rpm and -4.75◦ (decreasing angle of attack) respectively.
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The measurement statistics used for definition of cases are presented in Table 5.1.
The defined inflow wind profiles and wind directions along with mean and standard
deviations of measurements are presented in Figure 5.1 along with a representation of
the wind turbine. As seen, the profiles fit well within the measurements. Some veer is
also present, as the measured wind direction is varying slightly with height. This veer
is, however, not considered in the defined cases, as the wind direction at hub height
is used for the yaw definition. Relatively large standard deviations are seen in the
DanAero data, especially in the lower altitudes.

Table 5.1: Measurement statistics from met mast of DanAero campaigns, for the
conducted cases. µ = mean value, σ = standard deviation.

Case 1 Case 2 Case 3
Wind speed

µ [m/s] σ [m/s] µ [m/s] σ [m/s] µ [m/s] σ [m/s]
17m 5.73 0.58 (10.1%) 7.18 0.59 (8.2%) 5.76 0.80 (13.9%)
28.5m 5.79 0.54 (9.3%) 8.29 0.45 (5.4%) 6.75 0.77 (11.4%)
41m 5.81 0.48 (8.3%) 9.02 0.37 (4.1%) 7.89 0.60 (7.6%)
57m 6.04 0.41 (6.8%) 9.83 0.36 (3.7%) 8.79 0.43 (4.9%)
77m 5.94 0.44 (7.4%) 10.54 0.51 (4.8%) 8.95 0.46 (5.1%)
93m 6.0 0.45 (7.5%) 11.03 0.63 (5.7%) 9.01 0.46 (5.1%)

Wind direction
µ [◦] σ [◦] µ [◦] σ [◦] µ [◦] σ [◦]

17m 232.30 7.32 161.56 4.94 168.82 7.00
57m 228.09 6.01 161.64 1.99 166.47 2.37
93m 232.75 5.73 155.61 2.16 166.76 2.30

Yaw error
µ [◦] σ[◦] µ [◦] σ[◦] µ [◦] σ[◦]
-0.89 6.01 (675.28%) 6.02 1.99 (33.1%) 38.34 2.38 (6.2%)

Figure 5.1: Described wind profiles and yaw errors along with measurements from the
DanAero field experiments.
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5.2.2 Validation of CFD for complex flow
(Article 2)

The first ABL study conducted serves as a validation/benchmark of the CFD codes
EllipSys3D and Nalu-Wind in sheared and yawed complex flows using the URANS
k−ω SST turbulence model. The study was conducted as part of an external research
stay at the National Renewable Energy Laboratory (NREL) in Colorado, USA, who
use Nalu-Wind as their main CFD tool.

The three aforementioned flow cases are simulated with the ≈2.3MW NM80 rotor
present in the flow. Both codes utilize the overset grid method, and impose the defined
wind profiles as inlet and initial conditions, while URANS is used for turbulence
closure. An assumption made in both the EllipSys3D and Nalu-Wind setups is the
omission of a ground constraint, as boundaries are placed far from the rotor in all
directions. Further, only the stiff rotor is considered, neglecting the effect of flexibility
and components like hub and tower.

Azimuthal forces, pressure distributions and integrated thrust and torque are
compared between codes and the experimental measurements.

The two codes agree well with each other and measurements, especially for the
two first cases based on axi-symmetric flow and dominantly sheared inflow. In
Case 3, however, some distinct discrepancies are seen as Nalu-Wind and EllipSys3D
respectively under- and overpredict the loading.

The two codes differ in discretization method, as EllipSys3D works in structured
curvilinear coordinates whilst Nalu-Wind utilizes unstructured grids. This difference
is found to affect the incoming sheared velocity profiles, as the unstructured grid
of Nalu-Wind, which coarsens away from the rotor, smears out the profile. The
effect of the smearing is a decrease of wind speed in the rotor area, explaining the
underprediction of forces. This is not seen in EllipSys3D as no rapid expansion of the
grid is present between inlet and rotor, meaning that the wind profile is unaltered
from inlet to rotor.

Another interfering effect, observed in the EllipSys3D simulations, is the result of
omitting the ground constraint by having domain boundaries far from the rotor in
all directions. This allows the flow to accelerate beneath the rotor, where the ground
constraints the flow in reality. In effect, this increases the wind speed seen by the
rotor increasing the forces on the blades especially when passing the lower altitudes.

Article 2
Title: Validation of blade-resolved computational fluid dynamics for a MW-scale
turbine rotor in atmospheric flow
Written by: C. Grinderslev, G. Vijayakumar, S. Ananthan, N. N. Sørensen, F. Zahle
and M. A. Sprague.
Published in: Journal of Physics: Conference Series, 1618, (2020), p. 052049
Presented at: TORQUE 2020, Oral presentation (online).
DOI = https://doi.org/10.1088%2F1742-6596%2F1618%2F5%2F052049

https://doi.org/10.1088%2F1742-6596%2F1618%2F5%2F052049
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5.2.3 Setup investigation for further studies
In order to study and alleviate the speed up effect beneath the rotor observed in
the EllipSys3D results of Article 2, before moving on with further studies, a setup
investigation has been conducted. As presented in Article 2, and seen in Figure 5.2,
the overset grid setup of the original study consists of four grids overlapping each other.
First, a box shaped background domain, with boundaries far from the rotor in all
directions. To resolve the wake, a cylindrical grid is used stretching ≈5D behind the
rotor. Encapsulating the rotor grid, a disc grid is created connecting the cylindrical
grid and the rotor grid. Finally, the curvilinear rotor grid is growing ≈12m from the
surface. The grid setup is further described in Article 2.

Figure 5.2: Grid setup used in Article 2. Red cells show fringe cells. Black: background
grid, yellow: cylindrical grid orange: disc grid, blue: rotor grid.

Taking a look at the resulting velocity magnitude around the rotor for Case 3,
depicted in Figure 5.3, it is seen that the flow velocity speeds up beneath the rotor
without being blocked, also seen in the velocity profile 0.5D upstream. This is a
consequence of the setup omitting the ground condition, and thereby allowing flow
where the ground is actually present in reality.

Figure 5.3: Left: Velocity profiles at inlet and 0.5D upstream rotor. Right: Velocity
field near rotor.



5.2 Turbines in complex ABL flow 67

To alleviate this effect, along with preparing for simulations including flexibility, a
new setup has been tested.

Semi-cylindrical setup
In a new setup, inspiration is taken from the setup used in [11]. Here, instead of an
outer box domain, a half cylinder domain is used, with a boundary placed at ground
level, to constrain any cross flow. The shape of the domain enables a better match of
grid cells between domain and overlapping disc mesh, meaning that the overlapping
cylinder mesh used in the original study can be omitted. To simplify the hole cutting
procedure, holes are cut manually in the disc domain, which rotates along with the
rotor domain, such that the communication tables between these grids do not need
updating through the simulation. To avoid the edges of the disc domain moving
outside of the domain ground due to tilting, the last third of the disc is narrowed
linearly. The rotor domain is extruded a few meters more than the former setup, to
≈15m from the surface over 128 cells, to allow room for deformation without distortion
of the mesh quality. To enable fringes and donors between disc and rotor mesh to
be reused for each timestep, all deformation is propagated to cells in the rotor mesh
within the boundaries of the holes in the disc domain. This means that the fringes
and donors only move by the prescribed rotation, applied to both disc and rotor mesh,
and thereby no donor/fringe search is needed between those two grids. The domain
and overlapping grids can be seen in Figures 5.4 and 5.5. As development of the shear
profile upstream of the rotor is undesired, a symmetry boundary condition is chosen
for the ground boundary along with the parallel sides. This boundary constrains
the flow perpendicular to the wall, but does not influence on the flow parallel to the
boundary, as would be the case with the regular wall condition used on the rotor
surface.

Figure 5.4: Left: Original domain. Right: Semi-cylindrical domain for new setup.

Results
In the following, the configuration defined as Case 3 will be in focus, as this case show
the highest discrepancy to the measurements. This case has a high yaw error of 38.34◦
along with a high shear (α = 0.262), see the Table 5.1 and Figure 5.1.
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Figure 5.5: Alternative grid setup. Red cells show fringe cells. Black: background
grid, orange: disc grid, blue: rotor grid.

The introduction of the ground symmetry boundary introduces a deceleration of
the wind in front of the rotor, as the flow cannot move easily beneath the rotor. This
is visible in Figure 5.6 (left) showing the velocity profiles 0.5D and 4D upstream of the
rotor for the original and the new alternative setup. As seen, both setups have correct
profiles 4D upstream of the rotor, but develop quite differently close to the rotor.
The alternative setup sees an overall deceleration of the flow, whereas the original
setup, without ground boundary, speeds up in the lower altitudes. This is also evident
when comparing the flow field visualizations 5.3 (right) and 5.6 (right). Further, an
overall much more stable wake behaviour is seen using the alternative setup including
the ground boundary. The deceleration of the flow creates a clear drop in the forces
seen by the blade, as presented in Figures 5.7, 5.8 and 5.9. The forces tend to drop
throughout the entire revolution, however with the most significant drop when the
blades pass the low altitudes.

Figure 5.6: Left: Sheared wind profiles of setups with (Alt.) and without (Org.)
ground constraint at 0.5D and 4D upstream of the rotor. Right: velocity
field for setup with ground.
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For normal forces it is seen that the discrepancy between simulations and mea-
surements increase in azimuths between ≈ 270◦ to ≈ 50◦. Despite this, the forces are
in general closer to the DanAero measurements both normal and tangentially.

Tests were also conducted using the flow defined for Case 2, but in this setup no
significant change was seen in neither wind profiles nor loading. This indicates that
the high yaw error of Case 3, blocks the flow more than the Case 2 setup, forcing the
flow beneath the rotor.

Concluding remarks on setup
The discrepancies presented in Article 2 for the highly sheared and yawed Case 3,
have been investigated further, and corrected through a new grid setup. It is found,
that considering the ground constraint through a slip wall boundary condition, yields
a significant improvement on velocity profile and loading of the blades. Meanwhile,
the new suggested grid setup shows better performance in terms of wake stability, and
further reduces the needed number of overlapping grids. The setup is prepared for
simulations including blade flexibility, by manual hole cutting and a larger rotor grid.

The updated setup, is used in the following study, which deals with the same flow
cases, but including flexibility through the DTU coupling framework.

Figure 5.7: Normal forces along blade length at varying azimuthal positions for setups
with (Alt.) and without (Org.) ground constraint.
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Figure 5.8: Tangential forces along blade length at varying azimuthal positions for
setups with (Alt.) and without (Org.) ground constraint.

Figure 5.9: Normal and tangential forces at 92% blade length for setups with (Alt.)
and without (Org.) ground constraint for case 3 with high yaw and shear.



5.2 Turbines in complex ABL flow 71

5.2.4 FSI simulations of NM80 rotor in laminar
ABL flow (Article 3)

As a continuation of Article 2, this study investigates the impact of considering
flexibility of the rotor blades on the NM80 rotor, through fluid-structure interaction,
in the same complex flow cases studied in Article 2. Along with this, the equivalent
cases using BEM aerodynamics are simulated for comparison between the two degrees
of fidelity. With the experiences gained in Article 2, the grid setup is updated, as
described in the former section, to include the constraint from the ground, and allow
for deforming blades without deterioration of the mesh quality. For all cases, stiff and
flexible situations are simulated using both FSI and BEM simulations.

The study shows that both FSI and BEM simulations of the simple axi-symmetric
case, capture well the forces agreeing with measurements. For the more complex cases
with shear and yaw, however, BEM does not capture well the forces along the blade.
For the highly sheared case, the BEM model predicts stall in large parts of the blades,
which is not found in FSI simulations nor in measurements. This discrepancy is likely
due to the wind tunnel based airfoil lift, drag and moment input tables not being
accurate in the complex flow cases, despite being corrected in advance for 3D and
wind tunnel effects. This result emphasizes the need of higher fidelity models, when
dealing with non-standard flow cases. These can verify results obtained from the lower
fidelity methods, or correct the used models or e.g. the airfoil data sets.

The NM80 rotor considered here, as measurements are available, is quite stiff, and
only small maximum torsion of ≈1◦ is found near the blade tips. Tip displacements
of around 6% blade length are found as maximum in the studied flow cases occurring
in Case 2 when the blade is in top position. The small effect of flexibility is likewise
found when studying the wake flow behaviour behind the rotor, being close to identical
for stiff and flexible cases. This limited effect of including flexibility is present due to
the relatively stiff structure of the NM80 rotor. Modern and future turbines are and
will be much more flexible, and thereby inclusion of flexibility in simulations will be
of high importance.

Article 3
Title: Fluid-structure interaction simulations of a wind turbine rotor in complex flows,
validated through field experiments
Written by: C. Grinderslev, S. G. Horcas and N. N. Sørensen.
Submitted to: Wind Energy (submitted July, 2020)
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5.2.5 FSI simulations of NM80 rotor in turbulent
ABL flow (Article 4)

In a final study, the presented hybrid turbulence model is utilized to simulate the NM80
rotor within a realistic turbulent atmospheric flow. As further described in Section
4.2, this model blends the Deardorff LES model with a DES model (in this particular
study the IDDES model) near the rotor surface. This, to utilize the capabilities of
the two models where they are most needed. Deardorff LES is used to model the
turbulence in the ABL flow surrounding the rotor. Meanwhile, the IDDES model is
used in a region near the rotor to model the separated flow, while reducing the need
of excessive grid resolution in this region.

A large precursor simulation using the Deardorff LES model is conducted first to
generate and sample a turbulent neutrally stratified flow. The sampled flow planes
are used as inputs to successor simulations in a smaller computational domain. First,
empty domain simulations are conducted using both the hybrid turbulence model and
the IDDES model alone. In this empty case, the hybrid model acts as the Deardorff
LES model in the entire domain as no blending region is defined. Next, simulations
are run with the NM80 rotor present in the domain, again using both the hybrid
model and the IDDES model alone. Here, the hybrid blending happens ≈8m from the
blade surface. Finally, the rotor simulations using the hybrid turbulence model are
run further with the structural coupling enabled to study the impact of considering
blade flexibility.

It is found that the turbulence model (hybrid model vs. IDDES model alone) does
not impact a lot on the flow of the successor simulations as the domain is not long
enough for any significant difference in flow development. However, the method can
be relevant for longer domains containing more rotors, or simulations including more
atmospheric features such as stable/unstable stratification and Coriolis force.

As was the case in the former study, the displacements and torsion found are low
due to the high rotor stiffness. For this reason, the impact from inflow turbulence
on the rotor loading is much higher than the impact of including flexibility. This
conclusion aligns well with what was found by others [38, 43]. It is, however, important
to note that this will likely not be the case for modern and future rotors which has
much more flexible blades.

Article 4
Title: Wind turbines in atmospheric flow - FSI simulations with hybrid LES-IDDES
turbulence modelling
Written by: C. Grinderslev, N. N. Sørensen, S. G. Horcas, N. Troldborg and F.
Zahle.
Submitted to: Wind Energy Science (submitted November, 2020)
DOI: https://doi.org/10.5194/wes-2020-122
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CHAPTER 6
Conclusions and Outlook

The main objective of this PhD project, was to investigate aero-elasticity for wind
turbines in atmospheric flows, through fluid-structure interaction (FSI) simulations. To
do this, existing capabilities and methods of an in-house computational fluid dynamics
solver have been combined and new models developed, all to enable simulations of
flexible wind turbines rotating within an atmospheric boundary layer (ABL) flow.
Many computational components and capabilities are needed for such simulations,
necessitating experience in and tests of e.g. FSI framework, the overset grid method,
and turbulence modelling of various fidelities.

Developments on the CFD solver have been conducted and tests of these have been
completed and presented. First, a tighter pressure coupling between overset grids have
been obtained through Neumann fringe boundary conditions on the pressure, based on
interpolated pressure gradients. The effect of the coupling has been demonstrated on
simple airfoil cases, but further studies and sensitivity studies are still needed. Further,
the main code development conducted in this thesis is the hybrid turbulence model.
The model enables simulations of large to small scale turbulent flows within the same
simulation by combining turbulence models calibrated for each purpose. These being
the Deardorff LES model for atmospheric flow, and the DES hybrid models for flow
separation regions. The model has been tested on the GABLS setup for stable and
neutral stratification, with a predefined region of blending between the LES and the
IDDES models. It was shown that, as desired, the blending region does not distort
the turbulent LES flow and similar results are found for both the LES model and the
hybrid model. Further, the strategies of blending regions and length scale limiting for
overset grids have been tested for an ellipsoid object in ABL turbulent flow.

Building on these developments and tests, wind turbine related studies have been
conducted and documented in journal articles.

Firstly, the FSI approach used has been validated through comparison with
experimental studies, showing very good agreement between the simulations and
measurements, as described in Article 1. This specific study has shown the relevance
of conducting FSI simulations to aid the efficient engineering models with for instance
calibration of parameters, in this case the drag coefficient. Further, for the specific
setup tested and simulated, it was shown that the walls and floor surrounding the
test setup, do not impact the aerodynamics of the test, thus no need to consider the
confinement in simulations nor experiments is found. This study has established good
confidence in the FSI framework for further use in an ABL setup.

Secondly, studies have been completed with the focus on the atmospheric boundary
layer flow. This has been done in a step-wise increase of complexity, by first validating
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the CFD solver’s capability to simulate complex flow scenarios through comparison
with another CFD code and results from field experiments on the NM80 2.3MW rotor.
Following this, the complexity has been increased, by including the structural properties
of said rotor, through the FSI framework, and by that include the elastic effects on
the rotor and flow. It is found, that the considered rotor elasticity does not yield
significant changes to the resulting flow, nor the loading, as the rotor design is relatively
stiff compared to modern wind turbines. It is, however, once again found that the
engineering models need further calibration, as the BEM aerodynamics of the aero-
elastic solver does not capture well the loading in the complex flow, and the airfoil
data needs further calibration.

Finally, the developed turbulence model has been used for simulations of the
NM80 rotor within a turbulent neutral atmospheric boundary layer flow, including
the rotor flexibility. The turbulent inflow is created through a large precursor LES
simulation, which is then sampled and used as inflow for successor simulations with
and without the rotor present using the novel model and the IDDES model alone, for
comparison. The resulting flow is found to be similar for the two turbulence models,
as the difference in modelling affects only little over the relatively short domain,
likely due to the simplified neutral flow stratification neglecting temperature effects
and Coriolis force. It is found, that the turbulent fluctuations seen from the chaotic
atmospheric inflow result in high fluctuations in resulting loading and performance
of the wind turbine. For the specific NM80 rotor, including elasticity does not result
in significant changes of results, but as the design of the considered rotor is stiffer
than modern turbines, this finding is not general in any way. The turbulence model
showed no significant influence in the conducted rotor study, but, it is expected that
future simulations of more complex stratification will show a larger dependency on
the chosen turbulence model. Hopefully, this new hybrid model will prove to be a
strong candidate for that situation.

Outlook
When doing research and development, new ideas and needs pop up regularly, and
new questions arise. For the case of wind turbine aero-elasticity, the field continues
to grow and models of various fidelities are developed. As the turbines change, so
must the models. Existing models must, likewise, be continuously evaluated to ensure
that their ranges of validity are not violated, and if so, developments must be made.
To do this, reliable high fidelity modelling is key, as access to actual experimental
data of relevant scales is very limited. It is expected that high fidelity simulations
like fluid-structure interaction, will be a large contributor to the developments of
future wind turbine design, directly and indirectly through developments of lower
fidelity models. The current PhD project has demonstrated methods to do such
simulations including many complex aspects such as flexibility and physically realistic
turbulent inflow, without an excessive computational cost, otherwise needed. The
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models are still computationally costly, however, and FSI will not, at least in the
near future, take over from the more efficient models used in industry. However,
it is an excellent tool for research of complex phenomena, development of the engi-
neering models, and for instance also to investigate the impact of specific design choices.

Natural future studies related to the present thesis, are further developments and
FSI studies. The studies presented, have been limited by the rather stiff design of
the considered rotor. This leads to an obvious necessity of conducting similar studies
for much larger modern turbine designs, where the impact of including the elastic
effects can be further investigated. Experimental results from such turbines are not
yet available for validation, but research activities are planned in several places.

It is likewise relevant to investigate any correlation between the turbulence fre-
quencies and the natural frequencies of the rotor, along with the effect of turbulence
on the vortex induced vibration phenomenon seen for uniform inflow in previous studies.

The developed hybrid turbulence model needs further validation. As concluded
in Article 4, a need of investigating cases, where the inclusion of LES turbulence
modelling in rotor simulations yields markedly improved flow results than the current
DES models do. This could easily be the case when including temperature effects
and Coriolis, making the flow more physically realistic. Likewise, with the expanding
wind turbines, it will be necessary to consider cases with the rotor blades penetrating
the capping inversion of the ABL. This can be modelled through the presented setup.
Combining other turbulence models could also be done, as many more complex LES
models have been developed since the Deardorff LES model was proposed which might
represent atmospheric flow even better.

Modelling of laminar to turbulent flow transition in the blade boundary layer,
would be a natural addition to the present work as well, as fully turbulent blade
boundary layers were assumed. This can improve even further the computed loads and
the separated flow. To study the direct impact of incoming turbulence to the transition
in the blade boundary layer, would likely need even more costly LES simulations, due
to the very small scales needed. However, an average effect on the transition from the
angle of attack variation due to the incoming turbulence would be possible to identify
using the methods demonstrated here.
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Abstract. Aerodynamic loads need to be known for planning and defining test loads beforehand for wind tur-
bine blades that are tested for fatigue certifications. It is known that the aerodynamic forces, especially drag, are
different for tests and operation, due to the entirely different flow conditions. In test facilities, a vibrating blade
will move in and out of its own wake, increasing the drag forces on the blade. This is not the case in operation.
To study this special aerodynamic condition present during experimental tests, numerical simulations of a wind
turbine blade during pull–release tests were conducted. High-fidelity three-dimensional computational fluid dy-
namics methods were used throughout the simulations. In this way, the fluid mechanisms and their impact on
the moving blade are clarified, and through the coupling with a structural solver, the fluid–structure interaction
is studied. Results are compared to actual measurements from experimental tests, verifying the approach. It is
found that the blade experiences a high drag due to its motion towards its own whirling wake, resulting in an
effective drag coefficient of approximately 5.3 for the 90◦ angle of attack. This large drag coefficient was imple-
mented in a fatigue test load simulation, resulting in a significant decrease in bending moment along the blade,
leading to less load being applied than intended. The confinement from the test facility did not impact this spe-
cific test setup, but simulations with longer blades could possibly yield different conclusions. To the knowledge
of the authors, this investigation, including three-dimensional effects, structural coupling and confinement, is the
first of its kind.

1 Introduction

For a wind turbine blade to be certified, full-scale structural
tests are required to ensure the blade strength and endurance
against extreme and fatigue loads (Post, 2016). These tests
are especially relevant, as wind turbine blade design opti-
mization continuously moves the limit of what is possible
in regards to saving material and lowering the levelized cost
of energy (LCoE). When conducting fatigue tests on wind
turbine blade designs, the standard procedure is to excite the
blade in the resonance frequency for 2×106–10×106 cycles
in flapwise and edgewise directions or both simultaneously
using biaxial forcing (White, 2004; Greaves et al., 2011;
Greaves, 2013; Post, 2016). Blades are usually anchored in

a horizontal position by means of steel bolts connecting the
root to a test rig, whereas the excitation is enforced using
translating or rotating mass exciters or, more traditionally,
by forced motions using ground-based hydraulic actuators.
These dynamic tests usually take several months, as millions
of cycles need to be done before the blade is approved for
use in normal operation.

One measure that needs to be considered for fatigue test-
ing in laboratories is that the tests are conducted at no wind
flow conditions. This means that the aerodynamics around
the vibrating blade are very different when compared to the
conditions during operation. This can be seen in the high en-
ergy amount needed to conduct the fatigue tests, especially
in the flapwise directions, where the aerodynamic damping
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is immense. The high aerodynamic damping is a result of
vortices created around the vibrating blade. In a test facil-
ity with no air flow, these vortices are not quickly convected
away from the blade, which they would be during wind tur-
bine operation. This means that the blade has to travel back
through the created vortices, resulting in a high air resistance
to the motion, i.e., high aerodynamic damping.

A HAWC2-based (Larsen and Hansen, 2007) simulation
tool was developed to simulate the dynamic response of the
blade subject to test excitation and to determine the test
setup, matching the fatigue target loads with the highest de-
gree of accuracy. Test setups commonly include the installa-
tion of so-called tuning masses on yokes located at differ-
ent radial positions along the blade to tune the blade test
loads (Malhotra et al., 2012; Zhou et al., 2014). When us-
ing aeroelastic codes like HAWC2, FAST (Jonkman, 2005),
FLEX4 (Øye, 1996), etc., for this calibration, the high aero-
dynamic damping is usually added by increasing the drag
coefficients of the airfoils. This is needed, since codes based
on Blade Element Theory (BET) aerodynamic models do not
account for the vortices created. This phenomenon was stud-
ied by Greaves, who calibrated the drag coefficient to fit the
drag force to two-dimensional computational fluid dynam-
ics (CFD) simulations made by The National Renewable En-
ergy Centre (Narec) in the UK (Greaves, 2013). The CFD
study was limited to one airfoil, oscillating at 1 Hz in ampli-
tudes of 1 and 2 m. In the study, Greaves found that a drag
coefficient for a 90◦ angle (flapwise motion) should be set to
approximately 5.3 and 4.45 at 1 and 2 m amplitude, respec-
tively, to account for the added damping. The drag coefficient
for a 90◦ angle on airfoils is, depending on the shape, usu-
ally in the range of 1.45 to 2.06 (Montgomerie, 1996; Post,
2016; Timmer, 2010), making this necessary increase quite
significant. Despite not having enough cases to conclude the
effect of amplitude and frequency, these factors might play
a significant role in the creation of vortices and the effect
thereof. The phenomenon seen is close to what was studied
by Woolam at NASA back in 1968, where drag coefficients
for oscillating flat plates were studied (Woolam, 1968). Here,
experiments were conducted using a pendulum type appara-
tus with a flat plate attached, such that the damped oscillation
due to air resistance was measured. It was found that oscilla-
tory drag coefficients in general are larger than steady ones.
Amplitude dependence was found only for small oscillations,
where measurements were less accurate and independence of
frequency was found (Woolam, 1968).

Confinement from walls, floor or ceiling was included nei-
ther in the aforementioned studies by Greaves (2013) using
CFD nor in the experiments by Woolam (1968). In labora-
tories, the blades are positioned horizontally, and during fa-
tigue tests they oscillate in a fashion that brings the blade tip
close to the floor. The confinement of the laboratory might
affect the aerodynamics around the tested blade. When the
blade moves downwards, the air will be pushed down but
blocked by the floor. If the confinement around the blade is

sufficiently large, the build-up of pressure could affect it sig-
nificantly.

In the present study, high-fidelity fluid–structure interac-
tion (FSI) simulations of a pull–release test of a wind tur-
bine blade were conducted to investigate three-dimensional
effects of both the increased aerodynamic damping and the
confinement effects. The investigation clarifies the aerody-
namic phenomena that could be used for improving the tra-
ditional approach of handling the increased drag. Results are
compared to actual experimental results found at the Large
Scale Facility of DTU Wind Energy (Branner, 2020) to vali-
date the FSI approach. Additionally, a preliminary numerical
analysis for a single-axis flapwise fatigue test is presented, in
which the test load evaluation is dependent on the choice of
the drag coefficient CD.

2 Methodology

In this section the numerical methods used will be presented,
along with the test case and chosen model setup.

2.1 Numerical methods

2.1.1 Flow solver

The high-fidelity CFD code EllipSys3D (Michelsen, 1992,
1994; Sørensen, 1995) solves the incompressible Reynolds
Averaged Navier–Stokes (RANS) and Large Eddy Simu-
lation (LES) equations using the finite-volume method in
general curvilinear coordinates, with a collocated grid ar-
rangement. The code is parallelized using Message Pass-
ing Interface (MPI) and multi-block decomposition. Ellip-
Sys3D has multiple different convective schemes to choose
from, e.g., Central Difference (CDS), Second-Order Up-
stream (SUDS), and Quadratic Upstream Interpolation for
Convective Kinematics (QUICK). For pressure correction
schemes, the SIMPLE algorithm and variations of this al-
gorithm are used to couple the velocity and pressure. Rhie–
Chow interpolation is used to avoid odd–even pressure de-
coupling.

Several turbulence models are implemented, such as two-
equation RANS models and hybrid models like Detached
Eddy Simulation (DES), Delayed DES (DDES), Improved
DDES (IDDES), and higher-fidelity LES models.

Deformation of grids is handled through a moving mesh
method with a volume blend factor, which moves mesh
points according to their original displacement and distance
to the blade surface along the grid line. This ensures that
mesh points at the vicinity of the blade surface move along
with the blade and that points further away only move a
fraction of the displacement or not at all, by using a blend-
ing function. The code has been used thoroughly for many
years for various cases and was validated in, e.g., the Mexico
project (Bechmann et al., 2011; Sørensen et al., 2016) and
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for the Phase VI NREL rotor (Sørensen and Schreck, 2014;
Sørensen et al., 2002).

2.1.2 Structural solver

HAWC2 (Larsen and Hansen, 2007) is an aeroelastic code
widely used by industry. The structural part of the code is
based on the multi-body formulation, accounting for nonlin-
ear effects of large deflections. Each body can be represented
by Euler or Timoshenko beam elements, which are connected
with constraint equations to assemble the total structure.

The aerodynamics of HAWC2 are based on blade element
momentum (BEM) theory and include multiple models that
are capable of handling dynamic stall, tip loss effects, skewed
inflow, etc. (Madsen et al., 2012). BEM-based models need
input from airfoil polars along the blades to provide force
coefficients used to calculate the aerodynamic forces.

2.1.3 FSI framework

The two codes are coupled, in a two-way manner, through
the Python framework HAWC2CFD, originally created by
Heinz (Heinz, 2013) and further developed by Horcas
(González Horcas et al., 2019).

Using calculated displacements of nodes from HAWC2,
the CFD mesh is deformed, and a new flow field is found
through EllipSys3D. The loads predicted by the CFD solver
are then fed back to the HAWC2 structure and a new defor-
mation is found. A loosely coupled approach was found to
be sufficient for wind-energy-related cases, due to the high
mass ratio between the turbine and air (Heinz, 2013), and is
therefore used.

In the remainder of this paper, the simulations conducted
using this coupling with the CFD solver will be denoted as
FSI-CFD. Simulations conducted using HAWC2 only will be
referred to as FSI-BET.

2.2 Test case

In this investigation, pull–release tests of an approximately
14 m wind turbine blade were chosen, as experimental results
were available for validation. The blade is designed for use
on upwind horizontal axis turbines and equips a combination
of FFA-W3 airfoils of varying thicknesses1.

2.2.1 Experimental tests

Actual pull–release tests of the studied wind turbine blade
were conducted at the DTU Large Scale Facility at DTU
Wind Energy Risø. For this experiment, the blade was can-
tilevered from the concrete test rig with a 3.5◦ angle to
the horizontal, with the pressure side facing upwards. Self-
weight and dynamic loads were, therefore, acting in the flap-

1Due to confidentiality constraints, the exact geometry of the
blade cannot be given in this document.

wise load direction. Along the blade, multiple longitudinal
electrical resistance strain gauges were placed with a resolu-
tion of approx. 0.5 m, and at 12.8 m, an accelerometer was
attached to the pressure side of the blade and aligned with
the middle axis of the spar cap. One unfortunate limitation of
the used accelerometer was a measurable acceleration limit
of ±4 G, which limits the measured oscillations of all the
tests during the first oscillations after release. Acceleration
measurements were shifted 1 G to compare with FSI-CFD
results, which omitted gravity in the acceleration output (but
not in calculations). In this way, the experimental measure-
ments are in the range of −3 to 5 G.

At 13 m, a 4.8 kg saddle of timber was attached to the
blade to enable the pull from beneath using a pulley system
and a high-strength polyester rope, which was fastened to the
strong floor of the facility and suddenly truncated to gener-
ate the free oscillation. In the present case, a pull ensuring a
600 mm tip displacement was chosen.

2.2.2 Modeled tests

The control of the blade pull was done through HAWC2. A
specific node on the blade at 13 m was pulled towards a node,
representing the rope anchoring point at the floor. After the
introduced vibrations were perished, the blade node was re-
leased, and the blade vibrated freely. This setup is similar
to the actual experiment, where the saddle, attached at 13 m,
was pulled towards the floor as sketched in Fig. 1. As an ex-
ample of the simulations conducted, Fig. 2 shows the result
of one case, which will be explained further in a later section.
The figure depicts the vertical position of the node that was
pulled and released. As has been shown, the initial 50 s was
used to damp out transients and slowly pull the blade. After
50 s, the blade was released to vibrate freely for an additional
45 s.

Multiple simulations were conducted on the DTU Wind
Energy computer cluster “Jess”, which consists of 320 com-
puter nodes, each with 20 Intel Xeon E5 2.8 GHz CPUs and
64 GB memory. To accelerate the computations, the grid se-
quencing of EllipSys3D was utilized, such that a very coarse
grid was used in the FSI-CFD computations through the first
45 s of the simulations during the transients and pull. Along
with this, the multigrid feature of EllipSys3D was enabled
using five grid levels. Each full simulation took 80–130 h on
160 processors distributed on eight computer nodes. For FSI-
BET simulations, each simulation took roughly 1 min to per-
form on one processor, which is 5 to 6 orders of magnitude
lower than the FSI-CFD simulations.

Similar to the actual experiment, a pull resulting in
600 mm tip displacements from the equilibrium position of
the blade was conducted, along with additional cases of 300,
400 and 500 mm to investigate any influence of initial ampli-
tude. The 600 mm tip displacement will be used later on in
this paper, unless otherwise stated.
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Figure 1. Setup for the pull–release test and simulation.

Figure 2. The full simulation time series of tip displacement.

Through the aerodynamic forces and velocity from the
FSI-CFD simulations, the effective drag coefficient during
the free oscillation was determined. The drag coefficient CD
was determined for the section at 12.8 m using peak values
of force and velocity in the flapwise direction and using the
quasi-steady aerodynamic force per unit length:

CD =
2FD

ρv2C
. (1)

Here ρ is the air density set to 1.231 [kg m−2], C is the chord
length (0.58 m at the specific node) and v is the effective rel-
ative air speed seen by the node.

Additionally, results of the FSI-CFD will be used for cal-
ibrations of drag coefficients to obtain equivalent FSI-BET
results.

As the experiments were conducted indoor at the test facil-
ity, the modeled tests were performed with and without con-
fining walls. In this way, it is possible to assess any influence
of the confined space of an indoor closed test facility.

2.3 Model setup

2.3.1 Grid generation

The confining walls were created to resemble the actual di-
mensions of the facility but with several simplifications to
facilitate grid generation; see Fig. 3. For boundaries, the fa-
cility walls, floor and ceiling were set as symmetry, with no
flow perpendicular to the boundary and zero gradient tangen-
tially. The blade surface was assigned a no-slip wall condi-
tion. To ensure stability in the code a velocity inlet and outlet
region were created near the ceiling. The inflow was set to

0.1 m s−1, which through initial studies (not shown here) was
found to not influence the results.

For the unconfined setup, a spherical domain was used
with a radius of ≈ 25 blade lengths; see Fig. 5. Boundary
conditions were velocity inlets for the majority of the bound-
ary. An outlet based on the assumption of fully developed
flow was applied to the downstream part of the boundary in-
tersected by a cone with ±45◦ angles from the center on the
domain.

The inlet velocity was set to 0.1 m s−1 for stability rea-
sons, but this had no effect on the solution, as this velocity
was much lower than the motion velocity of the blade during
vibration.

The blade surface, depicted in Fig. 4, was created using an
in-house Python tool based on the theoretical shape and dis-
cretized in 128 sections along the blade length and 256 cells
chordwise, with nine grid points placed on the blunt trailing
edge of the blade.

The non-confined grid was a regular hyperbolic grid struc-
ture, which was extruded from the blade surface using Hyp-
Grid3D (Sørensen, 1998), as seen in Fig. 5. A total of
5 242 880 mesh cells, divided into 160 blocks of 32×32×32,
were used for the finest level of the spherical grid.

The grid generation of the confined setup was a combina-
tion of hyperbolic extrusion by Hypgrid3D from the blade
surface, which was then connected to a transfinite mesh
towards the confining walls using Pointwise 18.0 (Point-
wise, 2017). A total of 5 177 344 mesh cells, divided into
158 blocks of 32×32×32, were used for the confined base-
line grid; see Fig. 6.

Grid sensitivity studies were made by coarsening (or refin-
ing) the grid, halving (or doubling) the number of grid points
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Figure 3. Domain and boundaries of confined setup, resembling the test facility.

Figure 4. Surface mesh of the tested blade. Only every second line is shown for visual clarification.

Figure 5. Spherical grid configuration: (a) outer boundary of grid and (b) extruded grid around airfoil. Only every second line is shown for
visual clarification.

in each direction and doubling (or halving) the time step to
keep a constant Courant number; see Sect. A1. The baseline
and fine setups resulted in sufficiently similar forces on the
blade, with only 0.41 % to −3.54 % force amplitude differ-
ences at the studied force peaks, and the baseline version of
the grid was used throughout.

2.3.2 CFD setup

As mentioned above, the CFD code EllipSys3D was used
for FSI-CFD simulations of the pull–release test. To solve
the flow, the QUICK differencing scheme was used, along
with a version of the SIMPLEC pressure correction scheme
described in Shen et al. (2003). The time step sensitivity was
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Figure 6. Volume mesh for the confined setup (shown as the computational surface at the midpoint). Only every second line is shown for
visual clarification.

studied, and it was found that time steps of 5× 10−4 s were
fine enough to obtain independent results; see Sect. A2.

Turbulence modeling was complicated by the fact that lit-
tle or no flow was present in the test section. Results with
RANS k−ω SST (Menter, 1993), DES k−ω (Spalart et al.,
1997; Travin et al., 2004) and without turbulence models
were compared. It was found that the turbulence models in-
troduced only small differences in the resulting forces on the
blade but made the computations unstable, probably due to
the no flow condition around the blade; see Sect. A3. For
this reason, no turbulence model was turned on through the
simulation. This means that a Direct Numerical Simulation
(DNS)-like simulation setup was chosen. However, it must
be emphasized that the grid was by no means fine enough to
resolve all turbulence scales.

2.4 Structural dynamics

The blade model for HAWC2 was discretized into 19 Tim-
oshenko beam elements grouped in 10 bodies in the multi-
body formulation. The blade was clamped at the root and was
oriented horizontally with an initial angle of 3.5◦ at the root,
like the experimental setup; see Fig. 1. The simulations, as
well as the experimental tests, were conducted pressure side
up. Structural properties were calibrated using the known
cross sections throughout the blade, and structural damping
was tuned to 1 % logarithmic decrement through Rayleigh
damping for the first and second modes of the blade. The im-
pact of structural damping on the overall result is assessed
in Appendix B. A concentrated mass of 4.8 kg was added at
13 m to resemble the saddle, which was attached to the blade
during the experiment. For FSI-BET calculations, the blade
was described through seven aerodynamic profiles. Each pro-
file had a look-up table of force coefficients for calculations
of aerodynamic forces along the blade.

3 Results and comparison

3.1 Flow visualization

To study the flow around the oscillating blade, the so-called
Q criterion (Hunt et al., 1988) found using the FSI-CFD re-
sults is depicted as isobars in Fig. 7. The Q criterion defines
vortices as the spatial region where the vorticity dominates
the strain rate, i.e., showing the whirling structures.

As seen in Fig. 7b, vortices are created and shed from
the blade as the blade is released, and at the turning point
(Fig. 7c) many vortices are present in the wake. The blade
travels through the vortices (Fig. 7d) and creates a new wake
of vortices.

3.2 FSI validation

From the experimental test, the acceleration at 12.8 m was
measured with an accelerometer. This measured acceleration
will in the following be used for comparison between simu-
lations and the experiment.

As seen in Fig. 8, the measurements and the FSI-CFD re-
sults compare well. For all cases, a decay factor ζ was es-
timated for the first part of the free oscillation. This decay
factor does not consist of the aerodynamic damping alone
but is rather a way of comparing the effective total damp-
ing between experiments and simulations. The aerodynamic
damping will change during the oscillations, as it is depen-
dent on the squared velocity and the drag coefficient, which
might not be constant either. The decay factors are seen to
be very comparable with a difference of 7 %. Note that these
decays are approximated for a limited number of cycles only,
using the logarithmic decrement. The same number of cycles
is used from both the experimental and simulation results.

Looking at the power spectral density (PSD) of the test
and simulation acceleration signals, it is also evident that the
three mode frequencies are found at around 2.15, 4.6 and
7.0 Hz for both tests and simulations.
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Figure 7. Isobars of the Q criterion during oscillation in the confined configuration. Qcrit = 500. Graphs show the position of the blade tip
for each figure.

Figure 8. Acceleration measured in the experiment and simulated
using FSI-CFD at 12.8 m.

From the beam moments, found through simulations, the
strains were found for the locations of the strain gauges
used in the experiment, using Eq. (2), omitting any axial
forces and any effects related to the stiffness matrix cross-
talk term EIxy .

ε =
Mx

EIx
y+

My

EIy
x (2)

Figure 9. Power spectral density (using Welsh estimate) of accel-
eration signals of the experiment and simulation.

Strain gauge calibration was carried out beforehand by
means of a static blade pull. As seen in Fig. 10, the calcu-
lated and measured strain agree well but have calculations
overshooting the strain, especially at the suction side of the
blade. This overshoot happens before release as well, where
CFD has no influence, thus the reason must be a mismatch
between the structural model and the tested setup or the co-
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Figure 10. Strain calculated and measured at the suction side (a) and pressure side (b) of the blade at 63 % of the length of the blade.

Figure 11. Tip displacement using BET aerodynamics with different drag coefficients compared with FSI results. All simulations have an
initial tip displacement of 600 mm.

ordinates of the strain gauges. A cumulative uncertainty is
present, as Young’s modulus (E), moments of inertia (Ix
and Iy), strain gauge positions (x and y) and moments (Mx

and My) will all have discrepancies between the model and
the real blade. As a quantitative example, the relative differ-
ence in strain amplitude between experiment and simulations
of the peaks at ≈ 4.68 s yields overshoots of 30.3 % at suc-
tion side and 6.0 % at the pressure side.

3.3 Drag coefficient calibration

As mentioned earlier, the standard practice for using the BET
quasi-steady aerodynamics for simulations of tests is to in-
crease the drag coefficient CD to consider the additional drag
resistance in test cases compared to normal flow conditions.
In the following, FSI-BET results are shown for multiple
different drag coefficients and compared with the FSI-CFD.
The case of 600 mm initial tip displacement is used through-
out. The calibration of drag in the present case was done by
simply shifting the entire drag curve by constants, such that
CD at 90◦ angle of attack reaches a chosen value. In this case,
with an almost pure translatory motion, the angle of attack
will be close to±90◦ at all times. For other tests with motion
in different directions, such as a bi-axial fatigue test, the pure
shift of CD might not be an ideal method, as one could imag-
ine that the added resistance due to vortices will be quite lim-

ited for small angles of attack. The original drag coefficient
of the profile at 90◦, CD,90◦ , found for operational conditions
through 3D CFD is 1.3. This CD,90◦ is lower than the range
stated by Montgomerie (1996), due to 3D effects included in
the simulations, thereby reducing the drag. Drag coefficients
known to be used by industry and research groups of 1.8,
2.2, 2.7, 4.5 and 5.30 were applied to the FSI-BET simula-
tions. As seen in Fig. 11, showing the tip displacement of the
blade, the drag coefficients reach 4.5–5.30 before achieving
similar damping as the FSI-CFD simulation. This value fits
well with the drag coefficients stated by Greaves (2013) for
the calibration with 2D CFD simulations of 5.30 and 4.45 for
1 and 2 m amplitudes, albeit on another profile.

Taking a close look at the first few oscillations of the FSI-
BET simulations shown in Fig. 11, the best fitting drag co-
efficient is around 2.7, while after a few seconds the simula-
tions using a CD of 5.30 fit much better, indicating a varying
drag coefficient through the vibration. Peaks at 1.15 s yield
a 1.2 % overshoot for CD = 2.7 and −2.2 % for CD = 5.30.
At 7.2 s, however, CD = 2.70 results in a 8.0 % overshoot,
while CD = 5.30 overshoots with only 0.6 %. In this way,
CD = 5.30 represents the total simulation better when using
a constant drag coefficient, which is also visible in Fig. 11.

Inspecting the effective drag coefficients of the FSI-CFD
simulations with varying initial deflections, Fig. 12 displays
the node displacement of the 12.8 m node for the first 15 s
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after release, along with the corresponding force coefficient
in the flapwise direction.

It has been shown that the force coefficient increases dur-
ing the vibration as the amplitude decreases. This relation-
ship is also seen from the initial force coefficients of 5.3, 5.9,
7.0 and 8.4, respectively, for 600, 500, 400 and 300 mm ini-
tial tip displacements. It is not possible to conclude anything
about the relationship between amplitude and force coeffi-
cients with the chosen number of cases, but it is clear that fu-
ture investigations are relevant. As has been shown, the initial
force coefficient fits well with the aforementioned calibrated
coefficient of 5.3 using the BET simulations of the 600 mm
pull (Fig. 11). The reason for the calibrated drag coefficient
not needing to increase during the simulation to fit the FSI-
CFD results is due to the fact that the aerodynamic force is
dependent on the squared velocity. This means that for large
amplitudes, i.e., large velocities, the drag force will domi-
nate, while decreasing in impact as the amplitude decreases.

Based on this investigation, drag coefficient calibration of
BET-based fatigue test simulations should follow the actual
amplitude of the blade during the test. Taking into account
the different amplitudes along the blade by having multiple
look-up tables for force coefficients depending on amplitude
could resolve this. This would, however, require some devel-
opment on the existing code. The chord length of the blade
might also affect this dependency, but this has not been stud-
ied further here.

3.4 Influence of increased drag

To assess the impact of the increased drag on the fatigue test
load simulations, a preliminary study was made. Here, BET-
based simulations were conducted to obtain moment distri-
butions along the blade for different drag cases. The simula-
tion results were compared to the target moment distributions
of the specific fatigue test. As a case study, a flapwise fatigue
test for N = 2× 106 cycles was considered. The blade was
modeled as described in Sect. 2.4. A set of tuning masses was
installed on the blade, whereas the force excitation was ap-
plied by means of a translating mass exciter. Tuning masses
were modeled as concentrated masses and located at spe-
cific beam nodes. The exciter was modeled as a predefined
mass translating on a linear path at the flapwise resonance
eigenfrequency, which was evaluated for the blade system in-
cluding tuning masses and excitation mass. The location and
magnitude of the tuning masses and the excitation parame-
ters were determined beforehand. The test target loads Mtgt
were also provided as an input based on the blade lifetime fa-
tigue calculations carried out in Galinos (2017). A simulation
time Tsim = 100 s was adopted for all the test cases, exclud-
ing the initial transient loading which was disregarded. The
rainflow counting algorithm developed in Nieslony (2010)
was implemented in a MATLAB script used to evaluate the
achieved test bending moment. Equation (3) was used to de-
termine the so-called 1Hz equivalent load, where i indicates

Table 1. Flapwise test setup with indication of location zt and mag-
nitudemt of the tuning masses, location ze, mass magnitudeme and
stroke se of the exciter, and excitation frequency fflap.

Tuning masses Flapwise exciter

zt mt ze me se fflap
[%] [kg] [%] [kg] [m] [Hz]

31.5 660 31.5 200 ±0.085 2.205
52.6 100 – – – –

the ith bin, ni the number of counted cycles for the ith bin,
Mi the bending moment amplitude for ith bin, m the Stress-
Cycle (S-N) curve slope parameter and N1 Hz the number of
cycles of a 1 Hz signal in a time interval equal to Tsim. The
S-N curve slope parameter was chosen equal to 12, which
is typical for blades manufactured in glass-fiber-reinforced
composite material, as the one used in this study. The test
load was subsequently calculated by Eq. (4), which accounts
for the flapwise resonance testing frequency fflap.

M1 Hz =


∑
i

niM
m
i

N1 Hz


1
m

(3)

Mtest =

(
Mm

1 Hz
fflap

) 1
m

(4)

Table 1 describes the test setup adopted during the pre-
sented set of simulations, in which the only varied param-
eter was the drag coefficient. The excitation parameters,
i.e., the excitation mass longitudinal position (ze), the excita-
tion mass magnitude (me) and the excitation mass oscillation
amplitude (se), were chosen to achieve a relative test bending
moment of approx. 100 % in the blade portion and between
20 % and 80 % of the blade span for the test setup, with a
maximum value of CD equal to 1.8 for an angle of attack
of 90◦. The excitation parameters were then kept constant
for varying CD curves with maximum value in the range be-
tween 1.3 and 5.0, as done in Sect. 3.3, where 1.8 was taken
as baseline since 1.3 is expected to underestimate the blade
loading.

Figure 13 shows the variation in the achieved test bending
moments along the blade span for a varying CD in the de-
fined range. In Fig. 13a it can be noticed how the achieved
test load decreases with increasing CD. The load reduction
is highlighted in Fig. 13b by representing the variation in the
achieved bending momentMnorm, normalized with respect to
the baseline case (CD = 1.8), as a function of the drag coef-
ficient. It can be concluded that the decrease in achieved test
load follows the same trend for different locations along the
blade span. Moreover, it was observed that the achieved load
variation is nonlinear and presents a slope which appears to
be decreasing for increasing drag coefficients.
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Figure 12. Oscillation of the node at 12.8 m and the corresponding force coefficient.

Figure 13. (a) Variation in the achieved flapwise test bending moment along the blade with respect to the target load for different drag
coefficients and (b) variation in the test bending moment normalized against the root bending moment as a function of the drag coefficient
for different blade span locations.

3.5 Confinement influence

As described in Sect. 2.3.1, different configurations were
treated to study the possible influence of the confined space
around the tested blade. The same four pull distances were
tested with and without confinement, and the resulting tip
displacements and aerodynamic forces were compared. As
shown in Fig. 14, the confined and unconfined setup yields
very similar results for aerodynamic forces and results in es-
sentially identical displacements, indicating that the confine-
ment has no effect in the present setup.

Figure 15 depicts, respectively, the pressure and velocity
field around the blade at the time of the blade passing its equi-
librium position, i.e., approximately at maximum velocity. It
is evident that the gradients of pressure and velocity near the
floor and walls are small, which supports that the effect of the
confinement is negligible. As the blade velocity will decrease
when moving closer to the floor, the blockage effect will de-
crease as well. However, it is also shown that a large zone of

high pressure, is created beneath the blade, which in cases of
longer blades with larger chords, might grow sufficiently to
interact with the floor. In large test facilities, blades that are
5–7 times longer than the design studied in the present work
are tested. The ratios between blade length and wall and floor
distance for these cases will be different than the one studied
here. In the minds of the authors, the possible effect should
be tested using one of these blades with a similar FSI setup
before drawing general conclusions about the effect of con-
finement.

4 Conclusions and future studies

This study has been conducted to investigate the special
aerodynamic circumstances present during full-scale struc-
tural experiments in blade test facilities, being high drag
forces during flapwise vibration and confinement of air in the
test facility. These phenomena are important for, e.g, fatigue
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Figure 14. Confinement effect on displacement (a) and aerodynamic forcing (b) on the node at 12.8 m.

Figure 15. Confined configuration: (a) pressure field and (b) vertical (z) velocity field.

tests, where millions of vibration cycles are forced using ex-
citers, requiring a large amount of energy.

Three-dimensional high-fidelity fluid–structure interaction
simulations (FSI-CFD) of pull–release tests on a≈14m wind
turbine blade have been conducted and analyzed. Results
are compared to experimental results to validate the simula-
tions, and in general a good agreement is seen. Accelerations
measured on the blade during the experiment and simulated
through the FSI-CFD show similar damping, quantified by a
decay factor ζ , with a relative difference of 7 % for the tested
case of 600 mm initial tip displacements. Measured strains
are compared to those calculated from resulting moments of
FSI-CFD. Here the pressure side strains are predicted well,
whereas overshoots are seen in the suction side strains, prob-
ably due to discrepancies between structural model and ac-
tual blade.

Simulation results are used to study the flow field around
the oscillating blade, and investigate the impact of the blade
moving through its own whirling wake along with the con-
fined conditions of a test facility. Through visual inspection
of the calculated flow field, it is evident that large vortices
are created behind the moving blade, which the blade has to
travel back through when changing direction. This causes the
effective drag force coefficients on the blade to significantly
exceed those seen during normal operation. In the specific

case of 600 mm initial tip displacement, a drag coefficient
for the 90◦ angle of attack (CD,90◦ ) of BET-based FSI needs
to be increased to 5.3 from the original 1.3, in order to fit FSI
simulations, using CFD aerodynamics. However, it is found
that the drag coefficient varies with amplitude as to why, one
specific drag coefficient will not cover all cases.

A single-axial flapwise fatigue test simulation was used as
case study to evaluate the impact of the CD choice on the test
load calculation. For a constant test load setup, the CD curves
were varied in a range of peak values between 1.3 to 5.3 for
an angle of attack of 90◦, which provoked a nonlinear de-
crease in the achieved test load of approx. 25 % with respect
to the target loads. This proves that the correct choice of the
CD coefficient is crucial for the validation of aeroelastic test
simulations against experimental results.

An interesting topic to study further is the dependency be-
tween the increase in drag coefficient and the ratio between
oscillation amplitude and chord width. For small amplitudes,
the blade passes through the wakes all the time, while large
amplitudes might create enough distance to the shed wakes
to only be affected right at the turn of direction. This could
lead to the drag-to-amplitude dependency only being present
at low amplitudes, as seen for flat plates in Woolam (1968).
There might also be a dependence on the oscillation fre-
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quency, which sets the velocity of the blade; however, this
was not the case for flat plates in Woolam (1968).

A mapping of force coefficients depending on motion
could be added to the existing force coefficient tables, to con-
duct more accurate BET-based simulations of fatigue tests
and possibly assist in choosing methods for fatigue testing to
reduce the energy demand of the test.

The role of confinement due to the floor, walls and ceil-
ing in the test facility is analyzed by using and comparing
FSI-CFD simulation results with confined and unconfined se-
tups. No impact is seen when comparing the results of the
confined and unconfined setup, showing that confinement ef-
fects are negligible in the present case. A future study of the
same effect on longer blades would be beneficial, as the ratio
between blade-to-floor distance and blade length and chord
width will change significantly.

A natural continuation to this work would also be to sim-
ulate actual fatigue tests, with both uniaxial and biaxial mo-
tion. A biaxial motion could possibly reduce the air resis-
tance, as the blade would not move directly back through its
own wake. The wake itself could also differ significantly us-
ing other motion patterns, making this an interesting study.
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Appendix A: Sensitivity analysis – CFD

The following serves as a continuation of Sect. 2.3.1 and
shows results of the sensitivity studies made concerning
grid refinement, time steps and turbulence models. To sim-
plify the sensitivity study, a one-way coupled FSI-CFD study
was conducted using imposed motions. Instead of HAWC2-
defined motions, an analytic polynomial expression of the
vertical motion was applied, which resembles the case of
600 mm tip displacement to a satisfying degree. The fre-
quency, amplitude and damping were calibrated to fit the ini-
tial results of the FSI-CFD results; however, the displacement
due to gravity was not included. For practical reasons, instead
of a release from the deformed state, the motion started from
the initial position of the blade like a sinusoidal function.

The analytical expression used for the blade motion is as
follows:

Disp= x2
·A · sin(2π · f · t) · e−ζ ·f ·π ·t , (A1)

where x is the coordinate along the blade, A is a constant,
f is the motion frequency, t is time and finally ζ is a damping
ratio. To fit the FSI-CFD results, the following values were
used: A= 0.0028, f = 2.15 Hz and ζ = 0.025. The tip dis-
placement of the analytical expression is shown in Fig. A1,
together with the FSI-CFD results, which are shifted upwards
to omit the gravity displacement and a quarter period to the
right. As seen here, the tip displacements agree well, justify-
ing the use of the prescribed motion for sensitivity studies.

Comparison between tests is done by comparing am-
plitudes at two peaks, P1 at ≈ 0.65 s and P2 at ≈ 2.96 s,
along with the damping ratio calculated using the logarith-
mic decrement between the points. Baseline tests are marked
with “∗”.

A1 Grid sensitivity

To study the sensitivity of grid refinement, four versions of
the grid were tested. All grids consisted of 158 blocks but
using a different number of cells per block, i.e., 83, 163, 323,
643, where 323 is the grid (level 1) used when creating the
setup. Time steps were adjusted accordingly to obtain identi-
cal CFL numbers using 1t = 5×10−4 s for the baseline and
halving the time step when doubling the refinement and vice
versa. As seen in Fig. A2 and Table A1, the finest setup and
the baseline, level 0 and level 1, respectively, result in very
similar results with only small differences of −0.41 % at P1,
−3.54 % at P2 and 2.52 % for ζ .

A2 Time step sensitivity

Three different time steps, 5×10−3, 1×10−3 and 5×10−4 s,
were tested to find an optimum for the FSI-CFD simula-
tions. The results are depicted in Fig. A3 and Table A2, and
it is shown that there is practically no difference between
1×10−3 and 5×10−4 s, with errors of 1.69 % at P1,−1.56 %
at P2 and 2.50 % for ζ .

A3 Turbulence model sensitivity

Turbulence models were initially meant to be included, but
it quickly revealed that the special case of no flow in the
domain caused these models to become unstable. For this
reason different methods were compared, i.e., k−ω SST,
DES k−ω SST and finally without any turbulence model
enabled, such that a DNS-like simulation is run.

In the presented case, the k−ω model crashed during the
first cycle, while the DES k−ω SST seemed more stable
but with sudden jumps until finally crashing. Many attempts
were conducted using varying schemes, inlet turbulence pa-
rameters and time steps (among others) to create a stable run
using turbulence models, but none were successful. As seen
in Fig. A4 and Table A3, the three models result in simi-
lar forces on the blade, with differences of −4.51 % at P1,
3.32 % at P2 and −5.7 % for ζ , between DNS and DES.

A4 Conclusion of sensitivity analysis

From the presented sensitivity studies of grid levels, time
steps and turbulence models used, the following setup was
chosen: for grid refinement the original grid (level 1) was
deemed sufficiently fine for the FSI-CFD simulations, taking
into account the computational efforts necessary to use the
finer grid.

Due to stability issues, it was chosen not to use any tur-
bulence model and use the DNS like approach. It must be
emphasized, however, that the grid was not fine enough to re-
solve all turbulent scales, as required for a proper DNS sim-
ulation. However, the scales of the important vortices were
resolved sufficiently well, and the errors compared to the
DES k−ω SST model were small.

For the time step, it was chosen to use 5× 10−4 s for the
FSI-CFD simulations throughout, despite 1×10−3 s resulting
in small errors only. This choice was made to compensate for
some of the error seen when using no turbulence models.
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Figure A1. Tip displacement using analytical expression, compared to result from FSI-CFD with 600 mm initial tip displacement. Note that
the FSI-CFD result is shifted with the equilibrium position, due to gravity, and a quarter period to the right.

Figure A2. Grid sensitivity study using a different number of cells per block. A total of 158 blocks was used. Level 0 was 64× 64× 64 per
block, i.e., 41 418 752 cells in total. Level 1 was 32× 32× 32 per block, i.e., 5 177 344 cells in total. Level 2 was 16× 16× 16 per block ,
i.e., 647 168 cells in total. Level 3 was 8× 8× 8 per block,i.e, 80 896 cells in total.

Figure A3. Sum of aerodynamic forces on the blade during vibration using time steps of 5× 10−3, 1× 10−3 and 5× 10−4.
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Figure A4. Sum of aerodynamic forces on the blade during vibration using no turbulence model (pseudo-DNS), k−ω SST and DES k−ω
SST.

Table A1. Comparison of peaks and damping ratios for different grid levels.

Grid level P1 [N] εP1 P2 [N] εP2 ζ [–] εζ

Level 0∗ 292.0 – 82.22 – 0.0403 –
Level 1 290.8 −0.41 % 79.3 −3.54 % 0.0413 2.52 %
Level 2 226.8 −22.34 % 73.97 −10.00 % 0.0356 −11.60 %
Level 3 241.1 −17.42 % 69.96 −14.91 % 0.0394 −2.36 %

∗ Denotes the baseline case used to calculate relative errors.

Table A2. Comparison of peaks and damping ratios for different time steps.

Time step P1 [N] εP1 P2 [N] εP2 ζ [–] εζ

5× 10−4∗ 290.83 – 79.31 – 0.0322 –
1× 10−3 295.74 1.69 % 78.07 −1.56 % 0.0424 2.50 %
5× 10−3 239.50 −17.65 % 87.17 9.92 % 0.0413 – 22.2 %

∗ Denotes the baseline case used to calculate relative errors.

Table A3. Comparison of peaks and damping ratios for different turbulence models.

Turbulence model P1 [N] εP1 P2 [N] εP2 ζ [–] εζ

DES k−ω SST∗ 304.55 – 76.76 – 0.0438 –
DNS 290.83 −4.51 % 79.31 3.32 % 0.0413 −5.7 %
k−ω SST – – – – – –

∗ Denotes the baseline case used to calculate relative errors.
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Appendix B: Sensitivity study – structural damping

As mentioned in Sect. 2.4, the structural damping of the
model was tuned beforehand to 1 % logarithmic decrement
using Rayleigh damping in HAWC2. This value is a choice
that is conservatively based on the findings of Post (2016).
However, it is difficult to assess the exact value of struc-
tural damping through experimental tests, as the aerody-
namic damping cannot be excluded entirely. To investigate
the impact of the structural damping, a small study was done
using HAWC2-based simulations with different structural
damping parameters of 0 %, 1 %, 2 % and 3 % logarithmic
decrement. The 90◦ aerodynamic drag coefficient was set
equal to 5.3, as was found to be suitable for the setup in
the FSI study. A case without aerodynamic forces and 1 %
logarithmic decrement structural damping is added to clarify
the different impact of aerodynamic and structural damping.
The tip displacement of the blade using the different damp-
ing coefficients is depicted in Fig. B1. It has been shown that
the difference in structural damping from 1 %, 2 % and 3 %
logarithmic decrement only result in minor differences in the
tip displacement result. It is also clear that the aerodynamic
damping added by introducing a drag coefficient of 5.3 dom-
inates the total damping.

Figure B1. Tip displacement using 0 %, 1 %, 2 % and 3 % logarithmic decrement structural damping and CD90 = 5.3. A simulation without
aerodynamic drag (CD90 = 0.0) and 1 % logarithmic decrement structural damping has been added for comparison.
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Abstract. In this study, simulation results of two different computational fluid dynamics
codes, Nalu-Wind and EllipSys3D, are presented for a wind turbine rotor in complex yawed
and sheared inflow. The results are compared to measurements from the DanAero experiments,
to validate computed pressures and azimuthal trends. Despite different code methodologies
and grid setups, the codes agree well in computed pressures and integrated forces along the
blade for all blade azimuthal positions, however with some discrepancy in the very yawed
case. Additionally, both codes capture well the azimuthal trends and force levels seen in
measurements. Investigation into discrepancies shows that expanding grids before the rotor,
lead to smearing of the wind profiles, which is likely the main cause of the differences in the
results between the codes. Additionally, omission of the ground constraint cause discrepancies
in relative velocity seen by the passing blade, due to an over speeding beneath the rotor.

1. Introduction
Simulation of wind turbines operating in atmospheric flow conditions is and has for some time
been a widely researched topic, as the influence of shear and yaw are crucial for the estimation of
turbine loads and power production. Depending on specific aims of studies, multiple modelling
methods are used, from simple blade element momentum (BEM) based codes, to more complex
computational fluid dynamics (CFD) actuator disc/line (AD and AL, respectively) methods,
to the even more complex rotor-resolved CFD models. For studies of, e.g., wake deficits, the
actuator-disc and -line methods are suitable as shown in [1] for non-yawed rigid rotors, as the
methods are computationally much more efficient than blade-resolved simulations. If accurate
near rotor flow and loads are of interest, however, blade resolved simulations are preferable.
These do not depend on predefined airfoil data with empirical corrections for tiploss and 3D
effects, as is the case with BEM-based and AD/AL methods [2].

As part of the IEA Wind Task 29 [3], CFD simulations are conducted for the 2 MW NM80
rotor in three different flow conditions, for which experimental measurements from the DanAero
field experiments [4] are available for comparison. The aim of the IEA Task 29 is to improve and



The Science of Making Torque from Wind (TORQUE 2020)

Journal of Physics: Conference Series 1618 (2020) 052049

IOP Publishing

doi:10.1088/1742-6596/1618/5/052049

2

validate aerodynamic models for wind turbine design codes at various computational fidelities
[3]. In this work, two well-established CFD codes EllipSys3D [5, 6, 7] and Nalu-Wind [8] are
used and the results are compared.

Firstly, an idealized axi-symmetric case is conducted followed by two cases considering tilt,
yaw and sheared-inflow conditions. Despite using different grid setups and methodologies, good
agreement is seen between the simulated results from the codes and also with the experimental
measurements.

2. Objectives
The purpose of this study is to validate CFD codes and methods for complex flow conditions
and highlight areas of difficulty, which need improvement in the respective codes. The work is
part of a larger future study, also part of the IEA 29 task, which will consider turbulent inflow
and fluid-structure-interaction in atmospheric flow.

3. Methodology
3.1. Flow solvers
EllipSys3D [5, 6, 7] solves the incompressible-flow Navier-Stokes equations in structured
curvilinear coordinates using the finite-volume method with a collocated grid arrangement.
The code includes turbulent features through Reynolds-averaged-Navier-Stokes (RANS) and
large-eddy-simulation (LES) capabilities. The code is parallel and highly scalable using Message
Passing Interface (MPI) and multi-block decomposition, multi-grid method and grid sequencing.
EllipSys3D has multiple different convective schemes to choose from, and in the present study
the Quadratic Upstream Interpolation for Convective Kinematics (QUICK) scheme is used. For
pressure correction, an improved version of the the SIMPLEC algorithm [9] is used to couple the
velocity and pressure. Rhie-Chow interpolation is used to avoid odd/even pressure decoupling.
Overset capabilities, including grid hole-cutting, are implemented internally in the code (see
Zahle et al. [10] for the implementation details).

Nalu-Wind[8] solves the incompressible form of Navier-Stokes equations, on generalized
unstructured grids, with appropriate RANS or LES models for turbulence closure. The codebase
uses an implicit backward-difference-formula (BDF) family of timestep algorithms with an
approximate pressure-projection algorithm. Nalu-Wind uses the linear upwind differencing
scheme (LUDS). Overset hole-cutting capabilities are implemented through the TIOGA library
[11]. For overset simulations, each equation is solved using a single global linear system where the
overset coupling between the meshes are introduced as linear constraint rows. The momentum
and scalar transport equations are solved using solvers from Trilinos (Belos, Ifpack2) and
the pressure-Poisson system is solved using solvers from hypre (GMRES with BoomerAMG
preconditioner). Four Picard iterations are used within each timestep to minimize the error
from approximate pressure projection algorithm.

3.2. Computational grids
All simulations are conducted using the overset-grid method to combine purpose-fitted grids
(near rotor, wake, and background domain) and to allow relative motion between the rotor and
the background domain. To ensure a comparable grid near the blade, both solvers use the same
surface representation of the blade along with a hyperbolic O-O grid grown away from the blade.
Each blade is ≈ 40 m long and is resolved with 128 cells spanwise and 256 cells chordwise per
blade. The grid has 96 cells in the normal direction extruding approximately 12 m from the
blade surface. The first cell adjacent to the blade is 1 × 10−6 m, resulting in a y+ less than 1.
In this study, it is chosen to not resolve the ground boundary but rather simulate the flow with
boundaries placed sufficiently far from the rotor to not influence the forces.
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The EllipSys3D setup consists of four grid groups overlapping each other. In the background
domain, a Cartesian grid is used, which stretches 2000 m (≈ 25D), in the streamwise direction,
D being the rotor diameter of ≈ 80 m, with the rotor placed 800 m (≈ 10D) from the inlet. The
domain is 1000 m (≈ 12.5D) across in width and height, with the rotor placed in the center. The
outer domain side boundaries are defined as symmetry boundaries while a velocity inlet is used
along with an outlet condition assuming fully developed flow. To resolve the wake, a cylindrical
grid is used stretching ≈ 5D behind the rotor. Around the aforementioned rotor grid a disc grid
is used, which rotates along with the rotor to enable a regular hole-cutting procedure. A total
of 31M cells are used in this grid setup.

For the Nalu-Wind setup, only two grid groups are used. The domain consists of an
unstructured background grid which stretches 2000 m (≈ 25D) in the flow direction, and
1600 m (≈ 20D) across, with the rotor placed 800 m from inlet and centered in the cross
stream directions. The unstructured grid is attached to a structured cylindrical grid resolving
the wake. Overlapping this grid is the aforementioned O-O rotor grid, which matches the one
used in the EllipSys3D setup. A total of 26M cells are present in this setup.

Figure 1. Grids used for EllipSys3D simulations. Red cells show fringe cells of overlapping
grids. Blue: rotor grid, orange: disc grid, yellow: cylinder grid, black: background grid. Entire
background grid is not shown.

Figure 2. Grids used for Nalu-Wind simulations. Red cells show fringe cells of overlapping
grids. Blue: rotor grid, black: background grid. Entire background grid is not shown.

3.3. Simulation setups
Three different configurations are considered. Firstly, an idealized axi-symmetric case with no
tilt, yaw or shear being applied is considered. Here, measurements used for comparison are
based on measurements averaged over a revolution within a time window, where conditions
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around the rotor are deemed close to axi-symmetric, i.e., no yaw and very low shear. Two
other asymmetric cases with measured conditions are considered. Here, a 5◦ tilt is included
along with yaw and shear. One case has dominating shear and one has dominating yaw. For
sheared inflow, a power law corresponding to that found from measurements is used as an inlet
condition and initial flowfield in the domain. To constrain the profile in the high domain, a
maximum of 12 m/s and a minimum of 4 m/s is used such that a cutoff is made on the profile,
as presented in [12] and [13]. The cases conducted are summarized in Figure 3 and a visualization
of the shear profiles including cutoff are shown. The Reynolds number of the flow ranges from
around 5×106 to 6×106, based on relative wind speed and chord length along the blade. All
simulations are conducted as fully turbulent unsteady RANS (URANS) simulations using the
k−ω SST turbulence model [14]. Time steps are reduced through the simulations until time step
insensitivity in thrust and torque is obtained at 6.43×10−4 sec (0.0625 deg/sec). All simulations
have been run for +25 revolutions to develop the wake and converge in thrust and power.

3.3.1. Assumptions and uncertainties In this work, the rotor is considered rigid and the tower,
nacelle and spinner are not modelled. The rotor geometry is based on the theoretical geometry
of the rotor, meaning that no irregularities on the actual rotor surface are modelled. No ground
constraint on the flow is considered either, as the domain expands far from the rotor in all
directions. The sheared inflow profile is based on averaged measurements from a met mast
placed approximately 200 m (2.5D) from the considered turbine in the DanAero experiments.

Case 1 2 3
Wind speed at hub height [m/s] 6.1 9.792 8.429
Tilt [◦] 0 5 5
Yaw* [◦] 0 6.02 38.34
Shear exponent α [-] 0 0.249 0.262
Pitch** [◦] -0.15 4.75 4.75
Rotor speed ω [rpm] 12.3 16.2 16.2

Figure 3. Left: Velocity profiles used for conducted cases. Black lines represent location of
rotor and ground. Right: Input parameters for the three conducted cases.

4. Results
4.1. Case 1 - Axi-symmetric flow
For the axi-symmetric case, pressure distributions along the blade are monitored and compared
with pressure distributions measured in the DanAero experiment. In Figure 4, the pressure
distribution at 33% blade length and 76% blade length are depicted. As seen, visually both
EllipSys3D and Nalu-Wind agree well with measured pressure. However, when the pressure is
integrated to normal and tangential forces to the rotor plane Fn,r and Ft,r as seen on Figure
5, larger discrepancies to the measurements appear, especially at the out-board region of the
blade. This discrepancy, which at its maximum at 30 m span is approximately 11% for the

* Yaw is defined as positive when the rotating blade at the top position follows the yawed wind component.

** Pitch is defined as positive when increasing the angle of attack.
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mean normal forces, is seen for both EllipSys3D and Nalu-Wind, which mutually agree very
well. Reasons for this could likely be differences from modelled geometry to the actual molded
geometry of the blade. The lack of modelled blade flexibility will also affect the out-board region
the most, and an inclusion of this might twist the blade and change the pressure distribution.

Figure 4. Pressure distributions at 33% and 76% blade length for the axisymmetric Case 1.
For clarity, only every third simulation point is shown.

Figure 5. Integrated pressure forces in normal (Fn,c) and tangential (Ft,c) directions to the
chord plane

4.2. Case 2 - Dominating shear
For the non-symmetric cases, forces are monitored in time for four locations along one blade at
blade lengths of 0.33%, 0.48%, 76% and 92%. The forces normal and tangential to the chord
depending on azimuthal positions at 0.33% and 92% blade length can be seen on Figure 6 a-b
for Case 2 with dominating shear conditions, along with the corresponding measured forces from
the DanAero experiment.
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a)

b)

Figure 6. Normal (Fn,c) and tangential (Ft,c) forces on blade at 0.33% (a) and 92% (b) blade
length across azimuthal positions, for Case 2 with dominating shear, DanAero measurements
shown as mean with standard deviation error bars.

As seen, the CFD simulations from both solvers capture well the level of forces and azimuthal
trends from the measurements, however with some discrepancy for the outer section of the blade.
A phase shift of the minimum between the CFD results and the measurements is seen, especially
in Figure 6 b). The CFD results agree on a minimum around 170◦, whereas the minimum is
seen around 210◦ for the measurements. The omission of the tower could cause some of the
discrepancy, as the present yaw misalignment will shift the tower shadow effect towards higher
azimuths. As seen in the EllipSys3D results, the flow is stalling at the inner section at 0.33%.
For this reason, the phase average forces are shown for this section, which are matching the
measurements. This stall is not present in the results from Nalu-Wind.

Figure 7. Normal (Fn) and tangential (Ft) force distribution along rotor blade at 0◦ and 180◦,
DanAero measurements shown as mean with standard deviation error bars.
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Figure 7 depicts the resulting chord normal (Fn,c) and tangential (Ft,c) forces based on
pressure only along the blade for azimuth positions of 0◦ and 180◦. As seen the solvers agree well
between each other and the DanAero measurements for normal forces. Both solvers, however,
tend to overestimate the tangential forces compared to measurements, with a maximum error
at the 30.2 m (76%) section at 0◦ azimuth of 30.2% and 37.9% for EllipSys3D and Nalu-Wind
respectively. This contradicts what was seen for Case 1, where tangential forces were under
predicted, as seen on Figure 5. Omission of blade flexibility could likely be the cause to this
discrepancy.

4.3. Case 3 - Dominating yaw
As with Case 2, forces are monitored in time for sections at 0.33%, 0.48%, 76% and 92% blade
length, where the first and the last positions can be seen on Figure 8 a-b.

a)

b)

Figure 8. Normal (Fn,c) and tangential (Ft,c) forces on blade at 0.33% (a) and 92% (b) blade
length across azimuthal positions, for Case 3 with dominating yaw. DanAero measurements
shown as mean with standard deviation error bars.

The two codes agree on the overall level of forces, however, a large difference in amplitudes
of the azimuthal fluctuation is seen. This is emphasized in Figure 9, which depicts the resulting
pressure normal (Fn,c) and tangential (Ft,c) forces in the chord plane along the blade for azimuth
positions of 0◦ and 180◦. The solvers do not agree between each other and the DanAero
measurements at 180◦ azimuth. Here the EllipSys3D results overshoot the forces and the Nalu-
Wind results on the contrary undershoot the forces. For normal forces, the DanAero results
seem to lie between the solvers, whereas for tangential forces, the Nalu-Wind results fit better.
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At the 180◦ azimuth position, the blade sees a lower incoming wind speed due to wind shear.
However, at the same position the blade motion component is against the wind direction, which
will result in a larger relative wind speed.

Figure 9. Normal (Fn,c) and tangential (Ft,c) force distribution along rotor blade at 0◦ and
180◦, DanAero measurements shown as mean with standard deviation error bars.

To investigate the discrepancy further, the velocity profiles at several positions upstream of
the rotor have been extracted from the computed flow fields for comparison, as presented on
Figure 10. The velocity profiles indicate, that the used grid setups influence differently the shear
development through the domain. For the Nalu-Wind unstructured setup, the rapid expansion
of unstructured cells outside the cylinder domain seems to cause a smearing of the profile. The
smearing is seen already close to the inlet at 10D in front of the rotor and increases when moving
closer to the rotor. This is especially clear in the lower part of the prescribed profile, Figure 10
(right). Here, it is seen that the smearing of the Nalu-Wind shear leads to lower velocities seen
by the blade when passing 180◦, explaining the lower forces here. The grid setup for EllipSys is
structured and less expanding which seems to stabilise the profile through the domain. However,
When looking close the rotor a speed up is seen in the lower altitudes, which is likely due to the
omission of a ground constraint. This explains the high loading seen when passing 180◦. At the
top position of the blade, the effects of smearing and speed-up are low, as to why the results
show better agreement in normal forces with each other and DanAero here.

Figure 10. Extracted wind speed profiles at 0.5D, 4D and 10D in front of the rotor along the
flow direction, for Case 3. Left: The profile in a vertical range of -100 m to 200 m from the hub.
Right: Zoom in on the lower part of the profiles. Hub is located at y=0 m
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Looking at pressure distributions of the section at 76% blade length for four azimuth positions,
the discrepancies are also clear. At 180◦ the suction is under-predicted by Nalu-Wind and over-
predicted by EllipSys, At 0 and 270 ◦ the codes compare well, and a good agreement is also seen
with measurements.

Figure 11. Modelled and measured pressure coefficient Cp distribution at 76% blade length at
different azimuthal positions of 0, 90, 180 and 270◦

4.4. Recap
For two of the the three considered cases, being uniform and dominantly sheared inflow the two
codes compare well. This is also seen in the predicted rotor thrust and power, as presented in
Table 1. As seen, both solvers predict a higher power than measured for cases 1 and 2, which is,
at least partly, due to the fact that the measured power is electrical, while the predicted power
is mechanical. This means that no power loss through the gears and generator (usually 5-8%)
is considered in simulation results. For Case 3, Nalu-Wind underestimate the power production
while EllipSys3D over estimates it. This aligns well with the aforementioned discripancies in
this case, where wind speed is underpredicted in Nalu-Wind due to an altering wind profile, and
an overspeed beneath the rotor seen in EllipSys3D.

Table 1. Torque and power. µ = mean and σ = standard deviation. *Note that power from
CFD relates to mechanical power, whereas DanAero relates to measured electrical power.

EllipSys3D Nalu-Wind DanAero*
Case 1 Thrust [kN] 93.88 94.89 -

Power [kW] 303.72 313.4 µ = 238.7, σ = 20
Case 2 Thrust [kN] 267.51 263.97 -

Power [kW] 1252.9 1215.7 µ = 990.6, σ = 97.4
Case 3 Thrust [kN] 222.3 193.04 -

Power [kW] 652.3 425.9 µ = 516.8, σ = 51.2
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5. Conclusions
Three flow conditions, one idealized axi-symmetric flow case and two with atmospheric sheared,
yawed and tilted flow, have been studied using two different CFD codes, EllipSys3D and Nalu-
Wind. Measurements from the DanAero experiments are used to define flow conditions and
measured pressure and resulting forces are used for comparison and validation of the CFD codes.
In general, good agreement is seen between the simulations of the two codes and also between
simulations and measurements, especially considering assumptions omitting blade flexibility,
tower shadow, and the constraint to cross flow from the ground. Despite these simplifications,
both pressure distributions and forces depending on azimuthal positions, found by simulations,
match with measurements in both levels and trends.

Some difference is seen, however, in terms of forces along the blade at varying azimuths,
especially in the combined case with high yaw and shear. This is likely due to the shear
development throughout the domain of the unstructured setup of Nalu-Wind along with the
acceleration of the flow beneath the rotor seen in the EllipSys3D results, as a result of omitting
the flow constraining ground condition.
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Aeroelastic simulations of a 2MW wind turbine rotor operating in dif-
ferent complex atmospheric flows are conducted using high fidelity fluid-
structure interaction (FSI) simulations. Simpler blade elementmomentum
(BEM) theory based simulations are likewise conducted for comparison
and measurements from field experiments are used for validation of the
simulations. Good agreement is seen between simulated and measured
forces. It is found that for complex flows, BEM based simulations predict
similar forces as CFD based FSI, however with some distinct discrepan-
cies. Firstly, stall is predicted for a large part of the blade using BEM
based aerodynamics, which are not seen in neither FSI simulations nor
measurements in the case of a high shear. This leads to a more dynamic
structural response for BEM based simulations than for FSI.

For a highly yawed and sheared flow case, the BEM based simula-
tions overpredict outboard forces for a significant part of the rotation.
This emphasizes the need of validation of BEMbased simulations through
higher fidelity methods, when considering complex flows.

Including flexibility in simulations show only little impact on the con-
sidered rotor for both FSI and BEM based simulations. In general, the
loading of the blades increases slightly, and the rotor wake is almost iden-
tical for stiff and flexible FSI simulations.
K E YWORD S
Fluid-structure interaction, computational fluid dynamics,
atmospheric flow, aeroelasticity, aerodynamics, DANAERO
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1 | INTRODUCTION
Horizontal axis wind turbines (HAWTs) operate in various flow conditions influenced by e.g. wind shear and veer,
atmospheric turbulence, tilt and yaw misalignments. This results in an unsteady loading of the rotor as the blades
experience varying wind speeds during their rotation. In term, this leads to an unsteady structural response of the
bladeswhich changes the flow conditions once again through the interactions between fluid and structure. Aeroelastic
phenomena, becomes increasingly relevant as wind turbines are expanding in size and blades become more flexible,
due to mass restrictions. This increases the risk of instabilities from vortex induced vibrations (VIVs) and flutter,
which in the worst case scenario can lead to structural failure. Additionally, designers need to consider the increased
flexibility to avoid bending blades ever colliding with the tower, and to consider any increase in fatigue loads of the
turbine. Less dramatic, but though very important, is also the effects of flexibility on power production, as flexible
blades will bend and twist, changing the loads and thereby the driving forces of the turbine.

In the present study, fluid-structure interaction (FSI) simulations of a 2 MW NM80 wind turbine in complex flow
are conducted through a coupling of the computational fluid dynamics (CFD) code EllipSys3D1;2;3 and the structural
solver from the aeroealstic code HAWC24;5. These simulations are compared to lower fidelity simulations based on
Blade Element Momentum (BEM) aerodynamics for load calculations, as standard HAWC2.

For atmospheric flow with complexities as yawmisalignment, shear and tilt, blade resolved FSI has not been stud-
ied extensively, as it is computationally heavy. Often, low fidelity BEMbased aeroelastic simulations will be conducted
instead, as these are efficient and in many cases sufficiently accurate. It is however known, that the accuracy of BEM
suffers from the need of airfoil input data and various corrections for 3D effects, stall, dynamic inflow etc. This creates
the need of validation of complex flows from experiments and high fidelity methods like FSI.

Yu and Kwon6 studied FSI of the NREL 5MW reference turbine under shear and yawed conditions separately. In
their FSI approach, data between fluid solver and structural solver was only exchanged once per revolution, correcting
the BEM loads with periodically converged CFD loads. The study found that especially the torsional twist is important
to consider in FSI simulations, as the changing angle of attack from the torsional twist alleviates the loading of the
blades in the chosen setup. This effect is further enhanced when including yaw and shear in the simulation which
leads to more unsteady forcing on the rotor. In the phases of the revolution where the blade passes high velocity
due to shear or enters the area where the blade rotates against the yawed inflow, the alleviating effect is seen to be
highest due to the increased twist. In7 Li et al. likewise studied the NREL 5MW reference turbine in sheared and
turbulent inflow including flexibility of the rotor. Here the FSI framework was based on a CFD solver coupled with
a multi-body dynamics (MBD) structural solver. Turbulence was imposed using the Mann turbulence box method8.
The main conclusions of the study was that realistic atmospheric flow including shear and turbulence is important
when designing large scale wind turbines. Additionally, the study concluded that inclusion of blade flexibility does not
impact highly the wake behaviour, whereas inflow turbulence have high impacts on wake diffusion. A comprehensive
study was published by Santo et. al.9, where FSI is studied on a rotor in sheared inflow with the rotor structurally
represented through shell elements. Various aspects are investigated such as the effect of tower shadow, tilt and
yaw. Tower shadow is found to affect very locally around the azimuthal range when the blade passes the tower, and
simulationswith andwithout tower yielding very similar results in the remaining part of the revolution. Recently, Guma
et al10 published a study looking into the aeroelastic response of the NM80 rotor, also studied in the present article, in
turbulent inflow. Here, syntheticMann box turbulence and the DelayedDetached Eddy Simulation (DDES) turbulence
model were used to create and resolve turbulent structures in the wind flow. The fluctuating forces occurring on the
blades, are used to calculate the fatigue damage on the blades by means of the so-called Damage Equivalent Loading
(DEL). It is found that the DEL is mainly influenced by the turbulent inflow rather than the inclusion of flexibility.
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The objective of the present study is to investigate rotor aerodynamics in complex flows for different fidelity

solvers along with influences of including flexibility. Cases with measurements available are chosen to validate results
obtained from simulations, and highlight possible focus areas for future studies. The study is part of the IEA 29Wind
Task11, which has the purpose of comparing and developing simulation methods of various fidelities, and clarifying
their limitations. Here, the studied rotor and inflow conditions are defined by the DanAero field experiments12 from
where pressure loads along the blade of the NM80 rotor are available for comparison along with wind measurements
from a nearby met mast. The study presented in this article, serves as a continuation of the work presented in13,
where the same flow cases were considered for pure CFD computations in another setup, comparing the CFD codes
EllipSys3D and Nalu-Wind14. Here, it was found that the solvers are able to capture the complex flow in a satisfying
degree. It was found, however, that care needs to be taken in terms of grid resolution from inlet to rotor to keep the
described shear profile, as an expansion of grid cells will tend to smear out the profile. Additionally, it was found that
omitting the constraint effect of the ground leads to a speed up of the flow, especially beneath the rotor, with the
consequence of increasing forces on the blades passing the lower area. The experiences gained, are considered in the
setups of the current study.

2 | METHODOLOGY
In this section, the numerical methods and computational setups used in the study will be presented, along with the
flow cases chosen for simulations.

2.1 | Numerical methods
2.1.1 | Flow solver
EllipSys3D is used to solve the in-compressible Navier Stokes equations in structured curvelinear coordinates using
the finite volume method with a collocated grid arrangement. The code is parallel and highly scalable using Message
Passing Interface (MPI) and multi-block decomposition, multi-grid method and grid sequencing. EllipSys3D has multi-
ple convective schemes implemented, such as Central Difference (CDS), Second order Upwind (SUDS) and Quadratic
Upstream Interpolation for Convective Kinematics (QUICK). For pressure correction, various algorithms are possible
such as PISO, SIMPLE, SIMPLEC and variations hereof. Rhie-Chow interpolation is used to avoid odd/even pressure
decoupling. Overset capabilities, including grid hole-cutting are implemented internally in the code15.

Several turbulence models are implemented such as two equation Reynolds Averaged Navier Stokes (RANS) mod-
els, k −ε and k −ω among others, hybrid models like Detached Eddy Simulations (DES), Delayed DES (DDES), Improved
DDES (IDDES) and higher fidelity Large Eddy Simulations (LES) models.

Deformation of grids is handled through a moving mesh method with a volume blend factor, which moves mesh
points according to their original displacement and distance to the blade surface along the grid line. This ensures
that mesh points at the vicinity of the blade surface move along with the blade, and points further away only move a
fraction of the displacement, using a blending function. When using the overset grid method, the deformation is only
transferred to the grid containing the rotor.

The code has been used thoroughly for many years for various test cases and was validated in e.g the Mexico
project16;17 and for the Phase VI NREL rotor18;19. Recently, the codewas validated for the specific case of the present
NM80 rotor in atmospheric flow conditions by comparison with the CFD code Nalu-Wind14 and measurements from
the DanAero experiments13.
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2.1.2 | Aeroelastic solver
HAWC2 is an aeroelastic code used for calculating low fidelity BEM aerodynamics and structural responses of wind
turbines. The structural part of the code is based on the multi-body formulation, accounting for non-linear effects
of large deflections. Each structural component, i.e. a blade or the tower, can be represented by a number of bod-
ies assembled by linear Euler or Timochenko beam elements. Sub-bodies are connected with constraint equations
considering non-linearities.

HAWC2 has a built-in aerodynamics module, that calculates aerodynamic forces using Blade Element Momen-
tum (BEM) theory. To do this, airfoil polar input is needed to calculate forces on the blade, which is inserted through
aerodynamic sections along the blade. The location of these sections is independent on the number of structural
nodes, and will often be distributed with concentrations near root and tip to capture high gradients. Multiple correc-
tion schemes are implemented to improve the BEM aerodynamics such as tip loss corrections, dynamic stall models,
tower shadow effect and much more, see5.

HAWC2 is widely used by industry, and has been verified and validated in various studies20;5, considering the
structural and aerodynamics aspects of the code respectively.

2.1.3 | FSI-framework
The two codes are coupled, in a partitioned manner, through the Python framework, HAWC2CFD, originally created
by Heinz21 and further developed by Horcas22. Through the loose coupling framework, the BEM aerodynamics
module of HAWC2 is exchanged with the CFD loading instead.

Using predicted displacements of nodes from HAWC2, the CFD mesh is deformed, and a new flow-field is found
through EllipSys3D. The loads predicted by the CFD solver are then fed back to the HAWC2 structure and a new
deformation is found. All communication between EllipSys3D and HAWC2 happens through the HAWC2CFD Python
framework. In21, a loosely coupled approach was found to be sufficient for wind energy related cases, due to the high
mass ratio between turbine and air and is therefore used. This means, that for each main iteration each solver solves
the time step only once, through internal sub-iterations, before advancing in time.

Studies involving the application ofHAWC2CFD, for both operational and standstill configurations, include21;23;22;24.
The framework has been validated with experiments through simulations of a pull-release test of a wind turbine blade
in the large scale test facility of DTU, see25. The process of the framework between the main iterations can be
described through the following steps:

• The displacements of the present time step are predicted by HAWC2 with second order accuracy, using kinemat-
ics from previous time step.

• Displacements are send to EllipSys3D and the surface mesh is deformed while displacements are propagated into
the volume mesh using a volume blend method.

• Navier-Stokes equations are solved to calculate the flow field for the new time step through under-relaxed sub-
iterations in EllipSys3D.

• Forces are computed and integrated on the CFD mesh surface and send to HAWC2.
• Forces are applied at the aerodynamic sections of the HAWC2 model and actual deformations are calculated.
• Unless the solution has reached total simulation time, the simulation is advanced to the next time step and the

procedure is repeated.
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2.2 | Computational grids
To investigate rotors in atmospheric flow including shear and yaw, an overset grid approach offers good flexibility, as
separate meshes can be constructed for each purpose and then overlapped, connected through interpolation algo-
rithms. Flow information is communicated between the grids through donor and receiver cells within the overlapping
region of the meshes. In the present setup only the rotor is considered and three mesh groups are used and over-
lapped, see Figure 2. Near the rotor, an O-O type mesh is grown from the blade surface mesh, extruding ≈ 15m,
discretized over 128 cells, from the surface using the mesh tool HypGrid26. The first cell adjacent to the rotor surface
has a height of 1 · 10−6m to ensure a y+ of less than 1. Each blade is represented through 128 grid points spanwise
and 256 chordwise. The blade tip and grid around a blade section are presented in Figure 3.

Around the rotor mesh, a cylindric disc mesh is constructed with pre-cut holes around the blades. This mesh
rotates along with the rotor mesh, speeding up the hole-cutting algorithm, as the holes move along with the rotor. To
allow for the rotor and disc to tilt, without cells moving outside the ground boundary, the last third of the disc mesh
downstream is narrowed linearly.

To simplify the overset search of donor and receiver cells and speed up computations, all deformation from the ro-
tor will be propagated to the rotor mesh in such a way, that only cells that are inside the hole region of the overlapping
disc mesh deform. By this, there is no need for updating donor and receiver cells between the rotor and disc mesh, as
the two rotate together. This choice necessitates the hole of the disc mesh to be far enough from the surface to leave
room for the deformation of mesh cells without impairing the cell quality. For the farfield domain a semi-cylindrical
shape is chosen ensuring a good compatibility between overlapping grids. The farfield domain expands 2km, ≈25D,
in the flow direction, with the rotor placed 800m, ≈10D, away from the inlet. Cells are stretched far from the rotor,
but compressed closer to resolve the wake. Across the flow direction, the domain radius is 500m ≈6.25D in each
direction, with the rotor placed in the center. Ground conditions are ensured 57.2m ≈1.43D below the hub, using a
symmetry boundary condition, which constrains the flow perpendicular to the boundary. Parallel to the flow, the sym-
metry condition works as a slip condition, as no development of the input wind flow profile is desired. The combined
grids consists of a total of 39.3M grid cells, of which 14.2M cells are used for the rotor grid.

200
0m

1000m

F IGURE 1 Computational domain with prescribed boundary conditions
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F IGURE 2 Grids used for simulations. Left: side view, right: front view. Red cells show receiver cells of
overlapping grids. Blue: rotor grid, orange: disc grid,lack: background grid. Entire background grid is not shown.

F IGURE 3 Near rotor mesh at 25m span and surface discretization at tip. Only every second line shown

2.3 | Simulation setups
From the IEA29Wind Task11, flow cases are defined based on field measurements from the DanAero experiments12.
Here, a corresponding power law shear exponent α has been fitted to measurements to define inflow profiles. Three
flow cases with increasing complexity are studied, presented in Table 1 and depicted in Figure 4 along with DanAero
measurements. The first case is an idealized axi-symmetric case, where no shear, yaw nor tilt are included. The second
case is dominated by high shear and has a low yaw error of 6.02◦. The third case is the most complex of the cases, as
it is defined by high shear and high yaw of 38.34◦ simultaneously.

0* Yaw is defined as positive when the rotating blade at the top position follows the yawed wind component.
0** Pitch is defined as positive when increasing the angle of attack.
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F IGURE 4 Conducted cases. Solid lines represent simulation input, and markers with errorbars represent
measurement means ± one standard deviation.

TABLE 1 Overview of conducted cases

1 2 3
Case (axi-symmetric) (high shear + low yaw) (high shear + high yaw)
Wind speed at hub height [m/s] 6.1 9.792 8.429
Tilt [◦] 0 5 5
Yaw*0 [◦] 0 6.02 38.34
Shear exponent α [-] 0 0.249 0.262
Pitch**0 [◦] -0.15 4.75 4.75
Rotor speed ω [rpm] 12.3 16.2 16.2

2.3.1 | EllipSys3D model
In the present study, unsteady RANS (URANS) simulations are conducted and compared to the DanAero averaged
measurements. Sheared inflow is imposed through a power law, eq. (1), at the velocity inlet.

U = Ur ef

(
z

zr ef

)α (1)

Turbulence is modelled through the k − ω SST model by Menter27, and flow is assumed fully turbulent, as no
transition model is included.

Air is described with density of 1.22 kg m−3 and a dynamic viscosity of 1.769 · 10−5 kg m−1 s−1 The convective
terms are calculated through the QUICK scheme while an improved version of the the SIMPLEC algorithm28 is used
to couple the velocity and pressure. A time increment corresponding to 0.125◦ rotation per time step (ts) is used for
all simulations corresponding to 1.7 · 10−3 s/ts for Case 1 and 1.29 · 10−3 s/ts for Cases 2 and 3.
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2.3.2 | HAWC2 model
The structural model used for the NM80 turbine has been created and validated internally at DTUWind Energy as part
of the original DanAero project29. The blade has a prebend into the wind of ≈1.5m at the tip, and a tilt of 5◦ is applied
for Cases 2 and 3. Each blade is structurally discretized into 22 bodies each consisting of one Timochenko beam
element. Tower and shaft are assumed rigid in the coupled computations, thus only blade flexibility is considered.
For aerodynamics, only the rotor is considered, as no tower shadow is considered. 60 aerodynamics sections are
distributed per blade, and airfoil data for BEM calculations was obtained during original DanAero project through
wind tunnel tests and corrected for 3D effects, see30 and31. Dynamic stall corrections are applied by the model of
Hansen32, and tip corrections are applied through the commonly used Prandtl tip correction as described in33. No
controller is used, as a constant rotation speed and pitch setting is set for each case, as presented in Table 1.

2.4 | Simulation method
For all three cases, simulations with and without flexibility are conducted to assess its influence on loads and wind
flow. The simulation process is divided in phases which are dipicted in Figure 5.

F IGURE 5 Process diagram of conducted simulations

As a first step (phase 1), pure CFD simulations without coupling to the structural solver, are run to develop the
flow until convergence in total thrust and power (>40 revolutions). When passing to the HAWC2CFD framework,
HAWC2 is initially run for the same amount of revolutions to ensure compatibility in time between the solvers (phase
2). As the BEM based aerodynamics are of lower fidelity, this phase is quickly conducted compared to the phases
involving CFD. When initiating the coupling of EllipSys3D and HAWC2, the calculated deformations are based on
BEM loads linearly blended together with the CFD loads over two revolutions (phase 3). This avoids any large force
jumps in the HAWC2 solver, such that no undesired vibrations are introduced to the system. After the blending, pure
CFD loads are used for calculation of structural response and a full 2-way coupling (phase 4) is simulated. This will
run until the total simulated time is reached (5-10 extra revolutions).
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3 | RESULTS
In this section, forces, structural responses and flow behaviour for all flow cases with both stiff and flexible blades
are presented. Both CFD and BEM based aerodynamics are considered and compared. The cases are presented
individually, with a step-wise increase of flow complexity between the cases. Azimuth angle is defined positive when
moving clockwise looking at the rotor towards the downstream direction, starting at 0◦ when the studied blade points
upwards. Sectional forces will be presented by means of their normal and tangential components with respect to the
chord line of the blade (Fn,c and Ft ,c ). Additionally, the rotor integrated loads (i.e. torque and thrust) will be provided.

3.1 | Case 1 - Axi-symmetric flow
For the first case with idealized flow, the forces, structural response and flow response will be axi-symmetric, except
for the influence of gravity. In the following, a brief description of the resulting forces and structural response will be
presented to give an impression of the simulation capabilities before moving to the more complex flows.

Forces:
Normal and tangential forces along the blade for both CFD and BEM based simulations with and without flexibility
are presented in Figure 6. As seen, all simulations agree well, with only small discrepancies, also with DanAero mea-
surements. Inboard, stall is occurring in the CFD simulations, which leads to the higher discrepancies here, where 3D
effects are also significant. In the figures, only the azimuthal position of 0◦ is shown, which due to the axi-symmetry
is close to identical with the other azimuthal positions with only minor differences due to gravity.

Including flexibility in CFD based simulations, lead to marginal differences in forces, whereas the BEM based
flexible simulation result in a slight increase of normal force outboard. This results in an increase of the total thrust for
both CFD (+≈1.0%) and BEM (+≈1.7%) based aerodynamics, as seen in Table 2. For torque however, CFD predicts an
increase of ≈0.46% whereas BEM predicts a decrease of ≈0.33% when including flexibility of the blades. The BEM
based simulations predict ≈6 % higher total thrust and ≈2 % lower total torque than CFD.
TABLE 2 Total thrust and torque comparison

CFD BEM
Stiff Flexible Stiff Flexible

Thrust [kN] 93.0 93.9 97.9 99.5
Torque [kNm] 261.0 262.2 257.7 256.8

Structural response:
Only a small torsional twist of the blades is seen radially, as depicted in Figure 7. The BEM based simulation lead to
≈0.35◦ near the tip, whereas the same position only twists ≈0.05◦ for the CFD based simulation.

Figure 7, shows the edgewise and flapwise tip displacement of one blade depending on azimuthal position. Be-
tween the BEM and CFD based simulations, edgewise displacements close to identical since they are results of gravity
not aerodynamics. Flapwise however, an ≈ 5% difference is seen between the methods. Variations in azimuth are due
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F IGURE 6 Normal and tangential forces along blade, Case 1 (axi-symmetric)

to gravity, peaking just after blades are horizontally positioned at 90◦ and 270◦. The tip flap displacement is below
the initial prebend of 1.5m tip displacement into the wind, and thereby stretches the blade increasing the swept area
slightly, which introduces the increase in power and total trust on the rotor.

F IGURE 7 Structural response for BEM and CFD based simulations for Case 1 with axi-symmetric flow. Left:
Torsional twist. Right: Tip displacement
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3.2 | Case 2 - Highly sheared flow
For the more complex Case 2, with high shear, tilt and low yaw error, the blades pass varying wind speeds during
their revolutions. Dominantly in this case, is the sheared wind flow, creating large differences in the free stream wind
velocity. Figure 8 shows the Q-criterion34 of the flow illustrating the resolved tip vortices, which move faster at high
altitudes due to the sheared inflow.

On top of this, the yaw and tilt results in the relative wind speed increasing around 180◦ and 90◦ and and de-
creasing around 0◦ and 270◦, compared to a non-yawed and non-tilted rotor.

F IGURE 8 Instantaneous iso-surfaces of Q-criterion = 0.1 and velocity magnitude contours of Case 2.

Forces:
For Case 2, larger differences are seen between CFD and BEMbased simulations, and influences of including flexibility
are seen as well. Figure 9 shows the azimuthal development of normal and tangential forces of the 78% blade length
section, along with measurements from the DanAero campaign. In general a good agreement is seen between simu-
lations and measurements. However, the BEM based simulations drop in especially normal forces when the blades
pass the upper positions, which is not observed in neither CFD nor measurements. Tangentially, all simulations over-
predict the forces compared to measurements. This over-prediction is higher using CFD than BEM as the tangential
forces also drop at the upper position.

The discrepancy between forces calculated through BEM and CFD at 0◦ and 90◦ is present along the full blade
length as depicted in Figure 10 for 0◦ azimuth. For the BEM based aerodynamics, the flow’s angle of attack reaches
the stall domain, which lowers the lift on the blade. This is not the case with CFD nor in measurements. The likely
reason for this discrepancy is, that the input airfoil data defines the stall domain too early, despite being corrected for
3D effects. Along with this the angle of attack could As CFD is not based on predefined airfoil data, the stall is not
predicted for those simulations.

Integration of forces show that including flexibility increases the total thrust and reduces the power producing
torque. This is the case for both BEM and CFD based simulations, however with CFD predicting higher thrust and
torque due to the stall discrepancy. As seen in Table 3, by including flexibility an increase of 1.9% and 0.8% in mean
thrust and a decrease of 1.5% and 4.4% in mean torque for CFD and BEM based simulations respectively.

Structural response:
For this highly loaded case, a large relative difference is seen in the torsional deformation presented in Figure 11 (left).
As seen, the BEM based simulations twist more than the CFD based simulations, however still with small changes of
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F IGURE 9 Left: Normal and tangential forces at ≈ 78% during one revolution. Right: Rotor with and without
displacement. Case 2 with high shear.

the twist angle below 1◦. The BEM based simulations predict approximately twice the torsional deformation at the
tip, which further enhances the angle of attack and the tendency to stall.

The discrepancies between the BEM and CFD based simulations are also seen in the blade deformation, depicted
using the tip displacements in Figure 11 (right). Both simulations consistently predicted an overall deformation of the
mean tip displacement in the flapwise direction of ≈2.4m. This implies that the prebend is neutralized and the blade
is even bend 1m further along the wind direction, as shown in Figure 9. For BEM based simulations, where stall is
occurring in some part of the azimuth, the tip displacement is seen to fluctuate several times per revolution, whereas
the CFD based simulation results in a 1P motion of the blade. Edgewise deformations are governed by gravity, and
match between CFD and BEM based simulations. The edgewise deformation is slightly smaller than for Case 1, due
to the applied pitch of 4.75◦ and tilt of 5◦ changing the stiffness in the gravity direction.
Flow response:
As the flow in Case 2 is mainly dominated by shear, the tip vortex rings are convected faster at higher altitudes than
near the ground, which is visible in the vertical section of the flow field in Figure 12. Horizontally, the yaw error of
6.02◦ pushes the wake deficit to the side, where passing blades will point downstream, which takes approximately
eight radii distance to even out downstream as depicted in Figure 12. No significant impact is seen on the flow pattern
when including flexibility of the rotor, as presented in Figure 12 (right), showing the velocity deficits at various up-
and downstream locations averaged over six revolutions.
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F IGURE 10 Normal and tangential force distribution at azimuth angles of 0◦, and 180◦. Comparisons between
flexible and stiff CFD and BEM based FSI simulations along with DanAero measurements, Case 2.

TABLE 3 Total thrust and torque comparison

CFD BEM
Stiff Flexible Stiff Flexible

Thrust [kN] 265.6 270.6 252.4 254.4
Torque [kNm] 761.8 750.0 722.7 691.0

F IGURE 11 Structural response for BEM and CFD based simulations for Case 2 with highly sheared flow. Left:
Torsional twist. Right: Tip displacement
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F IGURE 12 Left: Flow field contour slices (top: vertical, bottom: horizontal) showing velocity magnitude and
q-criterion=0.1 iso-surfaces. Right: Velocity deficit profiles at varying distances up- and downstream of the rotor
averaged over six revolutions. All figures depict CFD based results only.
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3.3 | Case 3 - Highly yawed and sheared flow
For the most complex Case 3, with high shear, tilt and high yaw it is not obvious what will dominate the loading of
the rotor. While the blade passes the low altitudes, the high yaw, increases the relative wind speed, compensating
for the lower free speed velocity. Figure 13 shows how the vortices are convected away from the rotor following the
yawed flow direction.

F IGURE 13 Instantaneous iso-surfaces of Q-criterion = 0.1 and velocity magnitude contours of Case 3.

Forces:
Due to the many contributions to the flow asymmetry by shear, tilt and yaw, the forces seen by the blade through one
revolution are asymmetric as well. This is exemplified in Figure 14 showing the normal- and tangential-to-chord forces
along the blade, along with Figure 15 showing the azimuthal variation of a section located at ≈78% blade length.

Both flexible BEM and CFD based simulations agree well with measurements in normal forces, whereas larger
discrepancies are seen in tangential forces, however, not in the same azimuthal ranges. Inclusion of flexibility leads to
slightly larger mean values and amplitudes of forces in both BEM and CFD based simulations. Taking the section at
78% blade length as an example, mean and standard deviation of forces over one revolution are found and presented
in Table 4. Here, DanAero statistics are based on the mean values presented with standard deviation error bars in
Figure 15. As seen, including flexibility results in increasing means and standard deviations for normal forces, while
tangential loads increase in standard deviation only.

Statistics over one revolution only tells the story of general levels, but nothing about the actual variation during the
revolution. Looking closer at the variation in Figure 15, it is found, that normal forces peak in the range of 240◦ - 280◦
azimuth depending on simulation method, with CFD based simulations peaking earlier than BEM based simulations.

Looking at the normal force distributions along the blade, depicted in Figure 14, at 90◦ azimuth the largest differ-
ence between BEM and CFD based FSI are observed. Here, the BEM based simulations predict ≈25% higher normal
forces than the CFD based simulations and measurements at the 92% blade section. Tangential forces along the
blade differ more between the simulations and measurements, see Figure 14. As with normal forces, the BEM based
simulations overpredict the forces at 90◦ azimuth, and also at 0◦ azimuth. However, it seems that the CFD based
simulations overpredict the forces at 180◦ and 270◦ azimuth, whereas the BEM based simulations agree more with
measurements.

Integration of forces show that including flexibility increases the total thrust and reduces the power producing
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TABLE 4 Mean (µ) and standard deviation (σ) over one revolution of forces for section at 78% blade length,
presented in Figure 15. Note that DanAero statistics are found from mean values

µ (Fn,c ) σ (Fn,c ) µ (Ft ,c ) σ (Ft ,c )

CFD [N/m] [N/m] [N/m] [N/m]
Stiff blades 3071.5 217.3 333.4 68.6
Flexible blades 3127.8 253.1 333.9 86.4
BEM
Stiff blades 3064.7 94.04 359.4 90.5
Flexible blades 3140.5 155.3 354.1 101.3
DanAero
Flexible blades 3184.7 217.7 269.4 82.0

torque as was the case for Case 2 as well, see Table 5 . In this case however, BEM based simulations predict higher
thrust and markedly higher torque due to the aforementioned overpredicting of forces.
TABLE 5 Total thrust and torque comparison

CFD BEM
Stiff Flexible Stiff Flexible

Thrust [kN] 201.5 205.1 209.6 214.3
Torque [kNm] 296.1 293.0 356.2 339.1

Inclusion of flexibility is seen to result in an increase of 1.8% and 2.2% in mean thrust and a decrease of 1.1% and
4.8% in mean torque for CFD and BEM based simulations respectively. This shows that BEM simulations show higher
sensitivity to inclusion of flexibility.
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F IGURE 14 Normal and tangential force distribution at azimuth angles of 90◦ and 270◦. Comparisons between
flexible and stiff CFD and BEM based FSI simulations along with DanAero measurements, Case 3.

F IGURE 15 Normal and tangential forces at ≈ 78% during one revolution, Case 3.
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Structural response:
In the present highly yawed and sheared Case 3, the forces and motions are not varying smoothly in a 1P fashion
as it was in Case 2, which was dominated by shear only. Instead, forces and thereby also structural response seem
to have a 2P variation. This is due to the relative wind speed seen by the blade being dependent on both shear and
yaw, which are out of phase. As the blade moves from 0◦ at the top position downwards, the shear reduces the free
stream wind speed. However, the yawed wind component goes from being along the motion when the blade is at the
top, to being along the blade length at 90◦ and going against the motion when passing 180◦. This compensates for
the reduced free stream wind speed, which can be seen in the flattening of the tip displacement variation in this area
as seen on Figure 16. After passing 180◦, the relative wind speed increases as the sheared free stream wind speed
increases and the motion is against the yawed wind direction. This results in a peak of tip displacement at 240◦-280◦
depending on aerodynamics method, as was also seen with the forces in Figure 15. Through the first phase of the
revolution, BEM based simulations predict an ≈0.25m larger flapwise tip displacement, caused by the overshooting
of forces seen in this azimuthal range depicted in Figure 14.

Torsional twist is again seen to be small, and predicted higher by BEM than CFD aerodynamics.

F IGURE 16 Structural response for BEM and CFD based simulations for Case 3 with highly yawed and sheared
flow. Left: Torsional twist. Right: Tip displacement

Flow response:
As seen on Figure 17, the tip vortex rings convected downstream of the rotor are close together in the area where
the blade points downstream compared to the area where the blade points upstream. This is due to the asymmetric
velocity deficit behind the rotor resulting in unbalanced convection of the vortex structures. As depicted in the velocity
profiles in Figure 17, no significant effect is seen in resulting flow by including the flexibility of the rotor. This was also
seen in the study by Li et al.7 on the NREL 5MW turbine.
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F IGURE 17 Left: Instantaneous flow field contours (top: vertical, buttom: horizontal) showing velocity
magnitude and q-criterion=0.1 iso-surfaces. Right: Velocity deficit profiles at varying distances up- and downstream
to the rotor averaged over six revolutions. All figures depict CFD based results only.
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4 | CONCLUSIONS
This study presents simulations of a 2MW wind turbine rotor situated in simple to complex inflow conditions, using
both BEM and CFD based aerodynamics. Methods are validated using experimental measurements from the DanAero
field experiments. Additionally, the influence of considering the flexibility of the rotor is investigated by coupling to a
multi-body finite element solver.

Three cases with increasing complexity are studied being firstly, Case 1: axi-symmetric flow with no tilt included,
secondly, Case 2: highly sheared flow with tilt and a small yaw error and finally Case 3: highly yawed and sheared
flow including tilt.

For Case 1, both simulation methods compare well with each other and measurements. An ≈6% difference is
found in total thrust and ≈2% difference is found in rotor torque. Discrepancies are mainly seen inboards and near
the tip of the blades. Structurally, BEM predicts ≈5% larger tip displacement than CFD based simulations.

For the complex Cases 2 and 3 some distinct discrepancies are however found. For highly sheared inflow in Case
2 with the largest free stream wind speed considered, the BEM based simulations predict stall on a large part of the
blade when the blade passes ≈ 270◦ - 90◦ azimuth. This results in a drop in forces which is neither seen in the CFD
based simulations nor the measurements. This discrepancy is likely a result of the correction of 3D effects on the
input airfoil data, needed by BEM simulations, not being sufficient. The predicted stall introduces a 3P motion of the
blade, as opposed to the 1P motion found by CFD. However, computed mean displacements align well.

For the complex highly yawed and sheared flow case (Case 3), BEMbased simulations overpredict the forceswhen
the blade passes the top position, especially outboard. On the other hand the CFD based simulations overpredict
forces when the blade passes the lower positions.

Despite BEM based aerodynamics being in good agreement with CFD and measurements in the simple case, the
study emphasizes the need of validation for BEM based aerodynamics, when simulating complex flow cases. In the
highly sheared case, a better prediction would be likely found if airfoil data was corrected better for 3D effects on
the stall onset, possibly by use of CFD simulations. It is more difficult to assess the exact source of discrepancy of the
highly yawed Case 3.

Inclusion of flexibility is found to slightly increase the forces seen by the blade, both for CFD and BEM based
simulations. This is likely due to the prebend being neutralized, increasing the swept area of the rotor. The torsional
stiffness of the rotor is high and deformation is mainly seen in translatoric displacements and not so much twisting.

Investigating the flow resulting from the CFDbased simulations likewise show very little influence by the inclusion
of flexibility in the simulations as no significant differences are seen in the wake deficits.

One limitation of the present study, is the quite high stiffness of the considered rotor, reducing its quality as
representative for new and future wind turbines with blades spans of 2-3 times the considered rotor. This leads to
a need of conducting similar simulations of larger turbines, to do general conclusions on the influence of flexibility.
Additionally, including turbulent inflow would be beneficial, to assess the impact on fluctuating flow which on large
blades might be close to the frequencies of the 1st blade modes.
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A | APPENDIX -GRID SENSITIVITY
In order to investigate the sensitivity of the simulations to grid resolution, the multi-grid sequencing of EllipSys3D
was utilized. By this it is possible to compare two grid levels, one with blocks of 16×16×16 cells (coarse grid) and
one with blocks of 32×32×32 cells (fine grid) on the same setup and geometry. Here, the fine setup is the same as
described in Section 2.2, which was used for studies presented. The coarse grid setup consists of 4.9M cells, while
the fine setup consists of 39.3M cells.

In the present sensitivity study, mean torque and thrust is compared between grid levels for all three flow cases
and presented in Table 6. Relative difference is calculated with fine grid as benchmark, as this is the grid designed for
overlap matching.

As seen, for cases 1 and 2, both thrust and torque agree well, in both grid levels, with a maximum error of 2.08%
in torque for Case 1. For Case 3, a larger discrepancy is seen with -10.8% error for rotor torque. Along with this, large
fluctuations were seen in the torque and thrust time signals for the coarse grid setup, which were not present for the
fine setup, neither in the former cases regardless of grid level. This is likely due to the overset connectivity, which
is not as good in this coarse case, where the large yaw is present between rotor/disc grids and background domain
grid. Considering computational resources, the much improved overset connectivity of the fine grid, and the thrust
and torque signals becoming stable without big changes to mean values, the fine grid is considered sufficient for use
in all cases.
TABLE 6 Grid sensitivity of simulated cases. Mean (µ) and standard deviation (σ) over 5 revolutions. Relative
difference based on means with fine grid as baseline

Coarse grid Fine grid Relative
µ σ µ σ difference

Case 1
Total thrust [kN] 93.73 0.07 94.54 0.08 0.86%
Rotor torque [kNm] 234.47 0.29 239.44 0.38 2.08%
Case 2
Total thrust [kN] 266.38 0.55 266.89 0.48 0.19%
Rotor torque [kNm] 710.88 4.18 723.97 2.70 1.81%
Case 3
Total thrust [kN] 209.14 4.27 201.02 1.19 -4.0%
Rotor torque [kNm] 275.28 21.99 248.51 3.80 -10.8%
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Abstract

In order to design future large wind turbines, knowledge is needed about the impact of aero-elasticity on the rotor
loads and performance, and about the physics of the atmospheric flow surrounding the turbines. The objective
of the present work is to study both effects by means of high fidelity rotor-resolved numerical simulations. In
particular, unsteady computational fluid dynamics (CFD) simulations of a 2.3MW wind turbine are conducted, this
rotor being the largest design with relevant experimental data available to the authors. Turbulence is modeled with
two different approaches. On one hand, the well established improved delayed detached eddy simulation (IDDES)
model is employed. An additional set of simulations relies on a novel hybrid turbulence model, developed within the
framework of the present work. It consists on the blending of a large eddy simulation (LES) model for atmospheric
flow by Deardorff with an IDDES model for the separated flow near the rotor geometry.
In the same way, the assessment of the influence of the blade flexibility is performed by comparing two different sets
of computations. A first group accounts for a structural multi body dynamic (MBD) model of the blades. The MBD
solver was coupled to the CFD solver during run time with a staggered fluid structure interaction (FSI) scheme.
The second set of simulations uses the original rotor geometry, without accounting for any structural deflection.
The results of the present work show no significant difference between the IDDES and the hybrid turbulence model.
However, it is expected that future simulations of more complex stratification and longer domains will benefit from
the developed hybrid model. In a similar manner, and due to the fact that the considered rotor was relatively stiff,
the loading variation introduced by the blade flexibility was found to be negligible when compared to the influence
of inflow turbulence. The simulation method validated here is considered highly relevant for future turbine designs,
where the impact of blade elasticity will be significant and the detailed structure of the atmospheric inflow will be
important.

1 Introduction

As future wind turbines will have unprecedented long and flexible blades, the necessity of understanding the effects of
aero-elasticity on the rotor performance and on its structural integrity increases. Along with this, large wind turbines
interact with a larger range of the atmospheric boundary layer, often exceeding the height of the atmospheric surface
layer (ABL). This also needs consideration in the design phase, as the rotor blades consequently experience a large
variation of flow through each revolution, and flow cases which were not relevant to consider for past designs, might
occur. This needed knowledge can be obtained through high fidelity methods, such as fluid-structure interaction
(FSI) simulations, which model the coupled effects of both flow and structure. These simulations can further be used
to develop and improve lower fidelity engineering models used by wind turbine designers in industry.
FSI of wind turbines in atmospheric turbulent flow, is not a widely studied topic, due to the computational costs
of such simulations, especially when geometrically resolved wind turbines are modelled. Instead, a more efficient
manner often chosen is the use of actuator lines/discs [1, 2]. Here, the rotor is represented through body forces
smeared in the CFD grid, reducing the need of grid refinement significantly. An example of actuator line based FSI
in turbulent flow is the work by Lee et. al. [3], where, simulations of two aligned 5MW wind turbines in a turbulent
domain modelled by LES were conducted. The structural response of the turbines was found through the FAST
aero-elastic code [4] to study the fatigue loading. It was found that especially the surface roughness and the rotor
shadow effect had large influence on the fatigue loading. As actuator lines merely represent the turbines through
smeared forces, blade surface boundary layers and resulting generated wake turbulence is not modelled. Likewise, the
resulting shedding of vortices at the tips and roots are not highly resolved and improperly modelled. The far wake
response is, however, sufficiently accurate when the inflow to the turbine has a high turbulence intensity [5].
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Looking at rotor resolved CFD/FSI, using LES is still too computationally expensive for many practical applications.
Instead, compromises are needed for the turbulence models. In the works by Santo et al., FSI for wind turbines,
structurally represented through finite element shells, were studied for steady ABL flows [6, 7] using unsteady Reynolds
averaged Navier-Stokes (URANS), with the k − ε model. In [6], the effects of wind shear, yaw-error, tilt and tower
shadow were all investigated, finding for instance that the introduction of yaw lead to a decrease in blade deflection
but a large increase in yaw-moment on the hub. In [7], wind gusts were introduced by acceleration of the flow near the
rotor top position. One conclusion found was that for the used setup and turbulence model, a flow separation occurred
when the velocity rapidly increased due to the gust, limiting the load increase avoiding any extreme deflections. To
consider turbulent fluctuating flow, a popular alternative to LES are the synthetic turbulence generators such as the
method by Mann [8]. These methods efficiently create boxes of turbulent fluctuations, that can be used to create
inflow for CFD simulations or inserted internally in the domain by additional body forces [9]. Along with this, a hybrid
turbulence model like detached eddy simulation (DES) can be used to resolve the turbulence in the grid. This model
combines the URANS approach for attached flow regions with LES in the separated regions. The use of synthetic
turbulence is efficient as the modelling of turbulent fluctuations is fast, and the DES models need less grid resolution
near the rotor than LES. The turbulence will, however, not be in balance with the CFD simulation shear as shown
in [9], and thereby the turbulence will change as it convects through the domain. Another drawback of this method
is that the modelled turbulence is neutrally stratified and therefore it cannot naturally handle atmospheric stability.
Further, a potential problem of the synthetic turbulence methods is the assumption of homogeneous and Gaussian
turbulence. Even though previous work [10] have shown that the latter assumption does not significantly affect the
loads on a wind turbine under normal conditions one could easily come across cases where these assumptions does
not hold. In [11] synthetic turbulence was used to study the geometrically resolved NREL 5MW reference turbine
in sheared and turbulent inflow including flexibility of the rotor. The FSI framework was based on a CFD solver
coupled with a multi-body dynamics (MBD) structural solver and turbulence was imposed at the inlet using the
Mann turbulence box as input. The main conclusions of the study was that realistic atmospheric flow including shear
and turbulence is important when designing large scale wind turbines in terms of loading. Additionally, the study
concluded that, for the specific turbine and flow cases, inclusion of blade flexibility does not impact highly the wake
behaviour, whereas inflow turbulence have high impacts on wake diffusion. Guma et al. [12] recently published a
study looking into the aero-elastic response of the NM80 rotor, also studied in the present article, in turbulent inflow.
Here, synthetic Mann box turbulence and the delayed detached eddy simulation (DDES) turbulence model were used
to create and resolve turbulent structures in the wind flow. The fluctuating forces occurring on the blades were used
to calculate the fatigue damage on the blades by means of the so-called damage equivalent loading (DEL). It is
found that for low inflow velocities, the DEL is mainly influenced by the turbulent inflow rather than the inclusion of
flexibility, at least for the considered relatively stiff rotor.
An alternative more complex method to simulate geometrically resolved turbines in the ABL flow was proposed
by Vijayakumar et. al. [13]. Here, a hybrid turbulence model was developed, which combines spectral ABL LES
simulations by Moeng [14] with more feasible URANS based k − ω SAS [15] simulations close to the rotor. By this,
a large decrease of grid cells is needed (however still large), as the URANS based turbulence models the effect of all
the turbulent scales. The model was studied on a single wind turbine blade in [16], however, using pure CFD without
a structural coupling.
In general, considering presently available high-performance computing capabilities, compromises are needed when
doing high fidelity aero-elastic modelling of wind turbines in atmospheric flow using FSI. This being either by re-
ducing the rotor representation by actuator lines to allow LES simulations, or instead simplifying the turbulence
modelling.
The objective of the present study is to move one step up the ladder of complexity by investigating rotor aerodynamics
and aero-elasticity in turbulent LES inflow, using a novel turbulence model. The model is inspired by the one of
Vijayakumar, combining the ABL turbulent flow modelling of the Deardorff LES model with the IDDES engineering
model near the rotor. The study will be done through blade resolved FSI simulations of the 2.3 MW NM80 wind
turbine rotor including blade flexibility using a FSI coupling framework combining the computational fluid dynamics
(CFD) code EllipSys3D [17, 18, 19] and the structural solver from the aero-elastic code HAWC2 [20]. For the specific
rotor, measurements of inflow and blade loading are available for validation of results. The study is a continuation
of [21], where FSI of the NM80 rotor was studied in sheared and yawed, however laminar, inflow.

2 Methodology

In this section, the computational solvers are presented along with the simulation strategies such as FSI framework and
precursor simulations. Further, the hybrid turbulence model will be introduced by first introducing the participating
turbulence models. Finally, the computational grids used in the study are described along with the chosen simulation
parameters.
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2.1 Numerical methods

2.1.1 Flow solver

To solve the fluid flow, the DTU inhouse CFD code EllipSys3D [17, 18, 19] is used. The code solves the incompressible
Navier-Stokes equations in structured curvilinear coordinates using the finite volume method with a collocated grid
arrangement. The code is parallel and highly scalable using the message passing interface (MPI) and multi-block
decomposition, the multi-grid method and grid sequencing. EllipSys3D has multiple convective schemes implemented,
such as central difference (CDS), second order upwind (SUDS) and quadratic upstream interpolation for convective
kinematics (QUICK). For solution of the pressure correction equation, various algorithms are implemented such
as PISO, SIMPLE, SIMPLEC and variations hereof. Rhie-Chow interpolation is used to avoid odd/even pressure
decoupling. Overset capabilities, including grid hole-cutting are implemented internally in the code [22].
Several turbulence models are implemented such as two equation Reynolds Averaged Navier Stokes (RANS) models,
k− ε and k−ω among others, hybrid models like detached eddy simulations (DES), delayed DES (DDES), improved
DDES (IDDES) and multiple large eddy simulations (LES) models. In addition to these, a hybrid version of the LES
and the IDDES model will be presented in this paper.
For FSI simulations, the deformation of grids is handled through a moving mesh method with a volume blend factor,
which propagates the surface displacement along grid lines normal to the surface blended to the original volume
proportionally to the distance to the blade surface. This ensures that mesh points in the vicinity of the blade surface
are displaced as a solid body movement along with the blade, while points further away only move a fraction of the
displacement, using a blending function. When using the overset grid method, the deformation is only transferred to
the volume grid blocks containing the solid surface.
The code has been used extensively for for a range of test cases and was validated in e.g the Mexico project [23, 24]
and for the Phase VI NREL rotor [25, 26]. Recently, the code was validated in [27] for the specific case of the
present NM80 rotor in atmospheric laminar flow conditions by comparison with the CFD code Nalu-Wind [28] and
measurements from the DanAero experiments. Further, the FSI framework was used in [21] to simulate the coupled
effects of the DanAero inspired laminar wind flow and the structural response.

2.1.2 Aero-elastic solver

HAWC2 [20] is an aero-elastic code used for calculating blade element momentum (BEM) aerodynamics and structural
responses of wind turbines. The structural part of the code is based on the multi-body dynamics (MBD) formulation,
accounting for non-linear effects of large deflections. Each structural component, i.e. a blade or the tower, can
be represented by a number of bodies assembled by linear Euler or Timochenko beam elements. Sub-bodies are
connected with constraint equations considering non-linearities.
HAWC2 has a built-in aerodynamics module, that calculates aerodynamic forces using BEM theory. As is common in
BEM implementations, prediction of airfoil aerodynamic performance is based on pre-computed look-up tables of lift,
drag and moment, which is needed to calculate forces along the blade. Multiple correction schemes are implemented
to improve the BEM aerodynamics such as tip loss corrections, dynamic stall models, tower shadow effect and much
more, see [29].
HAWC2 is widely used by industry, and has been verified and validated in various studies [30, 29], considering the
structural and aerodynamics aspects of the code respectively.

2.1.3 FSI-framework

The two codes EllipSys3D and HAWC2 are coupled, in a partitioned manner, through the Python framework, referred
to as the DTU coupling, originally created by Heinz [31] and further developed by G. Horcas and R. Garcia [32, 33].
Through the use of the coupling framework, the BEM aerodynamics module of HAWC2 is replaced by an interface
to the EllipSys3D CFD code.
Using predicted displacements of nodes from HAWC2, the CFD mesh is deformed, and a new flow-field is found
through EllipSys3D. The loads predicted by the CFD solver are then applied to the HAWC2 structural model and a
new deformation is found. All communication between EllipSys3D and HAWC2 happens through the DTU coupling
framework. In [31], a loosely coupled approach was found to be sufficient for wind energy related cases, due to the
high mass ratio between the turbine structure and air, and is therefore used.
Studies involving the application of the FSI framework, for both operational and standstill configurations, include
[31, 34, 32, 35]. The framework has been validated with experiments through simulations of a pull-release test of a
wind turbine blade in the large scale test facility of DTU, see [36]. The process of the framework between the main
iterations can be described through the following steps:
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• The displacements of the present time step are predicted by HAWC2 with second order accuracy, using kine-
matics from the previous time step.

• Displacements are sent to EllipSys3D and the surface mesh is deformed while displacements are propagated
into the volume mesh using a volume blend method.

• The Navier-Stokes equations are solved to calculate the flow field for the new time step through under-relaxed
sub-iterations in EllipSys3D.

• Forces are computed and integrated on the CFD mesh surface and sent to HAWC2.
• Forces are interpolated to the aerodynamic sections of the HAWC2 model and actual deformations are calcu-

lated.
• Unless the solution has reached the total simulation time, the simulation is advanced to the next time step and

the procedure is repeated.

2.2 Turbulence modelling

A hybrid turbulence model has been developed to consider the dominant turbulence scales from the atmospheric
boundary layer (ABL) down to the blade boundary layer (BBL), within the same simulation. To do this, the Deardorff
one-equation LES turbulence model for ABL flows [37] is blended with the IDDES turbulence model [38], which itself
is a blend between URANS modelling in the BBL and LES in the separation region outside the BBL. The blending of
the two models happens through the energy equation, which is solved for in both methods. In the Deardorff model,
the transport equation of sub grid scale (SGS) energy e is solved, whereas the transport equation for total turbulent
kinetic energy k is solved in the IDDES method. These energy expressions are blended through their respective terms
of diffusion, convection, production, buoyancy and dissipation using a smooth tanh blending function. By this, e of
the Deardorff model coming towards the rotor is transformed into equivalent k of the IDDES, and vice versa in the
wake region. In the following, the two models will be introduced, followed by a description of the blending for the
hybrid model used in this study.

2.2.1 Deardorff large eddy simulation model

In the Deardorff LES turbulence model [37, 39], the turbulent eddy viscosity µt is calculated through the expres-
sion:

µt = CkρlLES
√
e (1)

Here, Ck is a constant of 0.1, ρ is the air density and lLES is a mixing length scale, which for neutral stratification is
set equal ∆LES , being the grid size, here defined as ∆LES = (dx · dy · dz)1/3, dx, dy and dz being the grid spacing
in the respective directions.
The SGS energy, e, is found by solving the following transport equation :

Dρe

Dt
= −τijSij + g

θ0
τθw,LES − Cερ

e3/2

lLES
+ ∂

∂xj

(
(µ+ 2µt)

∂e

∂xj

)
(2)

where g, t and µ refer to the gravity, time and molecular viscosity respectively. Cε is equal to 0.93, the buoyancy SGS
fluxes τθi,LES = −µθ ∂θ∂xi

, with variable temperature θ and the eddy heat diffusivity being: µθ =
(

1 + 2lLES

∆LES

)
µt. θ0

is the surface reference temperature. The SGS stress tensor τij is defined as; τij = −2µtSij using the strain rate
Sij = 1/2

(
∂ui

∂xj
+ ∂uj

∂xi

)
, with u being the velocity vector.

2.2.2 SST based detached eddy simulation models

For the k−ω SST based DES turbulence models, µt is found through the standard k−ω SST [40] approach, which
is then altered in the dissipation term depending on the chosen DES model.

µt = ρ
a1k

max(a1ω,ΩF2) , with a1 = 0.31 (3)

Here, k is a total turbulent kinetic energy, ω the specific dissipation rate, Ω the shear-strain rate, and F2 a limiting
blending function. k and ω are found through the following two transport equations:
For k:

Dρk

Dt
= −τijSij + g

θ0
τθw,DES − ρ

k3/2

l̃
+ ∂

∂xj

[
(µ+ µtσk) ∂k

∂xj

]
(4)
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For ω:
Dρω

Dt
= γ

νt
τij

∂ui
∂xj
− ρβω2 + ∂

∂xj

[
(µ+ µtσω) ∂ω

∂xj

]
+ 2 (1− F1) ρσω2

1
ω

∂k

∂xi

∂ω

∂xi
(5)

Here F1 is a blending function, to shift between the standard k − ω model (F1 = 1) near the surface to the k − ε
model (F1 = 0) within the boundary layer and further out, while σk, σω, β and γ are parameters which themselves
depend on F1. Finally β∗ and σω2 are constants. νt is the kinematic turbulent viscosity νt = µt/ρ. All constants and
parameters as well as blending functions F1 and F2 can be found in the original work by Menter [40]. In the original
work by Menter, the buoyancy term is not considered. In the EllipSys3D version of the k − ω SST, it is however
considered as the second term of the right hand side of Eq. (4), and the flux is found as: τθi,DES = −µt ∂θ∂xi

The length scale which appears in the k-equation serves to switch from URANS to LES mode and is defined as:

l̃ = min (lk−ω, lDES) , (6)

where lk−ω =
√
k/(β∗ω) and lDES is the length scale in the LES region. In the standard DES model [41, 42],

lDES = CDES∆DES , where ∆DES = max(dx, dy, dz) and CDES is a F1 dependent parameter.
DES is known to be sensitive to sudden changes of grid refinements as grid induced separation (GIS) can be introduced.
Here, the modelled turbulent viscosity will drop instantly without the additional turbulence being resolved. It is also
known to have a mismatch between the URANS and LES region, if used as a wall modelled LES model. These
issues are addressed in delayed DES (DDES) [43, 44] , improved DDES (IDDES) [38] and simplified improved DES
(SIDDES) [45], by using more advanced expressions for the length scale l̃.

2.2.3 Hybrid ABL - BBL model

In order to simulate the effect of turbulence in both ABL and BBL scales, a hybrid method is suggested where the
Deardorff ABL LES model is blended together with the BBL DES models to avoid the need of excessive grid resolution
in the BBL otherwise needed by LES. The blending is established through a blending function Fh which is zero in the
ABL region and one in the DES region and then defining a hybrid turbulence kinetic energy k̃ = Fhk + (1 − Fh)e.
Using these definitions the energy equations Eq. (2) and (4) are combined to give the following transport equation
for k̃

Dρk̃

Dt
= −τijSij + g

θ0
(Fhτθw,DES + (1− Fh)τθw,LES)− ρk̃3/2

(
Fh

l̃
− Cε

1− Fh
lLES

)

+ ∂

∂xj

[
(µ+ µt (σkFh + 2 (1− Fh))) ∂k̃

∂xj

] (7)

The blending function Fh is defined as follows:

Fh = 0.5− 0.5 ·
(

tanh
(

(dw −R) · 2
δblend

)
(8)

Here, dw is the wall normal distance, R is the wall distance to the location where Fh=0.5 and δblend is the transition
distance between Fh=0.12 and Fh=0.88, where the blend is most rapid.
To allow the present method to work together with the k−ω model, an expression for ω is needed in the LES region.
This expression is made through the standard k−ω turbulent viscosity expression, to ensure consistency through the
blending regimes.

µt = CkρlLES

√
k̃ = ρ

k̃

ωLES
⇒ ωLES =

√
k̃

CklLES
(9)

Here, it is assumed that the blending from DES to LES happens in the region where F2 = 0, such that the viscosity
limiter is inactive. A blended expression ω̃ is then found for the entire domain.

ω̃ = ωFh + ωLES(1− Fh) (10)

This allows the calculation of the turbulent viscosity similar to Eq. (3):

µt = ρ
a1k̃

max(a1ω̃, F2Ω) (11)

It is noted, that in the Deardorff part of the model, the turbulent viscosity, µt, is linearly proportional to the length
scale, lLES , through ωLES , see Eq. (9). This needs to be considered if sudden changes are made to the grid
resolution, as this will lead to a proportionally equal change to µt. This could for instance be the case with overset
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grids, as used in the present study, where sudden changes of grid resolutions are happening over the interface. This
should in theory be fine, as the resolved turbulence adapts to the grid, but as seen with the known GIS issues of the
original DES model, the change in resolved turbulence, due to grid refinement, does not happen instantaneously. In
the present study, this is handled by limiting the LES length scale ∆LES to the grid size of the background grid, see
Section 2.3.1.

2.2.4 Turbulent inflow simulations

In this study, the turbulent flow of the atmospheric boundary layer is modelled through a LES precursor simulation
using the Deardorff model. Here, a neutrally stratified wind profile is simulated and sampled for use as input in the
successor simulation including the rotor.
In the successor simulation the hybrid LES/IDDES model is used. LES is used for turbulence modelling in the majority
of the domain, except for close to the rotor. In this area, the IDDES model is utilized instead, which requires less
grid resolution near the rotor surface than LES.
The precursor conditions are approximating measurements from the DanAero field experiment [46], where a met
mast located ≈2.5 diameters from the considered rotor measured the wind field using cup-anemometers at five
points vertically at 17m, 28.5m, 41m, 57m (hub height), 77m and 93m. The data-set from these cup-anemometers
is used to fit a corresponding neutral log-law wind profile to generate inputs for the Schumann-Grötzbach wall model
[47, 48] used in the simulation.

U = u∗/κ · ln(z/z0) (12)
where U is the wind speed, u∗ is the friction velocity, κ the Von Karman constant (≈0.4), z the vertical coordinate
and finally z0 the roughness length. As a neutral stratification flow is modelled for simplicity, no temperature is
modelled in the present study.

2.3 Simulation setups

2.3.1 EllipSys3D model

Air is described with density of 1.22 kg m−3 and a dynamic viscosity of 1.769 · 10−5 kg m−1 s−1. The convective
terms are calculated through a blend of the fourth order central difference (CDS4) scheme in the LES area and the
upwind QUICK scheme in the URANS part as described in [49]. An improved version of the the SIMPLEC algorithm
[50] is used to couple the velocity and pressure. No transition model is applied, such that the blade boundary layer is
assumed fully turbulent. A time increment corresponding to 0.125◦ rotation per time step is used for all simulations
corresponding to 1.29 · 10−3 seconds per time step.

Turbulence blending
To enable the hybrid turbulence modelling, a blending region must be defined. As mentioned in Section 2.2.3, a
sudden grid refinement will create a sudden length scale change, and thereby, if in the Deardorff LES region, a sudden
change of turbulent viscosity. In the present setup with overset grids, it is therefore chosen to avoid the viscosity
”jump” by keeping the LES length scale ∆LES to the background grid value. By this, the refinement does not
change the dissipation length scale nor the viscosity. Near the rotor however, an IDDES zone is prescribed depending
on the wall distance. The blending happens 8m from the surface with the majority of the blend happening over a
4m distance to ensure a smooth transfer from LES to IDDES, see Figure 1. In the IDDES region, the refined mesh
impacts the turbulent dissipation through ∆DES , as usual. By this, the small scale detached flow is still captured
close to the rotor.
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Figure 1: Blend factor, Fh, definition. Red: IDDES region, Blue: Deardorff LES region. Isosurface of blend factor Fh=0.9

2.3.2 HAWC2 model

The structural model used for the NM80 turbine has been created and validated internally at DTU Wind Energy as
part of the original DanAero project [51]. This model was also used in a former study of FSI on the same rotor [21]
comparing URANS FSI with BEM based aero-elastic simulations for complex laminar flow scenarios. The blade has
a prebend into the wind of ≈1.5m at the tip. Each blade is structurally discretized into 22 bodies each consisting
of one Timochenko beam element. As only the rotor is modelled in CFD, only blade flexibility is considered as well.
This means that tower and shaft are considered rigid in the structural model and no tower shadow is considered.
A total of 60 aerodynamic sections are distributed per blade, which are used for both BEM and CFD loads. For
the initialization of the FSI simulation, BEM calculations are run in the aero-elastic code to reach the time of the
initialized CFD simulation which is run alone to obtain an initial flow field before enabling the coupling. For this,
airfoil data is used, obtained during the original DanAero project through wind tunnel tests and corrected for 3D
effects, see [52] and [53]. From [21], it is known that the airfoil data does not capture well the 3D effects, and
predicts an earlier stall than seen in CFD or experiments. In this case, however, the BEM calculations are used for
initialization only to get good guesses on initial bending, and for that reason no further corrections to the airfoil data
have been conducted. Dynamic stall corrections [54], and tip corrections [55] are applied during the initializing BEM
calculation. No controller is used, as a constant rotation speed of 16.2 rpm and pitch setting of -4.75◦ (decreasing
the angle of attack) is set. For simplicity, the yaw and tilt is omitted in the simulation setup. For the DanAero
campaign used for comparison, a tilt of 5◦ and average yaw error of 6.01◦ were present, however.

2.4 Simulation method

2.4.1 Precursor simulation

For the precursor simulation, as a first step, the turbulent flow is developed by recycling the flow using periodic
boundary conditions. This resembles the flow moving over a very long distance, building up the boundary layer and
producing the turbulence through shear production. In order to ensure a mean profile close to the desired measured
wind velocity profile, the SG wall model is used. This forces the surface shear stress of the first adjacent cells to the
ground to fit the log-law.
Initially, the grid sequencing scheme of EllipSys3D is utilized on three grid levels to speed up the simulation and reach
a fully turbulent domain quickly. When the flow is fully turbulent and the mean flow profiles match the desired flow,
planes consisting of velocity components, U ,V ,W , pressure, P , and SGS kinetic energy e are sampled. The plane is
centered in the cross flow directions of 1000m×600m with 4m cell distances, see Figure 2.
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Step 1 -Flow recycling

Step 2 - Flow sampling

Step 3 - Successor simulation

8000m

4000m

1300m

1000m

600m

1350m

Figure 2: Concept of precursor to successor simulations along with domain sizes of conducted precursor and successor simu-
lations

2.4.2 FSI simulation

The FSI successor simulation process is divided into phases depicted in Figure 3.

Figure 3: Process diagram of conducted simulations

In the first phase, simulations without coupling to the structural solver are run to develop the flow and fill the domain
with the sampled turbulent flow. In this phase, the grid sequencing scheme of EllipSys3D is used exploring coarser
grids to minimize the simulation cost during spin-up.
When passing to the FSI framework, phase 2, HAWC2 is run for the same amount of revolutions using BEM
aerodynamics corresponding to the mean flow profile to ensure compatibility in time between the solvers when
coupling, and obtaining a good guess of initial blade deformations. In phase 3 the coupling of EllipSys3D and
HAWC2 is initiated with a smooth linear blending of forces over two revolutions to switch from BEM to CFD loading.
This avoids any large force jumps in the HAWC2 solver, such that no undesired vibrations are introduced to the
system. In the final phase 4, CFD loads are used for calculation of structural response and a full 2-way coupling is
simulated for the desired amount of revolutions.
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2.5 Computational grids

2.5.1 Precursor simulation

The precursor domain is 4000×1300×8000 meters (width×height×length) discretized 576×256×1920 cells divided
in 8640 blocks of 323 cells. A total of ≈283M cells are present in the precursor. The grid cells vary in size in the cross
flow directions to obtain higher resolution in the sampling area. In the sampling area, the cells are cubic with 4m cell
sides, while cells are slowly stretched towards the boundary sides and top. Periodic boundaries are prescribed on the
vertical sides while a symmetry condition is used on the top boundary and the Schumann-Grötzbach [47, 48] (SG)
wall model is used for ensuring the Monin-Obukhov similarity law in the first cells adjacent to the wall by dictating
the wall shear stress.

2.5.2 Successor simulation

For the rotor simulations, an overset grid method is utilized [22], as this allows for a stationary background grid
including the ground, while a rotating grid can be used for the rotor. Flow information is then communicated by
interpolation between the grids through donor and receiver cells within the overlapping region of the meshes.
In the present setup, only the rotor is considered, omitting the tower and nacelle, with a total of three overlapping
mesh groups, see Figure 4. Near the rotor, an O-O type mesh is grown from the blade surface, extruding ≈15m,
discretized over 128 cells from the surface using the mesh tool HypGrid [56]. The first cell adjacent to the rotor
surface has a height of 1 · 10−6m to ensure a y+ of less than 1. Each blade is represented through 128 grid points
spanwise and 256 chordwise. The blade tip and grid around a blade section are presented in Figure 5. The rotor
diameter, D, is ≈80m.
Around the rotor mesh, a cylindric disc mesh is constructed with pre-cut holes around the blades. This mesh rotates
along with the rotor mesh, speeding up the hole-cutting algorithm, as the holes move along with the rotor.
To simplify the overset search of donor and receiver cells and speed up computations, all deformation from the rotor
will be propagated to the rotor mesh in such a way, that only cells that are inside the hole region of the overlapping
disc mesh deform. Through this simplification, there is no need for updating communication tables for donor and
receiver cells between the rotor and disc mesh, as the two rotate together. This choice necessitates the hole of the
disc mesh to be far enough from the surface to leave room for the deformation of mesh cells without impairing the
cell quality. The disc and rotor grids are similar to the setup used in [21], however in this study the background grid
has changed to be suitable for LES simulations.
The background domain is a box of 1000 (12.5D) × 600 (7.5D) × 1350 (16.9D) meters (width × height × length)
using 352×256×640 cells adding up to ≈58M cells. A concentration of cells is present in the cross flow directions
around the rotor area down to 1m side lengths, see Figure 4 (right). Cells in the flow direction are kept constant
of ≈1.4m from inlet to the rotor and 6D behind it, before stretching towards the outlet. Boundary conditions are
velocity inlet, outlet assuming fully developed flow, and symmetry conditions (slip walls) on sides and top boundaries.
The ground has a no-slip wall condition, but with the SG wall model as in the precursor simulation. The rotor is
placed ≈4.38D from the inlet, ≈6.25D from sides and top and ≈12.5D from the outlet.
A total of 78M cells are used for the combined setup.

Figure 4: Grids used for simulations. Left: side view, right: front view. Red cells show receiver cells of overlapping grids. Blue:
rotor grid, orange: disc grid, black: background grid. Entire background grid is not shown.
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Figure 5: Near rotor mesh at 25m span and surface discretization at tip. Only every second line shown

3 Results

3.1 Precursor simulation

A total of 9750 seconds were simulated for the precursor simulation, of which the final 1000 seconds were sampled,
in a period where the developed flow profile sufficiently matched the desired profile. The precursor was run in three
grid levels with varying time steps. First, the coarse period (δz=δy=δx ≈ 16m, ∆t=1.0 sec), a medium period
(δz=δy=δx ≈ 8m, ∆t=0.5 sec) and finally a fine period (δz=δy=δx ≈ 4m, ∆t=0.25 sec) of which the sampling was
conducted as depicted in Figure 6 along with the spectra at three different altitudes. As seen, the turbulence is well
resolved with a long inertial subrange following the Kolmogorov spectrum law with a decaying slope of -5/3.

Figure 6: Left: Time series of wind speed, W , at three altitudes approximately matching the rotor bottom, center and top
altitudes. Right: spectra of wind speed time series (fine resolution period only) using the Welsh estimate

From the sampling plane, the wind speed profiles of W were extracted and horizontally and temporally averaged ±
1D from the rotor position in the cross plane direction as depicted in Figure 7 (left). As seen, the relative difference
of the averaged profile and the DanAero log-law fit match well with a maximum of 8% at ≈ 14m, which corresponds
to only ≈0.5m/s at the specific altitude. One difference to note, however, is the larger standard deviation, and
thereby turbulence intensity, of the sampled flow, with fluctuations that supersede the DanAero measurements. The
complexity of fitting both mean profile and turbulence intensity between measurements and LES simulations is high.
In this specific case, the assumption of neutral stratification in the simulation, while no knowledge about stratification
being available from the measurements, likely plays a role in the capabilities to match results. This was the best
match obtained after multiple calibration attempts, considering both mean profile and turbulence intensity.
Figure 8 depicts the resulting resolved and SGS flow shear stresses and resolved friction velocity, u∗.
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Figure 7: Left: Horizontal and temporal average profile µW ±1 σ (solid red and red patch), DanAero measurements and fitted
log-law (blue errorbars and dashed). Horizontal averaging based on flow from ±1D from the rotor center on the sampled flow
plane. Right: Relative error between log-law fit and µW profile

Figure 8: Left:Horizontal averages of resolved and SGS shear stresses at 9250 sec. Right: Resulting resolved friction velocity
(u*)2 =

√
vw2 + uv2

3.2 Successor simulation

In the following, the results of the successor simulations are presented. First, the new turbulence model is compared
to the same setup using only the IDDES turbulence model. Further, results from simulations using the hybrid model
with and without flexibility of the blades are presented to study the effect of the blade elasticity.

Figure 9: Isobars of Q-criterion=0.4 colored with value of flow velocity W
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Figure 9, shows the Q-criterion=0.4 [57] of the flow, visualizing the turbulent structures up- and especially downwind
of the rotor. As seen, the tip vortices in the wake are quickly broken up into smaller structures by the surrounding
turbulent flow. This is also visible in Figure 10 showing the velocity field at multiple downstream positions.

Z/R=0

Z/R=4

Z/R=1

Z/R=8

Z/R=2

Z/R=12

Figure 10: Velocity fields downstream of rotor.

Impact of turbulence model
To study the impact of the presented turbulence model on the flow, simulations with the hybrid LES/IDDES blending
enabled along with pure IDDES simulations are conducted. In the pure IDDES simulation, a slip wall condition is used
on the terrain surface, contrary to the log-law used for the LES/IDDES hybrid model. Simulations with and without
the rotor present were simulated. In the empty setup, the hybrid model acts as a pure Deardorff LES model, as no
blending region is defined. For all simulations, inflow is interpolated from the LES precursor planes to ensure identical
inlet conditions. In the simulations comparing turbulence models, only the CFD code has been used, meaning that
no flexibility of the blades is considered.
Firstly, the empty setups are presented in Figure 11 showing the velocity component W at the center planes, for
the simulations with Deardorff and IDDES turbulence modelling at the same time instance. From the planes, two
instantaneous profiles are extracted (dashed lines), which are shown in Figure 12. Both simulations show very
comparable results. As seen, the velocity profiles, extracted 96m from the inlet, are practically identical, while a small
discrepancy is seen further downstream in the domain as a result of changing the turbulence and wall models.
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Figure 11: Instantaneous flow field (W component) for hybrid (left) and IDDES (right) simulations
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Figure 12: Instantaneous velocity profiles extracted from planes close to the inlet (96m from inlet) and far downstream (691m
from inlet) at time=129.6 seconds, see dashed lines of Figure 11.

Stiff simulations covering 35 rotor revolutions were conducted with the two turbulence models, including the rotor in
the simulations. Mean and standard deviations of azimuthal forces of the final 15 revolutions at two blade sections,
near mid and near tip, are presented in Figure 13. Only slight differences are seen in both mean and standard deviations
between the two models, aligning well with what is seen in the empty domain simulations. As the incoming flow
is not altered significantly and the turbulence model near the blade is IDDES in both simulations, the forces are
expected to be similar as well.

Figure 13: Normal and tangential forces at 48% and 92% blade length using hybrid or IDDES turbulence model. Temporal
means and standard deviations based on the final 15 revolutions

Impact of flexibility
To study the effect of the rotor flexibility, FSI simulations of flexible and stiff setups were performed. First, 35
revolutions were simulated through pure CFD, as presented before, followed by 25 revolutions with the FSI coupling
enabled, see Figure 3 for the FSI simulation process.
The following results are obtained using the hybrid turbulence model only, but similar results would be expected for
pure IDDES simulations, based on the aforementioned findings. The effect of including the blade flexibility is assessed
through the resulting blade displacements, torsion and the rotor loading.
Figure 14 depicts the tip displacement flap- and edgewise along with the resulting blade torsion at 60.1% and 95.3%
blade length. The tip displacement in flapwise direction is ≈6% of the blade length with fluctuations up to ≈1% due
to the turbulent flow. Edgewise displacements are low and dominated by gravity, seen in the more regular pattern
and low standard deviation.
Blade torsion is quite low as well, with less than 0.5◦ near the tip, increasing the angle of attack.
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Figure 14: Right: Tip displacements flap- and edgewise. Left: Blade torsional deformation at 60.1% and 95.3% blade length

In Figure 15, the integrated rotor thrust and torque are depicted, showing that in general only slight differences are
seen by including flexibility. This is seen, with an increase in thrust of 1-5% while no significant change is seen in
torque, other than a slight decrease in fluctuation amplitudes when including flexibility. As seen, the turbulent inflow
results in a much higher thrust/torque variation than seen from considering flexibility. This is seen in both large time
scales with the low frequency fluctuations, along with small scale fluctuations within the individual revolutions.

Figure 15: Integrated thrust and torque for stiff and flexible configurations

As mentioned, some differences are present in the simulation setup compared to the DanAero field experiment, being
the omission of yaw, tilt and tower along with the higher turbulence intensity of the generated flow.
Despite this disclaimer, the resulting forces at four sections of the blade are depicted in Figure 16, showing the
mean azimuthal pressure forces normal and tangential to chord for both flexible and stiff simulations along with the
DanAero measurements. As seen, the forces agree well between the two simulations and the measurements with
main differences being the lack of tower shadow at the inner sections. The standard deviation of forces is seen to
be higher in simulations than for measurements, which is expected as the turbulence intensity of the sampled flow is
higher than measurements as seen in Figure 7.
The impact of including flexibility is quite small, and general observations are that normal and tangential forces
respectively slightly increase and decrease when considering the flexibility of the rotor. This is expected for the NM80
rotor, which is quite stiff compared to modern wind turbines. The standard deviations of the forces due to turbulence,
are much higher than the difference between mean forces of stiff and flexible simulations. This shows that including
turbulent inflow is more important than including flexibility, at least in the present rotor/flow case. In the simulations
including the flexibility the standard deviations of the normal forces are up to 10% of the mean near the tip and 15%
near the root. For tangential forces this is even higher with 24% near the tip and 38% near the root.
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Figure 16: Normal and tangential forces for stiff and flexible simulations along with DanAero measurements. Sections at 33%,
48%, 76%, 92% blade length respectively

Spectral analysis of the resulting normal and tangential force signals at the 76% blade length section are presented
in Figure 17 (left) showing the power spectral densities (PSD) using the Welsh estimate. As seen, both stiff and
flexible simulations result in similar PSDs, with the main difference being the peak at the first edgewise frequency
seen in the flexible signal. The majority of energy is found in the rotation frequency, 1P, and its harmonics. This is
also the case when looking at the PSD of the tip displacement in flap and edgewise direction. Here, it is again the
rotation frequency and its harmonics that dominate, along with a peak of the first edgewise mode.
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Figure 17: Left: PSD of normal and tangential forces at 78% blade length for both stiff and flexible simulations. Right: PSD
of tip displacement in flap and edgewise direction

4 Conclusions

This study investigates the phenomenon of aero-elasticity of wind turbines placed in atmospheric flow conditions, by
means of high fidelity numerical methods. Fluid-structure interaction (FSI) simulations of a 2.3MW wind turbine
rotor have been conducted using a novel turbulence model, blending the Deardorff large eddy simulation (LES) model
for atmospheric flows with the improved delayed detached eddy simulation (IDDES) model for the separated flow
near the rotor boundary. Precursor simulations were conducted on a large domain in order to assure sampling of
realistic turbulent atmospheric boundary layer (ABL) flow, matching well with the DanAero measurements, for the
successor simulations.
As a first study, the hybrid model was compared to the pure IDDES turbulence model, by CFD successor simulations
of the turbulent ABL inflow with and without the rotor present. In empty simulations, this corresponded to a
comparison between pure Deardorff LES and pure IDDES, while for rotor simulations the hybrid model used both
Deardorff LES for the domain flow and IDDES for the near rotor flow. It was found that there was no significant
difference in the flow nor rotor loading between the two methods, likely due to the short domain considered and
assumptions omitting Coriolis force and temperature effects.
Secondly, FSI simulations have been conducted by coupling the CFD simulations to a structural solver. It was found
that for the specific rotor, which is relatively stiff compared to modern turbines, only small impact was found by
considering the flexibility of the blades. A general increase of ≈1-5% in total thrust was found, while the power
producing torque was close to identical for stiff and flexible simulations.
Inflow turbulence on the other hand has a large influence on the rotor loading, with standard deviations as high as
15% of the mean for normal forces and even higher tangentially. This emphasizes the importance of correct modelling
of inflow turbulence.

5 Future studies

As it was shown in the present study, the developed hybrid turbulence model resulted in practically identical loading
of the rotor as the IDDES model alone. Relevant future studies would be to investigate when this is not the case.
This could for instance be simulations including stable/unstable stratification and/or Coriolis force. Here, the IDDES
model will probably be insufficient to capture the effects, as the model is calibrated for aerodynamics mainly and not
ABL flows. Longer domains with multiple rotors could also be relevant, as there is time and distance for the two
turbulence models to develop the flow differently.
A relevant future study would likewise be to compare the method to more efficient BEM based aerodynamics solvers
with the precursor turbulence as input. Here, the CFD-based results could, if needed, be used to correct airfoil polars
and calibrate the many correction models needed by BEM solvers to consider e.g. tip loss effects, dynamic inflow
and dynamic stall.
In terms of FSI, it would be natural to investigate more recent/future turbine designs, which are larger and much
more flexible than the considered NM80 rotor. These rotors are in higher risk of instability phenomena, and operate
in a larger part of the atmospheric boundary layer.
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