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FOREWORD

Dear Colleagues,
welcome to the International Conference on Wind Energy Harvesting — WINERCOST’ 17!

The Conference is organized in the scope of the TUD COST Action TU1304 Wind energy
technology reconsideration to enhance the concept of smart cities (WINERCOST) and intends
to provide a forum for the presentation and discussion of different aspects of wind energy and
wind energy technologies. Following the aims of the COST action, the Conference addresses
the research in the context not only of large onshore and offshore wind farms but also of urban
and suburban built environment applications, which can have a decisive contribution to enhance
the concept of Smart Future Cities.

The participation of young researchers in this Conference has been encouraged and pursued by
giving the opportunity to the early stage researchers of the Marie-Curie Innovative Training
Network AEOLUS4FUTURE to present their projects and the already available results in two
special sessions during the conference. This project provides the funding for hiring the fifteen
early stage researchers working in the ten different European universities, research institutes
and companies, which are the project partners.

WINERCOST’17 addresses a wide variety of topics included in five themes: (i) Wind Charac-
teristics and Loads; (ii) Structures, Materials and Dynamics; (iii) Grid Integration, Operations
and Control; (iv) Markets, Strategies, Policies and (v) Socio-economics Smart Cities and Envi-
ronmental Aspects.

The scientific committee has chosen a total number of about seventy extended abstracts for oral
presentation during the two days that last the conference. These papers address topics included
in the above-mentioned themes with special incidence in the first two of them.

The Conference has been organized in seven plenary sessions and ten parallel sessions. Inter-
nationally recognized experts will give four keynote lectures addressing the general themes of
the Conference.

The organizers wish all the participants a fruitful work and a pleasant stay in the University of
Coimbra, one of the oldest European universities.

Associate Professor Carlos Rebelo (University of Coimbra, Portugal)
Professor Charalampos Baniotopoulos (University of Birmingham, UK)
Chairs of Organizing Committee.
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NON-STATIONARY WINDS AND SOME IMPLICATIONS FOR THE BUILT

ENNVIRONMENT
Mike Jessoni Chris Baker:
University of Birmingham University of Birmingham
Birmingham, UK Birmingham, UK
Mark Sterlings

University of Birmingham
Birmingham, UK

ABSTRACT

In the vast majority of cases, winds are considered to be stationary and as such are treated in
the same way for design purposes. However, not all wind is the same, and non-stationary winds
such as thunderstorm downbursts and tornadoes need to be considered using a different
framework. This paper outlines two possible analytical models for such winds and introduces
a possible framework which may be of use to the urban designer.

NOMENCLATURE

D = Initial diameter of the downburst (m)

Radial distance from the centre of the tornado-like vortex
(m)

Radial distance corresponding to Up (m)

= Normalized radial distance (r/7;,)

= Radial velocity (m/s)

Reference radial velocity (m/s)

= Normalized radial velocity (U = U/U,,)

= Horizontal distance (m)

= Vertical distance above the ground (m)

Vertical distance above the ground corresponding to U, (m)

INTRODUCTION

Wind is inherently non-stationary, but for most practical (design) purposes is usually considered to be
statistically stationary over a given period of time, typically of the order of 30 minutes to 1 hour. Arguably the
roots of this assumption can be traced back to the existence of the spectral gap, which was first postulated by [1].
However, van der Hoven noted that this may be a result of the way in which the data was analyzed and,
subsequently, [2] and [3] have queried whether the spectral gap exists, and, if it does, whether it is as pronounced
as first thought. Whilst this debate is interesting, the lack of frequent wind-related design failures suggests that
there is merit in assuming that the most wind is stationary (over given periods) for most of the time. However, it
is important to note that not all wind is the same and, as such, it is possible that for some winds the assumption of
stationarity is fundamentally incorrect. For example, during thunderstorms, it is possible for downbursts and
tornadoes to occur. Fig. 1 illustrates the recorded wind speed against time, during a series of downburst-type
events [4]. Not only is the non-stationarity of the downburst events evident in Fig. 1 but also the significant

1
Il

..‘
3
I

NxQIgCC*'
Il

N
3
Il

1 Research Fellow, School of Engineering, School of Engineering, University of Birmingham, Birmingham, UK.
Department, University, M.A.Jesson@bham.ac.uk

2 Professor of Environmental Fluid Mechanics, School of Engineering, University of Birmingham, Birmingham,
UK. Department, University, C.J.Baker@bham.ac.uk

3 Head of School and Beale Professor of Civil Engineering, School of Engineering, University of Birmingham,
Birmingham, UK. Department, University, M.Sterling@bham.ac.uk
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variations that can occur between such events. Similar variations between tornado events can also be observed, as
well as the rapid changes in wind speed and direction.

Noting the above, the authors contend that it is important to consider these events separately when analyzing
their effects on the built environment. As a result, two separate analytical models have been developed, one for
thunderstorms and one for tornadoes, and are outlined in what follows. These models are then incorporated into a
general risk framework which could be adopted for assessing the impacts of non-stationary winds in the built
environment.
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Figure 1. A family of measured downburst-type events*!

DOWNBURST MODEL

Inspired by the findings of [5], the downburst model assumes that main flow field of a downburst arises as
a result of the interaction of a primary vortex and secondary vortex (Fig. 2), and a constant outflow velocity. In
order to model the “no-flow” condition across the ground plane, each vortex is mirrored in the ground plane. This
method is taken from Potential Flow modelling, as is the superposition of the velocity fields to give the net velocity.
Unlike the inviscid vortex of Potential Flow model, with its inherent singularity at the centre, the vortices are
modelled as viscous, Rankine vortices. For a given size downburst, the initial location, size and shape of these
vorticities are initially defined. As the simulation progresses the vortices are allowed to deform and translate, at
rates based on the results of [6], [7], [8], and [9]. At this point, we note that we are using a one-dimensional model,
developed for low Reynolds number flows, to describe what is ultimately a high Reynolds number, three-
dimensional flow. As such, we acknowledge the weakness of this approach but note (a) the turbulence intensities
in downbursts tend to be lower than those in stationary winds ([5]) and (b) the generated flow field appears to be
capture the main components of the flow (Fig. 3). Fig. 3 illustrates the radial velocity (i.e., the streamwise velocity
from at normalized height (z/D) above the ground of 0.02) against time, recorded at a normalized distance from
the point of the impingement (X/D) of 1.50, where z is the distance above the ground, X is the distance from the
centre of impingement and D is the diameter of the initial downburst)

-12 -
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Fig. 2. Schematic illustrating the primary and secondary vortex used in the downburst model
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Fig. 3. Velocity time series for the model against actual data.

TORNADO MODEL

The development of the tornado model is based on a solution of the high Reynolds number Navier-Stokes
and assumes that the radial velocity takes the form similar to:

. —47Z
U= (1+72)(1+22) ()

where, U = U/U,,, where U is the radial velocity; ¥ = r/1, and Z = z/z,, and r and z are the radial and vertical
distances from the centre of the vortex. We thus assume that the velocity is normalised with a reference radial
velocity U,,, and that the lengths are normalised with the radial (r;,,) and vertical lengths (z,,) for which this
reference velocity occurs, as outlined above. This represents an inflow into the tornado centre, with a maximum
value of the inflow at ¥ = Z = 1, with the reference velocity in this case representing the maximum radial velocity.
It shows a peak in radial velocity both in the radial and vertical directions, and the velocity goes to zero at the core
and at infinity in a physically plausible way. A full derivation of the model is given [10] and results of the model

are illustrated in Fig. 4.
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Fig. 4 A comparison of the radial velocity predicted by equation (1) (one cell vortex model) with full-scale data.

UNIFIED FRAMEWORK

Given the relative frequency with which thunderstorm downbursts and tornadoes occur in certain countries
and the non-stationary flow fields generated, it is important to reflect on how the above analytical models could
be incorporated into a framework for a variety of wind related issues in the urban environment (e.g., structural
design, etc.). Fig. 5 illustrates such a possible framework which has both (or either) of the above models at its
heart and enables probabilities of the wind resource to be established. There are a number of elements to this
framework which would need to be informed either by modelling (physical/numerical) or full-scale data.
However, much of the required data is already available or is in the process of being acquired.

Downburst / Downburst /
Tornado Tornado

parameters Climate

5 burst / Convolution
ONISEES Generation of

Tornado ! Cumulative L
! of wind o probabilities
Model with ! Distribution
field for !
random Function for
: one set of . .
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Fig. 5 A generic framework for non-stationary winds in the urban environment.
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CONCLUSIONS

In this extended abstract, we have outlined two possible analytical models which appear to be capable of
capturing the important features of two non-stationary types of winds, i.e., thunderstorm downbursts and
tornadoes. The outline of a framework has been put forth in order to illustrate how these models could be
incorporated into a resource, which may be of use to the urban designer.
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RECENT DEVELOPMENTS OF ANALYSIS AND DESIGN OF FLOATING WIND
TURBINES

Torgeir Moani
Norwegian University of Science and Technology (NTNU)
Trondheim, Norway

ABSTRACT

Offshore wind provides an important source of renewable energy. Offshore wind turbines with
a monopile support structure fixed to the sea bed in shallow water, have already been
industrialized, while fixed turbines in deeper water are emerging and floating wind turbines
are still at an early stage of development. Various floating concepts have been proposed for
offshore wind application. Wind turbine concepts should be developed in a life cycle
perspective — i.e. the design, fabrication/installation and operation. In this paper recent
developments of concepts and methods is briefly described followed by a review of design and
analysis features relating to the design phase with a focus on design criteria and integrated
dynamic analysis under environmental loads. Typical features of their behaviour are also
illustrated through some numerical studies.

INTRODUCTION

Increased focus on renewable energy is needed in view of the climate challenges [1-2]. Globally, there is a
significant potential for offshore wind energy. Wind power is produced offshore by wind turbines that consist of a
rotor, a drivetrain and an electric generator, supported on a tower and a bottom fixed or floating structure. The core
unit is the rotor with a drivetrain to the electric generator. Most turbines are horizontal axis with 3 blades, however,
2 bladed rotors are also of interest. Geared drive train is applied to increase the rotational speed from about 10 rpm
to 1800 rpm relevant for traditional generators. Alternatively a direct drive, i.e. without gear is applied. The balance
between advantages/ disadvantages, in terms of cost is not yet clarified. A significantly different alternative would
be to use a vertical axis turbine — with different types of rotors envisaged, using curved or straight blades, see e.g.
[3-4]. Various types of vertical axis turbines have been proposed (Fig. 1) but are only commercial in small scale.

A1¢

Support structure

HAWT Savonius- Darrieius- H-type- VAWT
Figure 1. Types of wind turbines. (Courtesy Zhengshun Cheng)

For traditional HAWT with gear transmissions (Fig. 2), the gearbox is among the most expensive
components. However, gearbox failure rates are high. Therefore, it is necessary to develop methods to better
understand the effects of the dynamic load conditions in the drivetrain components. Since the load effect in the
drivetrain is a result of the global performance of the wind turbine system, integrated analysis becomes crucial.

1 Professor, Department of Marine Technology, NTNU, NO-7491 Trondheim, Norway. Email:tormo@ntnu.no
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Figure 2. Wind turbine drivetrain for a HAWT (Courtesy NREL).

Up to now, fixed foundations, such as monopile, gravity-base and tripod, are used in offshore wind farms
in relatively shallow water, i.e. 10-30 m. Jacket wind turbines have been installed in water depths up to 45 m and
will play an important role in the near-future development. In deeper water, say, beyond 80 m, it may be more
cost-effective to exploit this energy potential by using floating wind turbines — see Fig. 3. This is because the
foundation cost of a fixed wind turbine will increase significantly when the water depth increases, while the cost
of a floater is less sensitive to the water depth.

In the last few years, research work about floating wind turbines has been intensified. Proposed concepts
mainly have been a spar [5-8], or a semi-submersible [9-14], with catenary, taut or tension leg mooring system.
Comparative studies of several types of floating concepts have been presented in [15-19].

Figure 3. Selected concepts for supporting a horizontal axis wind turbine. (Courtesy: EWEA, 2013)

After being installed, turbines experience operational, shutdown, and parked conditions during their 20-
year service life. Moreover, they are exposed to a variety of load conditions that can failure in different modes.
Structures supported on the seafloor can experience failure of the structure, foundation or soil, while buoyant
structures can experience capsizing or sinking, hull or mooring system failure. In addition the rotor and drivetrain
experience various failure modes. While the experienced failure rates for electrical and mechanical components
can be of the order of 0.5, large mechanical components/gears/bearings have a failure rate of the order 0.05-0.25
[20]; implying that these components don’t reach a 20 years life expectancy. The failure rate of the rotor and tower
was estimated by [21] to be of the order of 107" - 3-10- and 7-10* - 1-10"*, respectively. Support structures are
usually designed to have an even smaller likelihood. Although the failure rate of gearboxes is much lower than
that of other subassemblies, gearbox failures contribute to a significant amount of downtime because of the
complexity to repair or replace the gearbox [22].

A rational approach for safety assessment should be based on [23]:

e  Goal-setting; not prescriptive
Probabilistic; not deterministic
First principles; not purely experimental
Integrated total; not separately
Balance of safety elements; not hardware

Failure of wind turbines on site normally implies only economic consequences, and not fatalities nor
environmental damage. Safety criteria should therefore be decided on a cost benefit basis in economic terms. To
make renewable energy from offshore wind more competitive, cost reduction is a crucial issue.
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The development of floating wind turbines is still at an early stage and further studies are required to
demonstrate which of the concepts is the best one for certain site conditions, i.e. water depth and metocean
conditions. This does not only refer to the support structure but also the rotor and drivetrain because the wind
turbine facility is a tightly coupled system where the different subsystems interact.

The purpose of this paper is to highlight recent developments of wind turbine concepts, design criteria
and methods for integrated dynamic analysis, primarily with respect to the operational phase of floating wind
turbines, with an highlight on the effect of fault conditions on blades, tower and hull structure, as well as the
performance of the drivetrain in normal operational conditions needed for documenting the design for
serviceability and safety. Besides design inspection, monitoring, maintenance and repair during operation is briefly
addressed.

METHODOLOGY

General

The International Electrotechnical Commission (IEC) [24] design standard specifies the design requirement
for land-based wind turbines and the IEC [25] design standard supplements the design standard [24] with design
requirements for bottom-fixed offshore wind turbines. The guidelines and standards from Germanischer Lloyd
(GL) and Det Norske Veritas (DNV) are also extensively used [26-27]. For the design of floating wind turbine
structures, DNV-JS-103 is one of a very few references to date [28]. Design specifications for wind turbine
gearboxes are given in [29]. Current design approaches, especially for the drivetrain, are semi-empirical and based
on allowable stress approaches, even with respect to fatigue.

For proper design of the wind turbine rotor, tower, floater and mooring system, dynamic response analysis
of the wind turbine to simultaneous action of wind and wave loads needs to be addressed. Different concepts have
different dynamic performance, which may influence wind power generation, system design and eventually the
cost of power.

Design criteria

Wind turbine systems are in general designed for serviceability and safety. The main serviceability criterion
relates to a stable power production. Even if a proper control system can compensate e.g. motions it is relevant to
introduce criteria for steady tilt and motions, say of the order of 5-8°. The drift-off and motions may also have to
be limited due to the response in the power cable. The tilt and motions responses also have implications on the
performance of the drivetrain.

In detailed design for safety, compliance with limit state criteria for ultimate, fatigue and possibly accidental
collapse (ALS) criteria should be demonstrated. For floating wind turbines criteria for overall stability as well as
ultimate and fatigue strength apply.

Floating structures are normally designed for intact and damage stability corresponding to ULS and ALS
criteria. However, since the consequences of failure is only economical, there is a discussion about to which extent
ALS and especially damage stability criteria should be satisfied, unless it is decided based on cost-benefit
considerations. According to the IEC codes (e.g. IEC61400 series) explicit ULS design checks should be carried
out for fault conditions e.g. internal faults due to control system and grid. This is because they occur relatively
frequently. Whether ALS checks relating to stability of floating turbines and strength of the structure and mooring
system in “low probability” damaged condition (ALS criterion, [23], is still under debate. A cost benefit assessment
should anyway be the basis for such a criterion.

While rotor blades, tower and hull structure are designed based on explicit ultimate and fatigue strength
criteria and predicted response for the different load cases, simplified empirical safety criteria are applied to the
drive train. Sometimes, it is assumed that the simplified design check of the drivetrain is acceptable if the
(horizontal) acceleration of the nacelle is limited to 0.3 - 0.6 g (g being the acceleration of gravity). However, the
inertia forces (on the rotor) only represent part of the loads acting on the drive train shaft and hence govern the
loads in the gear and bearings. The thrust and all the three moments acting on the shaft, as obtained in an integrated
global dynamic analysis, should be considered in a limit state design check of the drivetrain mechanical
components.

There is clearly a need for further development of rational design criteria for different failure modes,
especially for drivetrain components, e.g. based on assessment of load effects by first principles.

Luan et al. [30] describes the design of a 5 MW semi-submersible wind turbine, addressing stability,
dynamic behaviour and a simplified ultimate strength check.

Inspection, Monitoring, Maintenance and Repair during Fabrication and In-Service

Inspection and condition monitoring (IM), and, if necessary, maintenance and repair (MR) are important
measures for maintaining an adequate safety level, especially with respect to fatigue, wear, corrosion and other
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degradation phenomena. The main challenge is concerned with deterioration phenomena, especially crack growth,
because the significant dynamic loading. An inspection and repair approach can contribute to the safety only when
there is a certain structural damage tolerance. This implies that there is an interrelation between design criteria
(fatigue life, damage tolerance) and the inspection and repair criteria [31]. While the initial IMMR plan is made at
the design stage, it is updated depending upon findings during inspections.

While inspection and repair strategy serves as basis for ensuring the safety of the hull structure, condition
monitoring is important for the drive train, especially based on vibration-based monitoring of the drivetrain [32]
(Coronado and Fischer, 2015). Gear-box-oil based CMM is also gaining importance as a complementary system.

Importance of dynamic behaviour

Offshore wind turbines are subjected to dynamic wind and wave loads, possibly ice and seismic loads, as
well as rotor loads with a wide range of frequencies.

A wind turbine experiences loads at the rotation frequency of the rotor, denoted 1P (typically 0.12 — 0.2 Hz)
and the blade passing frequency of N (number of blades) times the frequency P.

From the aerodynamics point of view, all of the 6-DOF (degrees of freedom) resonant rigid-body motions
might be excited, due to a wide range of wind force excitation frequencies. Moreover, the wind turbine loads might
excite flexible modes of the tower and blades with natural frequencies of 0.3-1.0 Hz. This is important to consider
for structural design of the tower and blades, but does not affect the motions of floating wind turbines. On the other
hand, the motions might affect the magnitude of the aerodynamic loads.

First order wave excitation corresponds to frequencies in the range of 0.04 - 0.3 Hz. Moreover, second-
order difference-frequency wave forces can excite the resonance of horizontal rigid-body motions (surge, sway
and yaw) with typical natural frequencies of 0.005 - 0.02 Hz. Second-order sum-frequency wave forces may excite
flexural modes of bottom fixed wind turbines as well as heave, roll and pitch modes with typical natural frequency
above 0.2 Hz of tension-leg turbines. For a spar with a single tension-leg excitations occur due to a nonlinear
coupling between heave, pitch/roll, surge/sway motions, which leads to excitation at several frequencies.

It is noted that for a spar WT, the natural frequencies of heave and pitch (or roll) motions could be close
and the so-called Mathieu instability (e.g. [33-34] might occur. Hence, the design should aim at differentiating the
natural frequencies in heave and pitch (or roll). The unsymmetrical aerodynamic forces on the rotor may lead to a
large yaw moment.

With a conventional mooring system with radial lines through the center of the spar, the yaw stiffness will
be small. However, a delta-configuration adjacent to the spar hull ensures an adequate yaw stiffness and yaw
natural frequency.

The pitch/roll natural frequency of a tension-leg WT with a rigid tower may be of the order 0.3 — 0.5 Hz
which is usually close to the lowest natural frequency of a flexible tower fixed at the transition to the floater [19,
35-36]. This fact would imply a coupled pitch and flexible tower mode. In such a case it is important to model the
tower as a flexible structure.

The natural frequencies of the mechanical drivetrain between the rotor and generator are much higher than
the rigid and flexible structure and blade modes which allow the drivetrain responses to be determined in an
uncoupled manner.

It is important to consider wind and wave misalignment. For instance resonant yaw motions may occur
due to the yaw moment induced by the thrust force when the floater rolls under the wave loads. The dynamic yaw
motions of the spar in such conditions are significant. Modelling of aerodynamic damping becomes important in
this connection.

Due to the facts described above, it is important to analyze the dynamic responses, especially of floating
wind turbines by taking into account the wind and wave loads simultaneously. In other words, a coupled analysis
tool is needed, considering aerodynamic and hydrodynamic loads, as well as models of the structure, mooring and
drive drain in an integrated analysis. Moreover, automatic control is needed to ensure maximum power at low
(below rated) wind speeds; stable power and limited structural responses in the operational conditions.

Integrated dynamic analysis

The response analysis needs to be carried out for different design load cases, (Ch.5 of [4], [25]) which
include a variety of design situations such as power production, power production plus occurrence of fault, normal
shutdown and parked condition. Some of load cases come from ‘abnormal’ events of the wind turbine such as
shutdown, loss of electrical network connection, faults in control system, faults in protection system and so forth
[25, 28]. Metocean conditions such as gusts, turbulence and shift in wind direction are also important. Some of
these loads imply transient events. The load conditions specified for bottom-fixed wind turbines are taken to be
relevant for floating turbines also, but the time-domain analysis for floating wind turbines is much more demanding
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because of the low frequency excitations and responses require much longer samples to limit the statistical
uncertainty in the simulation.

The response needs to be determined in terms of extreme values for ultimate strength check and response
histories for fatigue and wear assessment.

It follows that in order to determine the load effects in the support structure and towers, a model of the
whole system, including e.g. the rotor/drivetrain, is needed in order to account for all relevant loads and system
features. The integrated dynamic analysis provides load effects in all subsystems, such as the rotor, drivetrain,
tower, support structure, mooring or foundation and can serve as a basis for the design of them. Normally, the
global analysis can be done with a simplified model of e.g. the drivetrain, while the responses for the design checks
of the gears and bearings will be based on a high fidelity model, as illustrated later.

The equations of motion for floating wind turbines are formulated in the time- (TD) or frequency domain
(FD), considering wind and wave loads and possibly ice loads.. The advantage of FD methods the computational
efficiency and ease of dealing with frequency dependent features, while the disadvantage is the need for
linearization of possible nonlinear features, handling transient response effects, and control. Frequency domain
analysis of land-based and bottom-fixed offshore turbines have been made e.g in [37]. The applicability of
frequency domain methods for floating turbines has been investigated in [36,38] based on separate analysis of
wind and wave-induced response but carefully accounting for the aerodynamic damping from the rotor and
hydrodynamic damping was included in calculations of the wave motions.

Hydrodynamic loads for slender structures can normally be modelled by using the Morison formula, e.g.
[33]. I Lo
F =—pDC,v|v|+—pD’C,a

2 4 (1)

Which expresses the lateral force on a slender member with a diameter D. C; and C,, are drag and inertia
coefficients, respectively and p is the water density.

The loads on large volume structures should be estimated by potential theory, considering the incoming and
diffracted wave pattern. The hydrodynamic loads on floating structures need to be estimated by simultaneously
calculating the motions of the structures. In general potential theory is applied. Both the first- and second-order
wave loads due to the difference- and sum-frequency effects need to be considered. In the linear analysis, both the
diffraction and radiation effects are addressed, which results in the wave excitation forces and the added mass and
potential damping forces, respectively. Second-order difference-frequency wave loads might be calculated using
a full quadratic transfer function or based on the Newman’s approximation, while a fully quadratic transfer function
is normally used for sum-frequency loads. The wave forces on floating structures are in general frequency-
dependent. and in the time-domain simulation, they are generated based on a given wave time series.

Viscous effects are normally modelled as drag forces and added to the potential forces. .

In addition particular phenomena, such as wave slamming and ringing loads e.g. on large diameter wind
turbines need to be considered. For tension leg structures second order high and low frequency loads as well as
(third order) ringing loads should be considered, e.g. [36, 39].

Aerodynamic analysis is especially carried out to determine the wind loads acting on the rotor blades, which
is strongly related to both the inflow wind velocity and the induced velocity due to the presence of the rotor.
Numerical methods have been developed with different levels of detail, such as Blade Element Momentum (BEM),
Geralized Dynamic Wake (GDW) method, vortex method, panel method and Navier-Stokes solver, e.g. [3-4, 40-
43]. The BEM method is widely used and often combined with structural analysis tools, e.g. the Finite Element
Method (FEM), to obtain the dynamic responses of wind turbine tower and blades, by accounting for aero-
elasticity.

Refined methods are particularly relevant to establish or validate simplified methods and partly develop
fast simplified methods for design analyses. Examples of the former type of analyses are a) a study of the effect of
icing on rotor blades by combining using a CFD and BEM method (e.g. Etemaddar et al. 2014a).

It is also of interest to establish simplified methods especially for use in conceptual studies. An example of
a simplified aerodynamic model for the rotor [5, 19, 44] is based on the thrust curve only. This model has been
validated by comparing with a comprehensive aero-hydro-servo-elastic approach for two different spar FWTs [44].
It is noted that the computer time for a 1 hour real time simulation is 24 hours and 15 min for the full and the
simplified models, respectively.

For VAWTs a variety of aerodynamic models have been developed, including the single streamtube model,
multi-streamtube model, Double Multi-Streamtube (DMS) model, Actuator Cylinder (AC) flow model, panel
method, vortex method and CFD method [45]. A numerical comparison of these models were conducted in [46,
47].

To model the dynamic behavior of flexible floating bodies, generalized modes for the system may be
applied [48-49]. Hydrodynamic loads corresponding to the radiation are evaluated for unit modal response and are
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then integrated into the equations of motion where the wave exciting forces are included. Alternatively, the so-
called direct method [50] where the hydrodynamic boundary value problem (pressure distribution) and the elastic
response are solved simultaneously. Therefore, although the direct method avoids the incorporation of any modes
into the solution of response, the method is computationally expensive and requires interfacing between the
hydrodynamic and structural numerical techniques such as the boundary element method (BEM) and the FEM.

Typically the time domain approach is based on the linear frequency-domain model which is transformed
into the time domain and add nonlinear features. Such a model is referred to as a hybrid frequency- and time-
domain model in this context and was initially introduced by Cummins [51]. To date, it has been used successfully
in different motion analysis applications, see, e.g. [49, 52-54]. The resulting equation for a stationary rigid structure
may be writtenas: ~ _

° 2

k()= %T[B(a})—Bw]cos(a)t)dw
0 (3)

where A".B” denote the high-frequency limit of added mass and potential damping, respectively. It is noted that
Equation (2) can be reformulated by a set of first order differential equation — and hence reduce the effort in
evaluating the convolution iIll(tf%ral in the step by step solution of the dynamic equations of motion, e.g. [55].
Since the retardation kernel in the integral in Equation (3) vanishes for times passing a certain value, ‘e,

the integration may be taken to fwen instead of infinity.

One can now add nonlinearities such as viscous drag forces, ‘exact body’ hydrostatic or Froude-Krylov
force, etc., to the rhs of Equation (2).

Wind turbines are obviously also subjected to aerodynamic loads which normally are treated in the time
domain, and depend on the relative velocity of the components subjected to aerodynamic loads. Since the velocities
of structural parts depend on both the wave and wind loads — there is an interaction between the corresponding
load effects.

For rigid floating structures, the buoyancy and mooring lines provide stiffness (restoring), while the water
provides added mass, and the water, air and mooring contribute to damping.

The hull of floating wind turbines moored with (soft) catenary mooring lines can normally be considered
as a rigid body. However, an elastic finite element model may be useful in order to easily determine the internal
forces in the hull for structural design. In particular it is noted that the tower on various floaters (semi-submersible,
tension-leg) wind turbines is flexible enough to imply structural dynamic effects, as documented in [35, 38].
Moreover, structural damping needs to be based on empirical data.

The mooring system primarily prevent drift off due to steady wind, wave and current loads and also affect
the low frequency excitation due to wind and wave loads. The mooring system does not influence the magnitude
of the first order wave induced motions (which however cause mooring tension). Mooring lines could be modelled
as nonlinear springs when global responses are determined. More proper FE models of mooring lines including
the line dynamics (drag due to lateral forces) should be used when the line tension is estimated.

The drivetrain is obviously a crucial component in a wind turbine system.

When the aerodynamic and hydrodynamic loads are given, the dynamic responses are obtained in the time
domain. Coupled mooring analysis might be applied, where the floater motions and the mooring line tension are
solved simultaneously.

In response analysis of wind turbines subjected to simultaneous wind and wave loads, conditions with
misaligned wind and wave, should be especially considered, partly because such excitations might involve
conditions with limited damping.

Automatic Control

The purpose of control systems at the wind farm, turbine, and component levels is to manage the safe,
automatic operation of the turbine (Ch. 8 of [3]). In order to respond to environmental changes or changes in the
operational condition, the turbine-level controller provides some input to dynamic controllers, such as generator
torque or blade pitch controllers. Large horizontal axis wind turbines are normally of pitch-regulated variable speed
control (Ch.8.3 of [3], Ch.8.2 of [4]). type to regulate the power output and structural loads. For such systems
both the rotor speed and the blade pitch can be varied.

For wind speeds between cut-in and rated speed (typically 3 to 12m/s), the blade pitch is kept constant and
the generator torque varies such that the WT operates as close as possible to the optimal tip speed ratio. In this
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region, the thrust and torque increase quadratically with wind speed. At the rated wind speed, the wind turbine
reaches the rated torque, rotational speed, and thrust. In the above-rated wind speed region, the blade pitch is varied
in order to minimize the structural loads and the generator torque is chosen to give the rated power output. Fig. 4a
indicates a typical power-wind speed relationship for a turbine with a rated power of 5 MW. Namik and Stol
[56]studied individual blade pitch control (IBPC) as an alternative to collective pitch control for FWTs.

Operating wind turbine, active control
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Figure 4. Power (Fig. 4a) and thrust curve (Fig. 4b) of the NREL 5 MW HAWT.

The “large” nacelle motions of FWTs present an additional challenge for the control system. For systems
with low-frequency surge or pitch motions, there may be a negative feedback mechanism between the nacelle
velocity and the blade pitch controller [57-58], as implied by the negative “damping” at over-rated wind speeds.
This feature can be seen as a negative slope of the thrust force with respect to the relative wind speed, as indicated
in Fig. 4b.

The initial studies especially focused on spar turbines. Karimirad & Moan [59] addressed this issue for a
tension-leg spar system.

For a TLPWT, the platform pitch natural frequency is generally higher than the controller frequency, thus
eliminating the need for control system modications in most operating conditions. On the other hand, the surge
natural frequency is lower than the control frequency and could theoretically lead to instability [60]. In the studies
[35-36, 61-62 ] the land-based controller was applied to all TLPWTs except in certain studies, particularly related
to ringing.

Coupled analysis of floating wind turbines is time consuming. A simplified method, proposed by Statoil
(2012), is convenient to apply to model the integrated rotor loads (i.e. the thrust) as a point force on the tower top,
especially for spar turbines [19]. It has been shown that this simplified model gives global responses within 10%
accuracy compared with the model using the BEM method [44]. However, simplifications and hence the
limitations of the method should be observed in [19].

The control strategy for large megawatt VAWTs is somewhat different from that of HAWTS, since large
scale VAWTs usually operates with variable rotational speed at a fixed blade pitch angle, and the aerodynamic
loads acting on the rotor vary periodically when it rotates [64-65].

So far the control issues relating to normal operational conditions, have been briefly addressed. However,
the design standard [24] requires the consideration of control system fault or loss of electrical network. The exact
nature of the faults to be analyzed is, however, not specified and needs to be identified by a Failure Mode and
Effect Analysis (FMEA).

For pitch-regulated wind turbines, the blade pitch control system contributes significantly to the failure rate
[20]. The control system must then recognize the fault and react in some way, typically by shutting down the
turbine (by quickly pitching the remaining functional blades to full feather) [66]. While sensor faults were
investigated in [67,68], fault cases involving pitch actuator that becomes stuck and grid faults in terms of a short
circuit resulting in a complete loss of torque, were considered in [61, 66, 69]. The latter is considered a worst case
scenario for grid faults. In this connection it is assumed that the blade pitch control mechanism is still able to
function, such that all three blades are pitched to feather shortly after the generator torque is lost. Detection and
isolation of faults in drivetrain and rotor blades were investigated in [70] and [71], respectively.

Computational strategy

In the design of wind turbines many load conditions need to be considered to account for the variation in
the combined wave and wind conditions, operational versus parked (survival) condition. It is noted that operational
conditions include start up and shut down, fault occurrence and emergency shutdown. Hence, the reference is a
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so-called long-term analysis, in which results from a set of short term analyses in which the metocean conditions
are assumed to be stationary, are combined based on the probability of occurrence of the various short term
metocean conditions, e.g. [72]. The long-term variability is accounted for by considering relevant short-term
conditions and their probability. While there are methods, like the contour (line) surface to select a sufficient
number of short-term conditions to determine extreme load effects, fatigue analysis would generally have to
include a large number of short-term conditions. Use of the contour method to determine extreme load effects for
wind turbines is illustrated in [73]. Cyclic load histories for fatigue (and possibly wear) design checks normally
need to be based on long term analysis.

Analyses also need to be carried out for conceptual or detailed design requiring different degree of
refinement. A variety of methods — refined and simplified — is hence desirable for dealing with the aerodynamics,
hydrodynamics, structural and possible soil mechanics. In general highly efficient methods are required to
accomplish analysis in the early design stages when alternative designs need to be assessed. Hence, simplified
mechanics models need to be pursued.

An important issue in connection with the time domain analysis is the discretization of the metocean
parameter space (wave height, -period and mean wind speed) which determines the number of simulations that
need to be carried out — to determine extremes or fatigue load effects.

The basic integrated dynamic analysis is a short term analysis considering the stochastic nature of waves
and turbulence of wind. Since some natural frequencies may be as small as 0.02 Hz a long sample may be needed
in a time domain analysis to capture the load effects (motions) due to wind and low frequency hydrodynamic loads.
On the other hand the time step needs to be small to capture all phenomena — including high frequency features
associated with e.g. a mechanical or hydraulic drivetrain. Jiang et al. [74] found that a stable analysis of a hydraulic
drivetrain for a 5 MW wind turbine required time steps of the order of 10-4 s to yield stable numerical solution. In
such a case it is clear that uncoupled analysis is necessary.

In the simulation of the load effects in short-term conditions it is important that the sampling time is
sufficiently long to limit the statistical uncertainty, especially when determining extreme values. Stress ranges for
fatigue analysis essentially depend on the standard deviation of the load effects (at least for a narrow band process)
and are less sensitive to the sampling time [75]. Moreover, when estimating extreme values efforts to use realistic
methods to fit the sample and then extrapolate to extreme values. Alternative methods, such as Weibull tail, global
maxima and a recently proposed extrapolation method (ACER) based on the mean upcrossing rates, can be used
for obtaining the extreme values, see e.g. [76].

A full long-term analysis (FLTA) is the most accurate approach to determine the effects due to
environmental loads, both in terms of extreme load effects for ULS design check and load effect histories (i.e.
stress ranges) for FLS design check [55]. Since the full long-term analysis is time consuming simplified methods
such as the environmental contour method (ECM) [77-78] and simplified full long-term analysis (SLTA) [79, 73]
have been proposed.

Since wind turbines might experience the maximum load effects when they operate or when they are parked
the methodology needs to be modified [80, 81, 73].

SLTA is the same as FLTA except that it only include the important environmental conditions and ignore
the others that do not contribute much to the long-term results. It has been studied for offshore structures and wind
turbines. For a bottom fixed wind turbine, it is found that less than 10% of all the environmental conditions are
required to simulate to achieve practically the same result as the FLTA [73].

Since there is an interaction between the response due to waves and wind, an integrated analysis of wind
and wave load effects is in principle desirable, considering simultaneously the two loads in the time domain, with
due account of the wind turbine controller.

However, various types of uncoupled analysis are useful in view of the computational efforts involved in a
full long term coupled analysis. In particular, uncoupled analysis by first carrying out a global analysis of the
system followed by substructure analysis based on input from the global analysis.

Determination of internal forces in the hull structures is possible in some computer codes for special cases;
i.e. when the hydrodynamic loads are determined by Morison formula and the structure is modelled as a frame
consisting of beams. In general, determination of internal forces in large volume floating wind turbines requires a
finite element model of the hull and a potential theory of hydrodynamic loads that account for radiation and
diffraction effects. A general time-domain method for determining internal forces in floating wind turbine support
structures is presented and applied for a semi-submersible wind turbine in [82].

RESULTS

Various case studies which illustrate the issues highlighted in this paper, have been accomplished at the
Centre for Ships and Ocean Structures and recently in the Centre for Autonomous Marine Operations and Systems
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at NTNU in Trondheim. Most studies have been made using the NREL GRC 750 kW and the NREL 5 MW HAWT
[83]; the DTUWind 10 MW HAWT as well as the Darrieus VAWT [84]. In particular the development of a 3 stage
drivetrain with two main bearings for the 5 MW turbine is noted [85]. See also Fig. 5.

F4
Forces/Moments applied here
y /
X

Torque/Speed
controlled here

Mations

Figure 5. Drivetrain design for a 5 MW turbine [85]

Various support structures, including different versions of monopiles, jackets and spar, semi-submersible
and tension-leg floaters as well as land-based towers for reference, have been used in the case studies, partly in
comparative studies.

In addition to numerical analysis, full or model scale physical investigations can be used to gain insight
into the behaviour of OWTs. Full-scale laboratory tests of components such as generators or blades are more
commonly carried out than large scale support structure tests, although support structure data may be collected
from demonstration projects at large scale in natural environments; and are crucial due to the limitations of model
scale tests; especially of a full wind turbine system involving scaling of hydrodynamic, aerodynamics and elasticity
as well as combined with control. However, model tests are useful e.g. for various reasons [86], and especially
confirming feasibility of the system, separate validation of hydrodynamics and aerodynamics models under
controlled conditions. An example of validation by using model tank testing will be presented in this section.

In this section only examples relating to HAWT are considered. Regarding the performance of VAWT
reference is made to [47].

In the following a brief overview of studies related to the behaviour of turbines in fault conditions and the
performance of the drive train in various conditions.

Analysis of wind turbine response experiencing fault conditions

Wind turbines are subjected to faults and failures in their lifetime. A vast number of sensors are installed
on a modern wind turbine to detect and isolate faults. Faults such as bearing wear or gear tooth wear are hard to
detect at early stages, but they may result in a total breakdown of drivetrain [87]. The EU Reliawind project
provided wind turbine reliability profiles by analyzing the long-term operational data and fault records of 350
onshore wind turbines [20]. The pitch system has the highest failure rate among the components. Because of this,
the contribution of the pitch system fault to downtime is also large. There exist a suite of techniques for fault
detection and isolation. Upon the detection of faults, the supervisory controller selects a remedial action based on
existing protection strategies. If the fault is controllable, it will be accommodated by techniques such as signal
correction and fault tolerant control. If the situation is severe and the turbine is not in a safe state, the supervisory
controller brings the turbine to stop. In the worst case, if the main control system fails to stop the turbine safely,
the safety system takes over. It normally consists of a hard-wired fail-safe circuit linking a number of normally
open relay contacts [4]. If any of the contacts is lost, the safety system trips, causing the appropriate fail-safe
actions, to operate. In the present context it is assumed that severe faults are detected and actions to get the turbine
is taken. Turbine shutdowns can either be normal or emergency. For emergency shutdown, the common practice
is to pitch all blades to feather simultaneously at the maximum pitch rate.

For wind turbines, the change of the aerodynamic loads is the key driver to the dynamic responses of
turbines in fault and shutdown conditions.

Design of wind turbines according to IEC 61400 [25] should include considerations of the transient
responses caused by faults, e.g. grid loss and blade blockage due to loss of pitch control.

Fig. 6 shows the bottom moment response in the tower of a land based turbine when a blade blockage
occurs at the time: 400s. After a time delay of s, an emergency shutdown takes place. The tower bottom bending
moment has a change in the mean values during this event. The large negative bending moment is caused by the
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aerodynamic forces acting at the tower top during the three-blade shutdown. The first tower fore-aft natural
bending frequency can be observed in the shutdown process. Significant main shaft bending moment is caused by
the imbalanced load acting on the rotor plane. If one blade is seized and hindered from the normal pitch-to-feather
activity, the transient response for both fault cases is seen to be large. Obviously the response would also depend
on in which instant it occurs in relative to the steady response.

'Blade blockage followed

16000 Normal operation
by shutdown

14000

B

—>
12000

10000 |

Equiv. main shaft bending moment [kNm]

200 250 300 350 400 450 500 550 600

Time [s]
Figure 6. Time series of the structural responses, Uw=17 m/s, T[=0.2 s, Tf=400 s, Td=0.1 s, Pr=8°/s, land-based
wind turbine, HAWC?2 simulation [88, 89].

In Fig. 7 extreme response in the upper part of the tower, which corresponds to the shaft bending moment,
for land-based and floating wind turbines are compared, considering extreme environmental and fault conditions.
The metocean conditions are specified in Table 1 and the fault cases A-D are defined as follows:

A) Fault-free: normal power generation in ECs F1-F5 and F7, idling in EC F6 (see Table 1).

B) Blade seize: the pitch actuator of one blade is blocked at time and the turbine continues to operate,

with the controller trying to maintain the desired rotational speed by pitching the other two blades.

C) Blade seize followed by shutdown: the pitch actuator of one blade is blocked at time , and the controller

reacts by shutting down after detection time .

D) Grid loss followed by shutdown: the grid is disconnected at time , and the controller reacts by shutting

down after detection time.

g

15000

:

FA Tower Top Bending Moment, kNm

5000
o | 1
1 2 3|4 5 1 2 3|4 5 1 2 34 5
Land-based Spar TLPWT 3

Figure 7. Expected maximum tower top side-side bending moment for all platforms and conditions. F1-5 are
shown with bars (A), diamonds (B), open circles (C), and triangles (D). The expected maxima for F6 and F7 for
each concept are shown as horizontal lines for comparison [61].

When shutdown occurs, the grid is disconnected and all lades with working actuators are pitched to feather
(90°) at the pitch rate PR. In the current work, the pitch rate during shutdown is chosen to be PR = 8 deg/s, the
maximum pitch rate suggested in [90]. The pitch rate can have a significant impact on the loads and motions, as
studied in [66, 88, 89].

For fault types B, C, and D, the fault occurred after 400 seconds of normal operation. An additional 600
seconds after fault were simulated in order to capture several subsequent cycles of low-frequency events. For fault
types C and D with second, which is approximately 10 times the sampling frequency of the controller [61].
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Table 1: Metocean/Fault conditions. The wind and wave direction is in the positive x-direction, and the wind
speed is reported for the hub height. The NTM and ETM models are applied for Class C.

Condition F1 F2 F3 F4 F5 Fo6 F7
H; (m) 2.5 3.1 3.6 4.2 4.8 14.1 3.1
Tp (sec) 9.8 10.1 | 103 |10.5 | 10.8 | 13.3 10.1
U (m/sec) 8.0 112 | 14.0 | 17.0 | 20.0 | 49.0 11.2
/ 0.17 1 0.15 [ 0.14 |0.13 | 0.12 | 0.10 0.24
Faults A-D |A-D |A-D |AD [AD |A A
Num. Seeds 30 30 30 30 30 6 6
Sim Length (sec) 1000 | 1000 | 1000 | 1000 | 1000 | 10800 | 10800

Drivetrain responses

Global response analyses of wind turbines are generally carried out with a simple model of the drivetrain.
In order to shed light on the effect of global responses on the drivetrain a comparative study of the response of a
750 kW drivetrain [91,92] on an onshore and a floating spar turbine (in Fig. 8) has been assessed by [93]. The
drivetrain studied is a high speed generator, one stage planetary, two stage parallel and three-point support type.
The response analysis is carried out in two steps. First, global aero-hydro-elastic-servo time domain analyses are
performed using HAWC2. The main shaft loads are obtained in this integrated wind-wave response analysis. These
loads are then used as inputs for the multibody drivetrain time domain analyses in SIMPACK [94], see e.g. [92].

q
»

%
2000m clumped

weights ——__

- 310m

300 m

Figure 8. The floating spar support for the 750 kW turbine [93].

Fig. 9 shows the percentage difference in the standard deviations of the shaft loads that have the largest
influence on the internal drivetrain responses, for the floating and land-based wind turbines. These differences are
largest for the low speed planetary stage, but do also propagate to the intermediate and high speed stage in some
load cases. Comparisons of the frequency spectra show that wave-induced responses appear both in the main shaft
loads and internal drivetrain response variables. Main shaft non-torque loads are very important in the prediction
of accurate internal drivetrain responses, in particular for the bearing loads and gear displacements.

This drivetrain is further studied using an uncoupled model for the drivetrain on a land-based turbine
focusing on the contact forces on gear teeth surface and the corresponding fatigue damage [95, 96]. This analysis
has been extended to deal with the load effects in the bearings of the drivetrain [97] and the structural reliability
of the gear [96].

Moreover, studies have been performed to assess the bearings of the drivetrain [97] and manufacturing
imperfections in gears [98].
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Figure 9. Comparison of the standard deviation of the response of the main shaft in the floating and land based
wind turbines [93].

The direct load effect analysis approach relating to drivetrains has been further employed in wind turbine
drivetrain maintenance planning and condition monitoring. [99] established a ranking for inspection/monitoring
of gear and bearing components based on fatigue damage estimates. A prognostic method for fault detection in
wind turbine gearboxes was developed [100], addressing the performance of a 5 MW three stage reference gearbox
(Fig. 6) supported by a land-based tower, spar, TLP and two semi-submersible, respectively. The fatigue damage
of mechanical components inside the gearbox and main bearings was compared for different environmental
conditions.

In the previous section the performance of HAWT under fault conditions was illustrated. The use of the
global-local analysis approach may also be used to determine the drive train response in fault conditions [101].
The 5 MW reference gearbox (Fig. 5) was used in this study. This turbine is a pitch-regulated, variable-speed,
three-bladed upwind wind turbine. The cut-in, rated, and cut-out wind speed is 3 m/s, 11.4 m/s, and 25 m/s. The
drivetrain is a 4-point support drivetrain with two stage planetary and one stage parallel gear system (Fig. 10).
Two load cases were analysed: one for normal operation and one in which an actuator fault occurred after 400 s,
resulting in a seize of blade 2 (fixing its pitch angle). After 0.1 s an emergency shut-down is initiated by pitching
to feather the other two blades at the maximum pitch rate of 8 deg/s. The generator remains disconnected during
this period. The results for the wind speed of 14 m/s and the normal turbulence model (NTM) of class A for a land
based turbine are presented in this paper.

Novel wind turbine concept combined with wave energy converter

With a rapid development of offshore wind industry and increased research activities on wave energy
conversion in recent years, there is an interest in investigating the technological and economical feasibility of
combining offshore wind turbines (WTs) with wave energy converters (WECs). In the EU FP7 MARINA Platform
project, three floating combined concepts, namely the spar torus combination (STC), the semi-submersible flap
combination (SFC) and the oscillating water column (OWC) array with a wind turbine, were selected and studied
in detail by numerical and experimental methods. The STC and SFC concepts are shown in Fig. 10a.

The 5-MW-CSC (SFC) concept is a braceless steel semi-submersible platform designed for supporting the
5-MW NREL reference wind turbine at offshore sites with harsh environmental conditions, e.g. the northern North
Sea. Numerical analyses show that the 5-MW-CSC has very good intact stability and motion performance.
Compared to spar and TLP wind turbines, the semi-submersible design has greater flexibility with respect to water
depth and ease of installation. Conventional semi-submersibles consist pontoons and columns that are connected
by braces to form an integrated structure. Even though the column-pontoon joints in the novel concept are
challenging, it might be a cheaper solution that the multiple tubular joints in a conventional semisubmersible.
Moreover, an important aspect of this concept was that it could facilitate a combination of wave energy converters.

The design of the steel S-MW-CSC, initially inspired the concrete semi-submersible wind turbine concept
by Dr.techn.Olav Olsen, is documented in [102, 30]

A 1:50 model test of the combined wind and wave energy converter concept was carried out at ECN, Nantes,
see Fig. 10b [103,104]. A 1:30 model test of the wind turbine was carried out in the ocean basin of SINTEF Ocean,
using a real-time hybrid model testing approach (ReaTHM"®) was applied. The experimental and numerical
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results are compared and used to validate a numerical time-domain approach for determining forces and moments
in the structural components of floating wind turbines [105].

The 5-MW-CSC is used as a reference design by researchers and industry to validate numerical and
experimental methods to analyse the performance.

tower 5=

A
' \\Im
{

mooring

‘ ]me\ :

a) Layout: of the STC and SFC concepts b) 1:30 scalemodel of the wind turbine for the hybrid
model testing of the 5-MW-CSC at SINEF Ocean;
and the 1:50 model test of the the SFC with three

flap-type wave energy converters at ECN, Nantes.

Figure 10 Combined wind turbine and wave energy converters.

The experimental results are compared with numerical analyses in [105]. The paper [106] focuses on
validating a time-domain numerical approach for determining internal forces and moments in structural
components of floaters. A finite element model is developed to represent global stiffness of the structural
components. The external and inertia loads on the structural components are modeled as distributed loads.
Hydrodynamic loads on each structural component are obtained by the potential theory. A 1:30 scaled braceless
semi-submersible model (the left Fig. 10b) was carried out in the ocean basin of SINTEF Ocean. Measurements
of the global forces and moments at the base of a side column of the model and rigid-body motions of the model
are compared to the corresponding simulations.
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Figure 11 Transfer function for the fore-aft bending moment at the tower base, derived from 1-hour realizations,
pink noise, Hy = 2 m (model test 2310) and Hs = 4 m (model test 2321)[106]

Transfer functions for the wave-induced bending moment in the column base are obtained from 1-hour
measurements of the pink noise model tests, i.e. model tests 2310 and 2321, and the corresponding simulations.
Reasonable good agreement between the RAOs of the experimental and numerical models is observed, as shown
in Fig. 11. The frequency domain method (FDM) gives the transfer functions in a straight forward manner and is
used as a reference model. In the comparisons we focus on frequency range from 0.4 rad/s to 1.4 rad/s where the
major wave energy of the pink noise model tests is distributed. Comparisons for more severe conditions will be
made in a future paper.
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CONCLUSIONS

Floating wind turbines are expected to play an increasing role in harvesting the abundant wind energy
resources offshore, when the wind industry moves into water depths, say, beyond 80 m. This paper deals with
recent developments of analysis and design of floating wind turbines.

The need for carrying out an integrated dynamic analysis as a basis for design, is highlighted, based on a
proper hydro-, aero-, servo-elastic model. At the same time simplified models need to be developed to provide
efficiency in design analyses. For instance, a simplified aerodynamic model is shown to be two orders of magnitude
faster than the full aerodynamic analysis and hence suitable for conceptual studies of global behaviour of the
support structure/tower. However, its limitations regarding assessment of the response of the rotor and drivetrain,
should be observed.

It is important to have a controller to avoid the ‘negative damping’ effect from the thrust force for wind
speeds larger than the rated one and thus limit the pitch motion for the spar wind turbine. The effect of such a
controller on the pitch motions of the semi-submersible or the tension-leg wind turbine, is small.

The need to do a fully coupled global analysis especially for large turbines is recognized. The results from
such an analysis can serve as input to a detailed analysis of the crucial subsystem of the wind turbine, namely the
drive train, to keep computational efforts at a reasonable level. Such an uncoupled analysis is feasible if the
natural frequencies in the global and local systems are sufficiently far apart.

The effect of pitch control and grid faults has been investigated and it is shown that such conditions could
be governing in the ultimate limit state design checks.

It is shown that a drivetrain supported by a floating support structure mightl have larger response than the
land-based one, and especially a larger standard deviation, and should be further pursued in the context of more
rational design of drivetrains based on direct load effect analysis.

Due to the possible significant response in the drive train caused by faults, more work needs to be carried
out in the future to establish relevant fault conditions for floating wind turbines and estimate their effect on the
response and hence, the turbine design. More efforts should also be devoted to fatigue analysis and design of
floating wind turbines.
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URBAN WIND ENERGY: POTENTIAL AND CHALLENGES

Ted Stathopoulos
Concordia University
Montreal, Canada

ABSTRACT

Urban wind energy consists of the utilization of wind energy technology in applications to the urban and
suburban built environment. The paper highlights some of the progress made recently in the areas of
quantification of wind resources available in the urban habitat; the utilization of suitable wind turbines for
the enhancement of exploiting these resources; and the significant role of the application of building and
urban aerodynamics concepts towards an optimal arrangement of interfacing augmented wind with its
extraction mechanisms.
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1. INTRODUCTION

Wind has been used by human beings as an energy source since a very long time ago. The power of wind was
used to sail ships, to mill grain and to pump water, or both. Wind power is currently considered as a friendly
alternative to fossil fuels, this is because it is renewable, widely distributed, clean with no greenhouse
gas emissions produced during operation. In most cases, the energy of the wind is harnessed through constructing
large wind-power plants to supply economical clean power. However, in urban and suburban areas, the land is
limited and this is considered a major restriction for the installation of large plants. An alternative option is to
construct building-integrated energy systems. Figure 1 shows the Bahrain World Trade Center Towers, where three
wind turbines facing the predominant wind direction are suspended on bridges between the two towers of the
center.

Figure 1: Urban Wind Turbines: Bahrain World Trade Center Towers.
(https://commons.wikimedia.org/wiki/File:Bahrain_World Trade Center.jpg?uselang&equal;nl)
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Urban wind energy generation such as that produced by small-scale wind turbines installed on or around
buildings can be defined as micro-generation. There is a growing interest in the use of wind power in buildings for
distributed generation. Since the generated power is a function of the cube of the wind speed, a small increase in
the wind speed leads to a large difference in wind power generation. Therefore, it is to our interest to assess properly
the wind resource in an area and attempt to enhance it by using various aerodynamics techniques. This is contrary
to the traditional wind engineering approach where the focus is in reducing wind speeds and pressures to minimize
wind-induced building loads and contribute to the economy of a safe building design.

2. ESTIMATON OF WIND SPEEDS ON AN URBAN LOCATION

The prediction of the wind speed in the built environment is difficult, due to the varying roughness and the
frictional effects which reduce the wind speed close to the ground. In addition, several adjacent buildings influence
the wind regime around a specific building in the urban environment. The most dependable method for the wind
assessment in the urban environment is to directly measure the wind speed, ideally at the position and the height
of the proposed wind turbine. However, measuring the wind speed at a site is both time consuming and expensive,
i.e. normally not appropriate for the early stages of wind power development. Fortunately, several methods are
available for the initial assessment of wind resource in urban areas, with varying degrees of resolution and
accuracy. These are, in order of increasing accuracy, wind atlases, wind tunnel modeling and direct wind resource
measurement (European Commission, 2007).

Recent research by Al-Quraan et al (2016) has provided evidence that appropriate utilization of atmospheric
boundary layer wind tunnel technology can provide an excellent methodology to assess realistic estimates of urban
wind energy potential within reasonable accuracy. Two actual building cases in Montreal with different upstream
roughness homogeneity were considered. Figure 2 shows these two cases along with a part of the corresponding
wind tunnel model.

In the first case, field wind speed measurements are used to evaluate the wind energy potential for the EV
building of Concordia University, a building with upstream rather homogeneous urban/suburban type of terrain —
see Figure 2 (a). In the second case, the Equiterre building upstream terrain is very rough and highly
inhomogeneous — see Figure 2 (b).

(b)
Figure 2: Perspective View of the Considered Building Cases (https://www.google.ca/maps) and their Models in
the Wind Tunnel: (a) EV Building case (homogenous). (b) Equiterre Building case (nonhomogeneous) (Al-
Quraan et al 2016).
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In order to compare the calculated wind energy using the field measurements over the EV building roof and
the estimated value using the proposed methodology, a three-cup anemometer was installed in one roof corner at
a height of 2m above the roof. The anemometer was programed to take one measurement every 5s. The field
measurement data were collected from the beginning of August 2013 to the end of October 2013. Also, another
three-cup anemometer was installed in one corner above the roof of the Equiterre building, identical to the one on
the roof of the EV building and with the same settings. The field measurement data - magnitude of the wind speed
only - were collected for a 3-month period: November 1, 2012 to January 31, 2013.

The obtained data were used to calculate the total wind energy for the corresponding period. Figures 3 (a) and
(b) show comparisons between the field measurements of wind energy and their estimation for the two building
cases considered. It can be shown that the error in the wind energy, evaluated by [(field—estimated)/field] *100%,
is less than 5% in case of homogenous terrain — see Figure 3 (a), whereas the obtained results show that the error
between the wind energy field measurement and the estimation using the wind tunnel is less than 20% for
nonhomogeneous terrain — see Figure 3 (b).
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Figure 3: Field Measurement Data and Estimated Total Wind Energy Potential per Unit Area with the
Corresponding Error Bars above the Roof of (a) EV Building (homogeneous terrain) (b) Equiterre Building
(nonhomogeneous terrain) (Al-Quraan et al 2016).

Comparison of the wind tunnel results with corresponding field measurement wind data in order to examine
the validity of wind tunnel in providing realistic estimates of urban wind energy potential has shown that the
suggested methodology is sufficiently accurate to be used, at least in the case of homogeneous terrain. Thus, high
correlation between the estimation of the wind energy using the wind tunnel approach and the calculation based
on field measurements above the roof of a building in homogeneous terrain has been noticed. On the other hand,
in case of highly nonhomogeneous terrain, the discrepancy is higher but may still be acceptable for purposes of
initial evaluation. In all cases the estimated values were lower than the measured values, so the assessment is on
the conservative side.

3. WIND TURBINE DESIGNS

A large variety of wind turbine types and designs is available at present. Typically, efficient designs with high
performance are influenced by several requirements related mainly to the application to serve and the location
where the turbine is to be installed. As well, other constraints may play role in the efficiency of the designs, e.g.
size constraints, noise limitations, visual disturbances and low start-up wind speeds. Among these requirements
and constrains, the performance of one particular wind turbine may be more optimized compared to the others.

Savonius rotor is a vertical axis low speed wind turbine characterized as more inexpensive and simpler in
construction. Savonius rotors are considered to be some of the oldest designs for wind turbines and they have
proven to be well-suited to micro scaled urban operations due to their simple design and relatively low cut-in wind
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velocity (Saha et al, 2008). The Darrieus vertical axis wind turbine (VAWT) is one of the most suitable for rooftop
integration, as it is visually unobtrusive and produces low-level acoustic emissions (Balduzzi et al, 2012). In
addition, recent designs of Darrieus wind turbines show good self-startup abilities (Batista et al, 2015).

Horizontal axis wind turbines (HAWTSs) are the most widespread types of wind turbines. Their use spreads a
lot for urban applications despite the nature of wind, which is highly turbulent and blowing from multiple
directions. The HAWTs are very sensitive to the direction of the wind and do not cope well with turbulent flow
and buffeting. Wind tunnel tests at the Delft University of Technology examining the effect of wind approaching
from an angle from below revealed that the Vertical helical rotor wind turbines have power coefficient of about
0.4. Due to the 3-dimensional nature of the wind flow, VAWTs are very robust with different directions of wind
and are better suited for exploiting turbulent flow (Ragheb, 2012). Based on the Wineur Project report (Cace et al,
2007), Table 1 summarizes the advantages and disadvantages of the common types of urban wind turbines.

Table 1. Summary of advantages and disadvantages of urban wind turbines based on Wineur Project report
(Cace et al, 2007)

Urban HAWTs Lift VAWTs Drag VAWTs
o Efficient, e Almost as efficient as | e Proven product
e Proven technology HAWT at given wind speed | e Less acoustic emission
e Widely used in wind e Performs well in different | e Reliable and robust
Advantages . Ec.onomical . wind directions and | o Performs well in different
e Wind range of commercial | turbulence wind directions and
product options e Less vibration and | turbulence
buffeting (low noise) e Less vibration, can benefit
from turbulence
e Does not cope well with | e Not yet proven ¢ Not efficient
buffeting * More sensitive to | e Comparatively
Disadvantages | e Performs poorly in | turbulence than drag based | uneconomic
changing wind direction VAWTS

Pagnini et al (2015) presented an in situ experimental analysis for power performance of two small size wind
turbines of identical rated power, but realized with vertical and horizontal axis. The turbines were placed in the
same place exposing to two distinct regimes, low turbulence (wind blowing from the sea) and high turbulence
(wind blowing from the land). Figure 4 shows the values of power coefficients (C,) that were evaluated from the
power output gathered from January to August 2012. The HAWT and VAWT have a swept area of 78.5 m? and
46.5 m? respectively. The C, is evaluated based on the power output and the measured mean velocity. The density
of air is assumed to be 1.225 kg/m>. It should be mentioned that there is inconsistency in wind speeds obtained by
the anemometer and what is the wind turbine experienced, also interval used to measure the power production. As
shown in Figure 4, the calculated C, violates Betz’s coefficient (0.59), which is considered as the ideal maximum
theoretical kinetic energy that can be captured by the wind turbine. However, the results can be used for comparison
purposes for the performance of VAWT and HAWT. It was observed that the HAWT was extremely sensitive to
the direction of wind while the VAWT was able to capture energy carried by strong gust of wind much more
efficiently (Pagnini et al, 2015).

Although urban wind power has attracted much attention, several questions arise regarding the power output
performance of wind turbines, particularly in urban areas. Thus, seeking for new wind turbine designs with higher
power efficiency needs further investigation. As such, brimmed diffuser structure to envelope a rooftop VAWT in
recent years has attracted the attention of research. For instance, Ohya and Karasudani (2010) have tested a wind
turbine system consisting of a diffuser shroud with a broad-ring flange at the exit periphery and a wind turbine
inside it. It was found that the power output of the Diffuser Augmented Wind Turbine (DAWT) is increased by 4-
5 times compared to conventional wind turbines due to concentration of the wind energy. Figure 5 compares the
power curves of a conventional Savonius wind turbine (C, = 0.09) with a Building Integrated Wind Turbine
(BIWT) for C, = 0.381 based on data from Saha et al (2008). The BIWT results, which are more than 4 times
higher, fit well to the field data measured.
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Figure 4: Monthly-averaged power coefficients of two wind turbines based on the data from Pagnini et al (2015)
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Figure 5: Performance comparison of BIWT based on data from Saha et al (2008) and Park et al (2015)

Urban wind turbines are still at the primary stage of technological development. Lacking experimental data
of wind turbines installed in urban settings stands as a strong drawback on the evaluation of turbine efficiencies
and, consequentially, their viability. Although conventional wind turbines directly located in urban built-
environment do not perform well, other wind turbines, especially VAWTs, still show good results but need further
optimization for urban applications. Diffusers and shrouded brims around conventional wind turbines may lead to
significant power output increases.

4. URBAN AERODYNAMICS

The wind flow in urban areas blows with high turbulence due to high roughness of the ground surface and
comes from multiple directions. Flow turbulence negatively influences the power output performance of the
turbine, induced wind loads and noise propagation. On the other hand, the velocity and the density of the air flow
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may increase in urban areas due to flow channeling and corner stream effects. This positively influences the power
output performance of the turbine. Barlow et al (2015) reviewed the various boundary layer scales and the influence
of urban morphology on the potential enhancement of wind speeds in the vicinity of buildings and above building
roofs, as well.

The Bahrain World Trade Centre (WTC), which is located at the edge of the Arabian Gulf, was completed in
2008 costing about $150 million. It is considered the world’s first skyscraper with integrated wind turbines. The
twin towers have a height of 240 m (787 ft) and support three 29 m diameter large scale horizontal axis wind
turbines. The towers have an aerodynamic shape like a funnel creating a wind flow path to improve the power-
generation efficiency. Measurements carried out by the meteorological stations documented that the average annual
wind speed in Bahrain at 10 m height is 4.8 m/s with predominant north-to-north-west direction. This level of wind
speed was considered moderate and not economically viable for wind energy potential (Bachellerie, 2012).

The Bahrain WTC design would have yielded higher wind energy output if the buildings were positioned in
diverging rather than the existing converging configuration — see Figure 6. Thus, from the wind energy point of
view and based on wind-tunnel testing and Computational Fluid Dynamics simulations carried out by Blocken
(2016) on the modeled Bahrain WTC, it was found that the towers would produce 14 percent more energy output
per year if they were turned 180° around. Moreover, integrating the wind turbines further back would have
increased the efficiency up to 31% — see Figure 7.

(a) (b)

Figure 6: Bahrain World Trade Center Configurations: (a) Converging (chosen). (b) Diverging (Highest
Wind Speed) (Blocken, 2016).

—_— +31%

+14%

diverging

converging

Figure 7: Estimated Yearly Wind Energy Output using CFD (Blocken, 2016).
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Clearly, the study of building and urban aerodynamics becomes extremely relevant to the location and
configuration of urban wind turbines for optimal performance.

5. SUMMARY AND CONCLUSIONS

The paper refers to the potential and challenges encountered in an attempt to capitalize on urban wind energy.
Wind resource assessment, selection of appropriate wind turbines and application of knowledge of building and
urban aerodynamics have been discussed and the progress made in this area has been identified. There is a need
for additional comprehensive research in these areas in order to optimize the generation and utilization of urban
wind energy.
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PORTUGUESE EXPERIENCE IN SUCCESSFULLY INTEGRATING
5000MW WIND POWER

José Medeiros Pinto1
APREN
Lisbon, Portugal

ABSTRACT

Portugal is a world reference in terms of renewables integration in the electricity grid, namely
the wind. Actually, the wind energy represents more than 24% of the Portuguese electricity
consumption, the second highest penetration in the world until 2015, only overpassed by
Denmark at that time. In 2016, this figure was also overcame by Ireland. However, the intrinsic
Portuguese characteristics as a peripherical European country only connected with Spain
make this achievement more challenging and notable.

In this speech, it will be focused and referred the strategy followed by the Portuguese
authorities, Entities and Promoters to reach that number which results from more than
5000MW installed, running smoothly and with no significant technical problems or network
restrictions.

I will be mentioned the main obstacles that have been considered to overcome the risks of the
wind variability, the initial wind turbine technological low performances compared with
conventional generation and the approaches to face them.

It will be emphasized the results of the wind, and in general the renewables, development in
Portugal and the trade-off between the benefits and the costs compared with a “business as
usual” approach.

The speech will finish with a description of the APREN’s (Portuguese Renewable Association)
point of view about the futures developments and the challenges that the Renewable Sector is
facing.

1 Director of the Portuguese Association for Renewable Energies (APREN), http://www.apren.pt/en/
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A NUMERICAL WAKE ALIGNMENT METHOD FOR HORIZONTAL AXIS WIND
TURBINES WITH THE LIFTING LINE THEORY

D. B. Melo1

Instituto Superior Técnico

Lisboa, Portugal

J. A. C. Falcao de Campos3

Instituto Superior Técnico

Lisboa, Portugal

ABSTRACT

A method to analyze the flow around horizontal axis wind turbines based on the lifting line
theory is herewith presented. The strong relation between the reliability of the results and the
proper alignment of the vortex wake is well known and documented. Hence, a non-linear
vortex wake alignment scheme is proposed. The numerical results are presented and compared
to the NREL turbine experimental data.

J. Baltazar:
Instituto Superior Técnico
Lisboa, Portugal

NOMENCLATURE

Drag coefficient, lift coefficient

Force coefficient (normal,
tangential

to the section chord)
Power coefficient

Turbine rotor diameter (m)

k™ lifting line

Lift force per unit span (N/m)
Number of lifting lines elements
Number of segments in which we
discretize a trailing vortex

Number of increments in which we
discretize a blade rotation

Power (W)

Wake pitch (m)

Turbine rotor radius (m)

Rotor hub radius (m)

Radius of the image vortices (m)
Element corner point radius (m)
Control point radius (m)

k' vortex sheet

“y

I < M=K N X 9>< SRS SQlQl
3
S

Vector radius from the
integration

point to the field point, |§' | =S
(m)

Inflow velocity, |l7 | = U (m/s)
Incoming velocity field in

the

rotating reference frame (m/s)
Total velocity (1m/s)

Tangential induced velocity (m/s)
Induced velocity (m/s)

Axial coordinate of the alignment
sections, a = 1,...,n (m)

= Axial coordinate of the far wake

section and end wake section (m)
Number of blades

Angle of attack (rad)

Circulation in the lifting line (m%/s)
Vortex sheet strength (m/s)

Tip speed ratio, TSR

Kinematic viscosity (m?/s)
Density of the fluid (kg/m?)
Angular velocity, |w| = w (rad/s)

1 MSc Student, Department of Mechanical Engineering (DEM), Instituto Superior Técnico, Universidade de
Lisboa, Av. Rovisco Pais 1, 1049 Lisboa, Portugal/daniela.brito.melo@tecnico.ulisboa.pt/+351 963010946

2 Marine Environment and Tecnology Center (MARETEC), Instituto Superior Técnico, Universidade de Lisboa,
Av. Rovisco Pais 1, 1049 Lisboa, Portugal/joao.baltazar@tecnico.ulisboa.pt

3 Marine Environment and Tecnology Center (MARETEC), Instituto Superior Técnico, Universidade de Lisboa,
Av. Rovisco Pais 1, 1049 Lisboa, Portugal/falcao.campos@tecnico.ulisboa.pt
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INTRODUCTION

The complexity of the flow around wind turbines makes it difficult to fully understand all the phenomena
involved. Its modelling is therefore challenging and simplifications are naturally made. The models are both
analytically and numerically complex, even if one reduces the viscosity to zero and assumes a steady state
condition. Being originally introduced by Lanchester-Prandlt, the lifting line theory has been used to model marine
propellers [1] and, more recently, axial turbines [2]. A number of researchers have contributed to the development
of the theory. The correct modelling of the rotor wake is of the utmost importance for the quality of the numerical
results [3]. Rigid or semi-empiric wake models are typically used. Ideally, the vorticity should be aligned with the
local velocity field. However, it is not feasible to do it on its full extent. A vortex wake alignment scheme is
proposed. The wake geometry is forced to be parallel to the flow in multiple sections downstream of the rotor.
Finally, the numerical results are compared to the NREL turbine experimental data [4].

FORMULATION OF THE LIFTING LINE THEORY

Consider the rotor of a horizontal axis turbine with radius R, diameter D and with Z blades symmetrically
placed around a cylindrical hub of radius 73,. The rotor is rotating with constant angular velocity @ in a uniform

inflow moving with velocity U. The fluid is assumed to be inviscid and incompressible. We introduce a cartesian
coordinate system (x,y,z) and a cylindrical coordinate system (x,r,8) in a reference frame rotating with the

turbine rotor. The flow is steady in the rotating reference frame and the relative velocity field is given by U, =
U — @ x 7, as illustrated in Fig. 1.

Fig. 1 Adopted coordinate system and incoming velocity field

In the lifting line model each turbine blade is represented by a radial bound vortex, extending from the root

to the blade tip. The circulation along the lifting lines, T, continuously varies and a vortex sheet of strength 7 is
shed from each lifting line. The velocity induced by the Z lifting lines and corresponding vortex sheets, ¥, at a
field point is given by the Biot-Savart law:

s =23 ([ s [ 1250 0
Ux:yiz _47_[ L 53 B 53 ’

k=1 k

where L, denotes the k' lifting line, S, the corresponding vortex sheet, S is the vector radius from the integration
point to the field point and S is its module.

The total velocity field, V= L_iw + 7, is related to the lift force per unit span, L, by the Kutta-Joukowski

theorem: L = pl7 x T, where p is the density of the fluid. The blade section lift coefficient, C;, and drag coefficient,
Cp, are obtained from 2D experimental data [5].

NUMERICAL METHOD

In the vortex lattice model the lifting lines and the shed vortex sheets are discretized by a lattice of
concentrated vortices [3]. The lifting lines are discretized in M elements along the radius. On each element, the
circulation is assumed to be constant. At the elements corner points the circulation is discontinuous and a
concentrated vortex of constant intensity is shed. The trailing vortices are discretized in N straight-line segments.
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The radial coordinate of the control points, 7, and of the elements corner points, ', are defined by a cosine
distribution which allows a successful numerical convergence [2].

The turbine wake model considers a free vortex wake aligned in multiple sections, similarly to the work of
Baltazar [6]. The coordinates of the wake straight-line edges are defined by the following expressions, with all
variables in their dimensionless form (using R and U for coordinates and velocities, respectively):

X, =x1 +pls (1+%)|1N19' (2
0, =91+(1+%)|1%, 3)

where Ny is the number of increments in which we discretize a full rotation of the blades, p is the wake pitch, v,
is the tangential induced velocity and A is the tip speed ratio (TSR), A = wR/U. The indexes 1 and 2 refer,
respectively, to the upstream and downstream edges of each straight-line segment.

The wake expansion is neglected. Hence, the radial coordinate of the trailing vortices remain unchanged.
The wake is extended downstream and truncated at a station with axial coordinate x,,,. The vortex wake is divided
into two parts: a transition wake region from the lifting line to a far wake station with axial coordinate x,,, where
variations of pitch and tangential velocities take place and an ultimate region from xf,, to x,,,, where the wake
parameters remain constant and assume the values of the far wake station. In the transition wake, n sections of
alignment, characterized by an axial coordinate x,,a = 1, ..., n, are defined.

The induced velocities at M control points are calculated at each alignment section. The radial coordinates
of the alignment control points are given by 7. The axial and tangential coordinates are radially interpolated from
the coordinates of the straight-line edges immediately below the axial position x, (Fig. 2).

The new wake geometry is generated from equations (2) and (3), considering p and v,
interpolated/extrapolated from the values obtained in the alignment sections. In the ultimate region, p and v, are
assumed constant and identical to those obtained at the far wake station.

Alignment
section

N T ’\._ T T 7

=y

_f'
/

] [
i
H '

|
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¥ e —m}
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Fig. 2 Wake model: representation of the alignment sections

The turbine hub is modeled by an infinite cylinder. For this purpose an image vortex system is established
as suggested in [7]. It is constituted by straight-line vortices with the same axial and tangential coordinates of the
trailing vortex and radial coordinates, 7, given by 1, = 12 /7".

It is possible to establish a system of equations and compute the circulation on each lifting line element.
The wake geometry must be prescribed in order to start the iterative process. Having the circulation on the M
elements one can compute the induced velocities and a new wake geometry is established.

RESULTS

The incoming flow conditions are summarized in Tab.1. The analysis conditions were set by an upwind
NREL/NASA Ames wind tunnel test [4]. The blades geometry can be found in [8].

U w p v x107°
(m/s) (pm) (kg/m®) (m?/s)
541 7 71.9 1.246 1.4197

TSR

Tab.1 Incoming flow conditions
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The lifting lines are discritized in M = 30 elements. The wake trailing vortices are truncated at x,,, /R=10
and discretized in Ny = 200 straight-line segments per turn. The wake alignment model was tested for three and
two sections of alignment. The results are presented for the last (n = 2), where the vortices were lined up at x /R =
0 (lifting line) and x /R = 1. The radial distributions of the dimensionless pitch and tangential induced velocity on
the alignment sections are presented in Fig.3.
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Fig. 3 Radial distribution of (a) pitch and (b) tangential induced velocity at the alignment sections (n = 2)

The effect of the alignment on the power coefficient, C, = P/ epU 31TR2), where P is power, is shown in

Tab.2. The mean experimental value is also presented for comparison purposes [4]. The wake alignment in the
downstream section, x/R = 1, increases the power coefticient by 19%.

The n = 3 wake, aligned at x/R =0, x/R =1 and x/R = 2, and the n = 2 wake produced similar results.
The radial distribution of pitch and tangential induced velocity on x/R = 2 were, in fact, very close to the
distributions registered on section x/R = 1. The power coefficient decreased 0.007% with the extra alignment
section.

Wake Cp

Constant pitch (n = 1, aligned on x/R = 0) 0.2790
Alignedonx/R=0andx/R=1(n = 2) 0.3332

Mean experimental value 0.3548

Tab.2 Power coefficient, Cp, for a wake of constant pitch (n = 1) and a wake aligned in two sections (n = 2).
Mean experimental value obtained in NASA/Ames wind tunnel test [4]

The force coefficients, C,, and C; (normal and tangential to the section chord, respectively) are defined as a
function of the lift and drag coefficients:

C,=C,cosa—Cpsina, “)
C;=C,sina + Cpcosa, &)

where « is the angle of attack.

The numerical predictions of the radial distributions of C,, and C; are plotted in Fig.4 and compared with the
experimental measurements presented in [4].

The alignment in x /R = 1 leads to an increase of C,, and C; in the whole blade extent. An agreement between
the experimental data and the n = 2 resultant power coefficient and force coefficients’ radial distribution can be
observed. The discrepancies near the hub are directly related to its modelling. As previously stated it is simulated
by an infinite cylinder. However, its radius is far bigger than the real turbine hub.
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Fig.4 Radial distribution of (a) C,, and (b) C; for two wakes: constant pitch (n = 1) and aligned in two
sections (n = 2); comparison with experimental data [4]

CONCLUSIONS

A method to analyze the flow around horizontal axis wind turbines with the lifting line theory is presented.
A non-linear vortex wake alignment scheme is proposed. Results are presented for a wake aligned in the lifting
line and in one section downstream. An increase in the power coefficient is obtained. An additional alignment
section downstream did not significantly change the results. The numerical predictions are compared to the NREL
turbine experimental data. The non-linear vortex wake alignment scheme considerably improves the predicted
force coefficients’ radial distributions with respect to the classical alignment at the lifting line.
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ASSESSMENT OF EDDY VISCOSITY MODELS FOR THE MULTISCALE
MODELLING OF THE NEUTRAL ATMOSPHERIC BOUNDARY LAYER

Orkun Temel: Laurent Bricteux: Jeroen van Beecks
von Karman Institute Universite de Mons von Karman Institute
Brussels, Belgium Mons, Belgium Brussels, Belgium

Universite de Mons
Mons, Belgium

ABSTRACT

This study is devoted to the investigation of the performances of 6 different k — € closures for
coupled computational fluid dynamics (CFD) and numerical weather prediction (NWP)
simulations. The methodology being applied is based on the reformulation of Reynolds-
Averaged Navier-Stokes models based on the features of mesoscale turbulence closures.
Simulations have been performed for the Askervein Hill case. The inflow conditions have been
acquired by performing mesoscale simulations using the Weather Research and Forecasting
(WRF) model and the microscale/CFD computations have been conducted with the open
source CFD toolbox OpenFOAM v.2.3.1. The numerical results have been compared with the
wind speed and turbulent kinetic energy measured during the campaign.

INTRODUCTION

The numerical and laboratory-scale modelling of the flows over complex terrains is one of the most
challenging topics in the field of atmospheric boundary layer [1] due to many different engineering applications
like heavy gas dispersion [2] and wind energy assessment studies [3]. Diurnal variation of near-surface winds over
complex terrains is directly related with a larger meteorological scale, so called mesoscale. For instance, the
convection of clouds with different water vapor concentrations changes the absorption coefficient of atmosphere
which also directly affects the surface radiative heat flux. When the surface radiative heat flux changes, the surface
temperature gradient changes too and this affects the budget of the turbulence kinetic energy and finally the near-
surface winds changes during the day.

This complicated physical process arises questions on the applicability of classical logarithmic law profile
based on the Monin-Obukhov theory [4]. For extreme stability conditions like low-level-jets or extremely unstable
conditions, the applicability of the Monin-Obukhov theory is open to question. Moreover, the Monin-Obukhov
theory is only applicable for the surface layer. Nowadays, due to the improvements in the wind engineering, the
hub-height of wind turbines are increasing so that the region physically governed by the Monin-Obukhov theory
falls below to the region that is aimed to achieve technologically. Even though, there are some attempts to extend
the Monin-Obukhov theory above the surface layer, their universality is still open to question [5].

Mesoscale or generally speaking NWP models stand as a potential tool to obtain realistic inflow conditions
thanks to their multiphysical nature which covers many different atmospheric phenomenas including atmospheric
radiation, phase change of water, heat and mass transfer within soil and turbulence within the atmospheric
boundary layer. The main idea is to perform mesoscale simulations and use the wind speed, wind direction,
potential temperature values in the upstream of the microscale domain as inflow conditions.

Many researchers had reported that the standard RANS closures are not developed for the atmospheric
boundary layer flows and their closure coefficients must be determined according to the physics of the atmospheric
boundary layer [6]. Many different approaches had been proposed by various researchers from analytical
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derivations [7] to making use of look-up tables [8]. However, it must be noted that all these models devoted to the
microscale simulations not for the coupled CFD/NWP simulations. The problem with the current model was the
fact that when the turbulent scalars which are computed by the mesoscale model are imposed directly as boundary
conditions to the turbulence model, the computed turbulent viscosities of mesoscale and microscale model must
match. In other words, the turbulence closure coefficients must be convenient between two models. In order to
solve this problem, 8 different mesoscale turbulence models have been adapted as variants of k — € models for
coupled RANS simulations of CFD/NWP [9].

In this present study, different to our previous work [9], further modifications and improvements have been
tested for the developed base model. In addition to k — € closures, based on our another previous work [10], a
variant of Re-normalization Group (RNG) k — € model which is developed for atmospheric boundary layer flows
has been updated to be able to work for coupled simulations.

The time period of interest is the TU-03B turbulence run of Askervein Hill full scale experiments [11],
which corresponds to the 03/10/1983 - 14:00-17:00. Mesoscale results of the previous work [9] has been used.
Mesoscale simulations had been performed for 4-nested domain covering a region of 4000 km x 4000 km and
having the finest resolution as 1.5 km for the smallest domain which covers a region of 135 km x 135 km .
Simulations have been performed with an algebraic turbulence parameterization scheme so called Yonsei
University Scheme (YSU). Kain-Fritsch cumulus parameterization [12] is used only for domains D1 and D2. For
longwave and shortwave radiative fluxes the Rapid Radiative Transfer Model (RRTM) [13] is used within all
domains. For the microphysics parameterizations, Thompson scheme [14] is applied and classical 5 layer land-
surface scheme which is being widely used for NWP codes is used [15].

TURBULENCE CLOSURES
Derivation of inflow conditions

Planetary boundary layer schemes being used within this study are first-order turbulence parameterization
schemes which defines turbulent momentum diffusivity within the atmospheric boundary layer based on the bulk
parameters of atmospheric boundary with the following formulation [10]:

Z)Z Q)

Ve = W,KZ (1 ——
Zj

Therefore, the turbulent scalars must be derived by using some empirical formulations related to the
atmospheric boundary layer. The detailed derivation can be found in [9]. Turbulence kinetic energy and the
dissipation rate of the turbulence kinetic energy are as follows:

(u.kz)3 (1 - ;)6 2
€= Kzl ;
B, (;cz + lm)
(u,kz)? (1 - §)4 3)
k= Z
(e+T)

In Eq.2 and Eq.3, u, is the friction velocity, k is the von Karman constant, z; is the boundary layer thickness
and B, is a model coefficient which is taken as 24.0 [14] and [, is the asymptotic length scale which is also taken
as 200 m [10].

Turbulence closures
Transport equations for the turbulent scalars are as follows for the standard —¢ :

ok @ [vt ok (4)

= ||+ P -
b Bxl- axi Oy axi] €
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ok 9 [v, k] € €? %)
uia—xi=a—x_i[ —ClP——Cz

0 0x; k

Based on the relationship between production of turbulence and dissipation and making use of Monin-
Obukhov relationships, turbulence closure coefficients had been determined for non-neutral conditions [10], the
simplified relationship between C; and C, for neutral conditions is:

K? (6)

Ce1 = Cep —
0.5
CR>0e

To extend this approach above the boundary layer, the approach proposed by Detering and Etling [16] has
been used and the Eq.6 becomes:

(7

C
f
G=C+ Ro™1
K? (®)

Cr
C Cl +_+C050'E

C? is the classical model coefficient which is taken as 1.44, Ro is the Rossby number based on the friction
velocity and turbulent macroscale (= w,/|f|L). Finally based on our theoretical derivation in [9], C, can be taken
as 0.0417.

For the RNG k — € model, transport equations for turbulence kinetic energy and the dissipation rate of
turbulence:

ok  d [v, ok )
Yo, dx; Oxl [o*k axl] tP-e
ok ve 0k € €? (10)
u@z_amhﬁx TG oRPG
c
C,=C+ R—’; (an
K (12)

C Cl +_+C050'E

Another approach being used to adapt RANS closures for atmospheric boundary layer is the length-scale
limitation [17].

L
€= C0+ (6= C) ()
Le
where L. can be computed Blackadar formulation which is also based on the asymptotic length scale.
1 1 1 (14)

LR

Blending approach

It must be noted that these closure coefficients are based on the homogeneous state of atmospheric boundary
layer which will not be valid for the regions where the flow is deviating from the homogeneous state. In order to
provide a better modeling for the wake regions, the blending approach developed by Parente [18] has been adapted
to our current model. The blending approach is based on the gradual transition of closure coefficients from the
ones proposed for homogeneous state to the ones would perform better within the wake region by using a blending
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function. For instance, ¥ being a generic variable which can be C,4, C.,, 0} or g, it is blended with the values
being used in standard k — € by using the following formulation:

¥ =Vsta t (1 =8 VapL — Vsta) (15)

where 6 is the blending function based on a dependent variable (velocity, turbulence kinetic energy etc.) and « is
the shape function of transition which is taken as 2. In this present study, we apply the velocity gradient as the
marker of blending function. For homogeneous atmospheric boundary layer only the vertical gradient of stream-
wise velocity will be equal to a non-zero value and it can be approximated as ~ u,/xz. We use the %10 of this
estimated velocity gradient as the threshold value and use the horizontal gradient of stream-wise velocity as the
marker as follows:

g_u_ 0.1 % (16)
. x KZ
6 = min m 1
0.1=
KZ

Finally, 6 different turbulence models are as shown in Table.1.

Table 1. Description of cases

Description G -G Cu

Case I Standard k — € model

without blending
Case II Standard k — € model

with blending oo b, K

RNG k — € model 27" T Ro ' (950,
Case III . ; roe

without blending 0.0417

RNG k — € model with .
Case IV :
blending
Case V Standard k — € model
without blending (2) C,=C0+(C,—C )i

Case VI Standard k — € model t—m 2 ! L,

with blending (2)

MICROSCALE CFD SIMULATIONS

Developed turbulence closure has been applied to Askervein Hill case based on a previous study performed
with conventional microscale CFD approach by Balogh [19] where the inflow conditions are defined based on the
measurements acquired during the Askervein Hill campaign. In order to compare the effectiveness of the developed
methodology, the same computational domain has been used (see Fig.1).

The selected time period, TU03-B campaign, is reported to have near-neutral stratification [20]; therefore,
the simulations have been performed by neglecting the heat transfer within the boundary layer. Gradient
Richardson number was determined to be —0.0074 which corresponds to the ‘very slightly unstable’ condition;
therefore, the atmospheric stability is considered to be neutral.

SIMPLE solution algorithm has been used with the second order upwind discretization schemes for
convective fluxes and the inlet boundary conditions have been determined by using the results of mesoscale
simulations.
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Figure 1. Computational domain

The preliminary results have been compared with the velocity and turbulence kinetic energy profiles at
the hill top (HT) and presented in Fig.2.
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Figure 2. Comparison of wind speed and turbulence kinetic energy profiles at the top of Askervein Hill

CONCLUSIONS

Preliminary results have shown that the blending approach does not improve the quality of estimations.
This can be related with the fact that the blending approach is actually developed for flows around building where
the flow totally deviates from its upstream state which can be represented by the theories devoted to the
atmospheric boundary layer, which is not the case for the Askervein Hill case. The approach proposed by Detering
and Etling [16] performs much better than the approach based on the length-scale limitation. Additionally, at the
hill top, it is likely to claim that RNG and standard k — € closures behaved quite similarly. However the final
conclusion will be drawn after a full quantitative comparison with the measurements.
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COMPARISON OF WIND LIDAR MEASUREMENTS WITH PREDICTIONS

FROM AIRPORT DATA
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Universita degli stuudi della Universita degli stuudi della Universita degli stuudi della
Campania "Luigi Vanvitelli" Campania "Luigi Vanvitelli" Campania "Luigi Vanvitelli"
Aversa, Italy Aversa, Italy Aversa, Italy
ABSTRACT

The prediction of the mean and extreme wind climate at a site from airport historical data
contains intrinsic errors coming from the not necessarily good quality of the original data,
from the approximations adopted when defining orography and roughness at the sites of
measurement and at the site of interest, from the possible presence of sheltering effects at the
site of measurement and from the approximations embedded in the mathematical models used
for transferring the measured data to the site of interest.

In this paper the wind velocities predicted at e site from airport measurement are compared
with wind LIDAR measurements, with the purpose of quantifying inaccuracies and possibly
detecting their causes.

INTRODUCTION

Both for the prediction of the mean wind climate in wind energy assessments, and for the prediction of
wind loads for structural design, the use of airport historical wind data is often the first step. This, however, contains
intrinsic inaccuracies due to several reasons, some of which are:

a) historical data are often unreliable due to incompleteness, measurement errors, poor maintenance and
change of the instruments, modifications in the characteristics of the surroundings, length of the records;

b) the definition of the characteristics of orography and of terrain roughness in the surroundings of the
measurement sites and of the site of interest depend on the availability of maps, on the accuracy and resolution of
these, and on the ability of translating these into boundary conditions for the mathematical model adopted;

¢) mathematical models for Atmospheric Boundary Layer wind flow must properly account for thermal
conditions and stratification, especially when used for analyzing the mean wind climate.

As a result, the predicted statistics of the mean and extreme wind speed can also be inaccurate, and the
inaccuracy is amplified when the square of the this is used for assessing wind loads and its third power is used for
assessing wind resource.

On the other hand, more recently wind LIDARS have appeared, and are becoming more and more common
for the assessment of wind power and for the monitoring of wind characteristics in wind farms. Wind LIDARS
provide a direct measurement of the wind velocity at the site and at the height of interest, which is therefore much
more accurate than any prediction from airport data. On the other hand, wind LIDAR measurements are limited in
time, and the data available often insufficient for a reasonably accurate statistical description of the wind climate.

In addition, wind LIDARS, and in particular wind scanners also offer the possibility of analyzing the spatial
distribution of mean and fluctuating wind speed. In doing this, one has to be aware of the inaccuracies associated
with averaging, and validation and refinement of the techniques is still in progress.

Finally, the availability of even short duration wind LIDAR measurements at the site of interest, together
with much longer historical records from neighboring airports allows calibration of the procedures for assessing
wind climate at the site. In fact, by comparing wind LIDAR measurements and predicted wind velocities at the
site one can calibrate the prediction technique, and when this is applied to the entire historical record one has to
expect that the accuracy of the prediction of the wind climate at the site of interest is improved.
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This paper deals with the aspect above. In a first stage data from three anemometric stations have been used
to assess the generalized mean and extreme wind climate of a region north of Napoli, in southern Italy. The
projected wind velocities at a reference site have been calculated and are discussed. Meanwhile, in October 2015
a wind LIDAR has been installed at the reference site, and measurements have started to be taken. Three months
of measurement will be used to calibrate the prediction of the wind climate at the site of interest, by comparison
with the projected wind velocities. At the end of the calibration process the historical records will be used again to
calculate the statistics of the mean and extreme, and these will be compared with those obtained before calibration,
so to quantify the differences in terms of wind resource and of wind loads.

PROCEDURE

The three measurement sites are the Napoli Capodichino International Airport, the Carlo Romagnoli
Grazzanise Airport and the Capri Damecuta Heliport. The site of interest is in the city if Aversa, where buildings
of the Faculty of Engineering of the Seconda Universita di Napoli are located.

The Napoli Capodichino International Airport (40°53'02"N, 14°17'10"E, WMO: 16289, IATA: NAP,
ICAO: LIRN) is located within the metropolitan area of Napoli, at an elevation of 80 m above sea level and a
distance from the sea of 4.5 Km. The surroundings are densely build. SYNOP historical three-hourly records from
1952 to 2011 are available for this site, together with METAR historical hourly records from 1974 to 1999 and
semi-hourly from 2000 to 2011. The mean wind climate is dominated by north-north easterly and south-south
westerly winds. Orography effects may affect the measurements. (Figure 1).

15,0%

Figure 1. Napoli Capodichino International Airport site and wind frequency rose.

The Carlo Romagnoli Grazzanise Airport (41°03'39,"N, 14°04'55"E, IATA: QTC, ICAO: LIRM) is located
27 km north of Napoli, at an elevation of few metres above sea level and a distance from the sea of 12 km. The
surroundings are flat agricultural areas. SYNOP historical three-hourly records from 1976 to 2011 are available
for this site. The mean wind climate is dominated by north-easterly and west-south westerly winds. (Figure 2).

The Capri Damecuta Heliport (40°33'30"N, 14°12'05"E, ICAO: LIQC) is located on the western coast of
the island, at the top of'a 150 m cliff and at a distance from the sea of 300 m. Orography effects are expected to be
very strong. SYNOP historical three-hourly records from 1955 to 2011 are available for this site, with many
missing measurements. The mean wind climate is rather omnidirectional, only slightly dominated by west-south
westerly winds. (Figure 3).

Finally, the Aversa site (40°58'00"N, 14°12'00"E) is located 15 km north of Napoli, at an elevation of 50 m
above sea level and a distance from the sea of 15 Km. The surroundings are flat and densely build. (Figure 4).
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Figure 2. Carlo Romagnoli Grazzanise Airport site and wind frequency rose.

Figure 4. Aversa site.
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The generalized mean and extreme wind climate at the three sites was analyzed using WAsP and WAsP
Engineering software. The roughness height was calculated for 12, 30° degree sectors, using the CORINE Land
Cover data 2000 (CLC 2000). Orography maps were obtained from SRTM (Shuttle Radar Topography Mission)
1" resolution (30 m) data.

Measurements are presently being taken at the Aversa site using a pulsed wave WindCube V2 wind LIDAR,
installed at 10 m of elevation (Figure 5). Measurements started in mid October.

Figure 5. WindCube V2 installation.

PRELIMINARY RESULTS

In Table 1 the Weibull parameters A and k and mean wind speed for the Aversa site evaluated from different
historical data are shown. In Tables 2 and 3 the Fifty-year wind speed evaluated from different historical data
through Extreme Value Analysis and Peak Over Threshold method are shown.

Table 1. Weibull parameters A and k and mean wind speed for the Aversa site evaluated from
different historical data.

z=10 m a.g.l. z=50 m a.g.l. z=100 m a.g.l.
Site
A[m/s] | k |U[m/s] |P[W/m? |A[m/s]| k |U[m/s] |P[W/m?] |A[m/s]| k | U[m/s]|P[W/m?]

Capodichino
METAR 1.6 1.10 1.6 12 33 1.3 3.0 61 4.1 14 38 100

Capodichino
SYNOP 1.7 1.11 1.6 13 3.4 1.3 3.1 68 43 1.4 39 111
Grazzanise 1.6 1.15 1.5 9 3.1 1.3 2.8 48 4.0 1.4 3.6 84
Capri 1.7 0.95 1.7 22 3.4 1.0 33 120 4.4 1.1 4.1 195

Table 2. Fifty-year wind speed for the Aversa site evaluated from different historical data through
Extreme Value Analysis.

z=10m a.gl. z=50magl | z=100ma.gl | z=150ma.gl. | z=200 ma.g.l.

Site
Uso Uso Uso Uso Uso
[m/s] dev. [m/s] dev. [m/s] dev. (m/s] dev. [m/s] dev.
Capodichino
METAR 21.6 1.89 34.1 2.97 39.4 342 425 3.69 44.7 391
Capodichino
SYNOP 222 1.85 35.5 2.98 41.2 3.46 444 3.73 46.6 3.92

Grazzanise 17.8 1.54 28.5 2.47 32.7 2.82 349 2.99 36.6 3.13

Capri 21.1 2.96 338 4.72 394 5.51 425 5.93 44.5 6.22
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Table 3. Fifty-year wind speed for the Aversa site evaluated from different historical data
through Peak Over Threshold Method.

z=10 m a.g.l. z=50ma.gl | z=100ma.gl. | z=150ma.g.l. | z=200 m a.g.l.

Site
Uso Uso Uso Uso Uso
(ms] dev. [m/s] dev. [m/s] dev. (ms] dev. [m/s] dev.
Capodichino
METAR 24.1 3.04 38.4 4.92 43.8 5.39 46.8 5.63 49.0 5.84
Capodichino
SYNOP 23.2 2.25 38.2 3.96 43.1 4.21 45.7 4.28 47.7 4.41

Grazzanise 17.2 0.86 27.5 1.17 31.8 1.71 342 1.98 35.8 2.07

Capri 24.8 3.75 41.0 6.54 47.1 7.35 50.2 7.71 524 8.02

It is clear how the results depend very much on historical data and on the method of evaluation adopted.

Finally, as an example in figure 6 a comparison is presented of the measured data at 10 m (Capodichino)
and of the projected data at 50 m (Aversa) for the dominant sector (195°-225°) and omnidirectional. All the
directional data are found to correlate very well, while omnidirectional data show a larger scatter. This suggests
that when projections are made at a site of interest using directional data, these can be quite accurate, given that
the model is properly calibrated.

35 35

30 - "
30 y = 1.265x

- [y=1.351¢ R?=0.983 <

N
S
2
"
<)
o
©
I}
~
&

AVERSA
.
«

/ g 20
-4
s
£

L

)

[
w

o
(=}

0 5 10 15 20 2 0 5 10 15 20 25 30
CAPODICHINO - METAR CAPODICHINO - METAR

Figure 6. Comparison of measured data at 10 m (Capodichino) and predicted data at 50 m (Aversa): 195°-225°
sector (left) and omnidirectional (right).
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ABSTRACT

The wind profile over a forested terrain is characterized by strong shear and high turbulence
level. In addition, diurnal and seasonal variations in weather conditions highly affect the
Atmospheric Boundary Layer (ABL) characteristics. Therefore, studies on the combined
impact of forest and thermal stratifications are of utmost importance for wind resource
assessment. In this work, Large-Eddy Simulations are carried out under neutral and stable
conditions to study the effects of thermal stratifications on the ABL profile developed over a
forest. Three different types of forests are tested, using different Leaf Area Densities, to
evaluate how the wind resource is affected in both, neutral and stable, conditions.
Comparisons are performed in order to elucidate the combined effect of a forest cover and
stable conditions.

NOMENCLATURE
H = Height of forest (m)
U = Mean horizontal velocity (m/s)
Unup = Mean horizontal velocity at hub height (m/s)
Uy = Geostrophic wind (m/s)
Oy, 0y, 0y = Root-Mean-Square of the velocity fluctuations (m/s)
a = Wind shear (-)
k = Turbulent kinetic energy, TKE (m?*/s?)
w'w") = Reynolds shear stress (m%/s?)
Qy = Heat-flux on the canopy-top (K- m/s)
y = Wind direction (°)
u, = Frictional velocity (m/s)
X, Y,z = Cartesian coordinates, z is the vertical coordinate (m)
Z = Roughness length (m)

INTRODUCTION

Forest areas are of increasing interest for the wind energy industry, as such locations have a huge benefit
in terms of the social acceptance of wind energy. However, the wind profile over a forested terrain is characterized
by strong vertical shear and high turbulence levels. As a result, wind turbines installed within forest areas are
expected to have high aerodynamic loads, which would eventually affect their life-time and maintenance costs. In
addition, diurnal and seasonal variations in weather conditions induce drastic changes to the atmospheric boundary
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layer (ABL). Among the other ABL conditions, Stable boundary-layers (SBLs) are relatively shallow and are
characterized by lower and sometimes intermittent turbulence levels, strong vertical variations in wind speed
(shear) and direction (veer), and a relatively high wind near the top of SBL. At this height, the local wind can
become super-geostrophic and form a Low Level Jet (LLJ) [1]. As a result, for the same geostrophic wind, SBLs
may provide larger energy potential compared to neutral and convective ABLs. However, the SBL may induce
high deformation strain on the blade as well as greater structural fatigue loads due to strong shear and veer [1].
Seasonal variations also influence forest properties as trees drop their leaves in autumn but sprout new leaves in
spring and they start growing again. Thus forest properties are being changed during a year, and this leads to
changes in the lower part of the ABL. These observations emphasize the need for a more detailed understanding
of the wind resource over forest areas under the influence of stably stratified atmospheric conditions. This is utmost
important for new wind-energy harvesting in the Northern countries, where the cold climate condition is typical
as well as the share of forest in the total land-area is much higher, for example up to 75% in Finland. From a
numerical point of view, little literature [2, 3] is available on coupling forest and stable conditions. Therefore,
more research is needed to improve our understanding of the wind characteristics and the turbulence organization
in the lower part of the ABL, as this regime is highly relevant to wind energy.

This work aims at studying the effect of stable stratification over a forest cover compared to that of neutral
stratification. Further, the effects of a number of forest densities, representing seasonal variations in tree, on wind
resources are studied for the both thermal conditions in order to see how forest properties influence the local wind
and that how it affects the wind resource. The study is based on numerical simulations which are carried out using
the Large-Eddy Simulations (LES) approach. To distinguish thermal effects (SBL) and dynamic effects (presence
of the forest), all simulations are also carried out without forest (i.e. over flat-terrain situations). In the present
abstract, numerical results of the wind characteristics over a dense forest under the influence of neutral and stable
conditions are presented and discussed. The result comparison is shown into perspective for wind energy
applications.

fad B —
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LAD (1/m)

Fig. 1: Vertical distributions of the three LAD profiles used in the study

METHODOLOGY

For both atmospheric conditions, different forest properties are considered to see the influence of a forest
cover on the ABL. Three different Leaf Area Densities (LAD) are set up (Figure 1), representing tree’s biomass-
area per unit volume (1/m). The three forest types are considered horizontally homogenous but vertically
heterogeneous. Among the LAD profiles utilized in this work, the first one (LAD-1) is adopted from the wind-
tunnel experiment [4], which represents a sort of artificial forest made of metallic meshes. The second LAD profile
(LAD-2) represents pine forest located at the Ryningsnés site in Sweden [5]. Pine forests are typical in the northern
countries. Originally, Nebenfuhr and Davidson (2015) estimated this profile and used in their recent numerical
study [2]. The third LAD profile (LAD-3) uses the same shape of the LAD-2, but with less amplified density. In
this way, the LAD-3 profile represents the same type of trees as in the case with LAD-2, but with less biomass
area. In all cases, the forest height is fixed to 20 m.

In the numerical simulations, the drag-force approach [6] is used to model the presence of the forest
canopies on the ground. To consider the flow over an infinitely long forest, periodic boundary conditions are used
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in both horizontal directions. The incompressible filtered Navier-Stokes equations, along with a potential-
temperature equation, are solved including the Coriolis and buoyancy forces. The simulations are performed using
a computational domain of 80H X 40H X 20H in longitudinal (x), transversal (y) and vertical (z) directions,
respectively. Here, H = 20 m is the height of the forest in all cases. The domain is discretized into 320 X 160 X
126 grid-cells in x, y and z directions respectively. In this way, the grid resolution in both horizontal (longitudinal
and transversal) directions is fixed to 5 m. In the vertical direction, the grid resolution is set to 2 m in the forest
(z < 20 m), and is then gradually decreased to reach 5 m at the top boundary. The flow is driven by fixing the
pressure gradient force which adjusts the geostrophic wind to U, = (6.13,0,0) m/s at the height of 400 m. The
Monin-Obukhov scaling laws are used at the lower boundary. In the stable case, the potential temperature 6 is
initialized to rise from 297 K at the ground to 300 K at the top boundary. Below 100 m, random fluctuations with
amplitudes of 0.1 K and 0.5 m/s are added to the initial potential-temperature and horizontal-velocity fields,
respectively. Following [2], the stable case is based on the observations of the Ryningsnés field measurement [5],
with a heat flux of Q4 = 0.005 K - m/s at the top of the canopy. The latitude is set to 57° that corresponds to the
Ryningsnis field-measurement site.

RESULTS

In this section, only the results obtained using LAD-1 profile are presented. However, in the full paper, the
present results will be compared with other results which will be obtained using the rest of the two forest properties
(LAD-2 and LAD-3). Figure 2 compares the LES results from the two thermal conditions normalized by the
friction velocity. The LES results are time-averaged for 50-hour after the flow development. According to Figure
2, the normalized mean wind-speed in the stable condition is higher by 34% at z = 5H (at hub height) and 40% at
z = 20H as compared to the neutral case. The maximum difference is found to be 71% at z = 13.4H due to the
LLJ. Such velocity speed-ups observed under the stable conditions may lead to high power potential. Further, the
Root-Mean-Square (RMS) of the longitudinal velocity fluctuation (o,) is smaller in the stable case compared to
that in the neutral case at every height above the forest. The transversal (g;,) and vertical (g;) fluctuations are found
to be of similar amplitudes for 1 < z/H < 5 (Fig. 2b). The resolved turbulent kinetic energy (Fig. 2d) is smaller
by about 71% in the stable case at z = 5H with respect to that in the neutral case. The boundary-layer height in
the stable case is found to be at z/H = 15, which is about 75% of the boundary-layer depth in the neutral case.
The boundary-layer depth in the neutral case is the same as the height of the computational domain (20H). The
lower boundary-layer height is generally responsible for the decreased level of turbulence in the stable case.
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Fig. 2: Vertical profiles of the normalized horizontal mean wind-speed (a), the RMS of the fluctuations (b), the
resolved Reynolds shear stress (c), and the resolved turbulent kinetic energy (d). The solid and dashed lines
represent the stable and neutral cases respectively

To discuss the results from a wind energy perspective, a typical middle size wind turbine (= 2.5MW) with
a diameter of 90 m and hub height of 100 m is selected. Figure 3 compares the normalized LES results from the
two stability conditions as well as with the VDI norms [7]. In Figure 3, the altitude is normalized with the hub
height, and the light-grey background depicts the rotor diameter. The comparison of the velocity profiles between
the VDI norms [7] (neutral & no forest) and the neutral simulation with forest in Figure 3(a) clearly shows an
increased wind shear (due to the forest) affecting the entire rotor area. The shear exponent a (Figure 3d) is very
high due to the forest and the stable conditions amplify it. Further, Figure 3(b) indicates that the stably stratified
condition dramatically affects the change in the wind direction. A rotation of 10° is observed through the rotor in
stable conditions, whereas only 3° is observed in neutral conditions. Such changes in wind direction (due to the
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prevailing of the Coriolis forces compared to the inertial forces and turbulent mixing) are expected to affect power
production and to increase the yawing moment with possibly harmful consequences for turbine lifetime.
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Fig. 3 Comparison of the wind characteristics in neutral (dashed lines) and stable (solid lines) conditions over

the forest compared to the VDI norms [7] (dash-dotted lines) over a flat terrain. (a) The normalized horizontal

mean wind speed, (b) the mean wind angle with respect to the wind direction at hub height, (c) the turbulence
intensity in the longitudinal direction, and (d) the wind shear factor

The global Turbulence Intensity (TI = 0,/Uyyp) is shown in Figure 3(c). Under neutral condition, the
forest introduces a turbulence level of about 18% at hub height, and maintains it throughout the boundary layer.
This is a very high increase compared to the VDI norms [7] in neutral conditions without forest (9%). The shear
exponent (Table 1) is also drastically increased compared to the VDI norms. In stable conditions, the negative
thermal flux reduces the turbulence level down to about 11% at hub height and again decreases to 9% at the rotor-
top position. Less or sometime internment turbulence level is one of the characteristics of stably stratified
conditions in general. However, the shear exponent in the stable case is drastically increased compared to the VDI
[7] and to the neutral case.

Table 1 compares the LES statistics with the IEC standards [8]. The IEC standards are used for the selection
of the turbine by providing the shear exponent, the reference speed, and the reference turbulence intensity specific
of each turbine category. The TI under neutral conditions reaches to the maximum limit of the IEC standards, but
stable conditions reduce it back to within the IEC limits. For both condition, the shear is outside the IEC

recommendations. Thus forest violates, especially under neutral conditions, the IEC standards of safe turbine
operation.

Table 1. Calculated shear exponent and TI at hub height from the simulations compared to the norms [7, 8]

Shear a TI
Stable (forest) 0.62 11%
Neutral (forest) 0.41 18%
VDI (Neutral-flat) 0.14 9%
Max IEC 0.2 18%
CONCLUSIONS

For alone-standing turbine in forest, stably stratified conditions are may be favorable as they damp some of
the extra turbulence coming from forest as well as they increase wind speed. With respect to a flat terrain, the shear
and turbulence levels at hub height are increased by the presence of the forest in both conditions. In the neutral
case, a high (18%) turbulent level is observed at hub height, which in practice might be harmful to wind-turbine
operation, as it is on the verge of the IEC limits [8]. The stable stratification is found to amplify the shear factor
(by 56% at hub height compared that of the neutral case) and to increase the angle deviation. These two parameters
are prejudicial to wind turbines, as high shear may trigger fatigue.

In both conditions, due to the forest, the shear factor is out of the IEC recommendations. However, the
stable conditions damp the intensity of the turbulence cause by the forest in an important manner. The TI is
decreased from 18% (in neutral) to 11% (in stable) at the hub height. Therefore, neutral stratification is found to
be the worst case for turbulence intensity, but stable stratification the worst case for shear factor. It must be
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mentioned that the IEC evaluation accounts only for hub height values, whereas numerical results show significant
variations vertically even within rotor diameter.

Currently, LES calculations focusing on the LAD-2 and LAD-3 profiles are being carried out. In the full
paper, the effects of neutral and stable stratifications on the ABL developed over the three different forests will be
discussed in detail. Also, simulations without any forest (i.e. flat terrain) will be carried in order to see the global
influence of forest on wind resources under neutral and stable stratifications.
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ABSTRACT

This paper presents an experimental and numerical investigation of the power extraction from
the oscillations of a square beam due to aeroelastic instabilities. The energy harvesting is
performed using a coil-magnet arrangement connected to a variable resistance load with the
target objective to auto-power a remote sensor. Two aeroelastic phenomena are investigated:
Vortex Induced Vibration (VIV) and cross-flow galloping. The first instability (VIV) is
analyzed on a free-standing vertical structure. A second experimental set-up is developed on a
horizontal square cylinder supported by springs, free to oscillate vertically as a rigid body. In
this case, both galloping and VIV are interacting, leading to interesting characteristics in order
to harvest energy from the wind. For both harvesting systems, the characteristics of the
aeroelastic phenomena are first studied numerically using a wake oscillator model (for VIV)
and a quasi-steady model (for galloping). Then the behavior of each electro-mechanical
aeroelastic system is investigated for different reduced wind speeds and load resistances in a
wind tunnel. It is shown that the efficiency of the current harvesting device is low, but large
enough to power a remote sensor with an adapted measuring strategy.

INTRODUCTION

The amount of smart remote sensors has constantly increased over the last years. The objective of such
sensors is to obtain information about the environment (temperature, luminosity, noise, humidity,...) or to take part
to communication networks. A main drawback of such systems is the need to supply power to the sensors:
conventional power supplies, such as battery or supply cables, consist in the main obstacle to reach a higher
integration of microsystems in engineering applications. The energy harvesting concept can relax this constrain by
using free and renewable energy to power ultra-low power devices.

The objective of this work is to harvest energy from the vibration induced by the wind: in an aeroelastic
system a fraction of the energy of the flow is transferred to the structure beyond a critical wind speed. The difficulty
concerns the coupling of the harvesting system to the aeroelastic system, which might change the behavior of the
global electro-aeroelastic model. Many research works have been dedicated to this topic. Some of them are purely
experimental [1-3], numerical [4] or in-between, without modeling the harvester [5].

In the scope of this work, we focus on an experimental and numerical investigation on two types of
aeroelastic phenomena: (i) VIV of a vertical structure and (ii) VIV-Galloping of a horizontal structure. The
modeling part is devoted to the quantification of the energy harvesting potential of the aeroelastic phenomena. The
second part aims to validate the model output and measures the power output of the energy harvester.
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METHODOLOGY

For each structure, a wind tunnel test campaign is carried out to measure the amplitude of motion and the
electrical power (Pgn) as a function of the reduced velocity, for different values of the load resistance. In parallel,
the aeroelastic behavior is investigated by adequate numerical models:

e For VIV, the model proposed by Tamura [6] is selected. This model is a wake oscillator type (two
degrees of freedom), having the advantage to involve parameters that can be related to static
aerodynamic quantities.

e For galloping, the traditional Parkinson model using a fifth order polynomial form of the vertical
force coefficient is selected [7]. The empirical constants of this model are available from the
literature, as a function of the Reynolds number of interest.

These non-linear models are able to capture the complex aeroelastic behavior of the systems (lockin for
VIV and subcritical bifurcation for galloping). In the case of the horizontal beam, where VIV and galloping are
expected to interact, the two models are coupled to reproduce this interaction effect, which changes the form of
the traditional bifurcation diagram of a square cylinder [8].

In addition, an experimental identification of the dynamic properties of the harvesting system (coil-magnet
assembly) is performed. The resulting representation of the harvesting part is coupled to the aeroelastic models
presented above in order to obtain a global electro-aeroelastic model.

The models are used to quantify the potential energy transfer between the flow and the structure. Barrero
et al. proposed a similar approach using a fluid force model based on experimental data from forced vibration tests
[5]. The Root Mean Square (RMS) value of the mechanical power of the aeroelastic motion, denoted P', is
calculated by

P = \/1/T [F,@y®)] at (1)

where F,, () and y(t) correspond to the force along the cross-wind direction and the motion velocity respectively.

The theoretical/model estimations of the efficiency of the systems will be compared to the experimental
measurements carried out in the wind tunnel.

EXPERIMENTAL SET-UP

The tests are performed in the multi-disciplinary wind tunnel of University of Li¢ge, in uniform low
turbulence flow conditions (T1<0.2%). For each set-up, the model is installed in the test section and the coil-magnet
assembly is installed at the tip of the vertical model (figure 1) and on one site of the horizontal one (figure 2). The
beam is made of aluminum, has a square section with a side of SO0mm, a thickness of 2mm and a length of 1650mm
and 1340mm for the vertical and horizontal apparatus respectively.

<—b
—1 | MAGNET
. . . | (Stationary)
CoiL
(in beam)

Core
Coil A (Inner coil)
Coil B (Outer coil)

Figure 1. Vertical experimental set-up installed in the test section (left) - Coil/magnet assembly (right)
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Figure 2. Horizontal set-up installed in the test section (left) - Coil/magnet assembly (right)

The instrumentation of the model consists in a laser to measure its displacement. The modal properties of
the structure with and without the harvester are identified through free responses (hammer impacts) imposed to
the beam. A voltmeter measures the voltage through the load resistance (Vi) and the electrical power produced by
the harvesting system is calculated by Pen=V 1% Ry.

EXPERIMENTAL RESULTS

The electrical power extracted by the coil-magnet assembly in the case of the vertical structure (VIV only)
is presented in figure 3. It is observed that the VIV oscillation starts around U*~7.2~1/0.13, where St=0.13 is a
good estimate of the Strouhal number of the square cylinder. The lockin range is equal to AU* = 2.5, which is not
2mmé
D 6).

very large because of the large value of the Scruton number of the system (S¢ =

T

Q

Figure 3. Vertical set-up (VIV): Electrical Power output vs. U”, for different values of the load resistance

The maximum electrical power is reached around U" ~ 8 and for a load resistance around 400Q. The
optimum value of the load resistance matches the resistance of the coil (406Q) in accordance with the Maximum
Power Transfer Theorem.

Figure 4 presents the VIV-galloping power output as a function of the reduced velocity for the horizontal
set-up. In this case, there is a clear interaction between VIV (the critical VIV velocity is shown as a black square)
and galloping. The galloping phenomenon is triggered by the VIV instability and the resulting bifurcation branch
follows a linearly the reduced velocity U". It is observed that the load resistance has a strong effect on the resulting
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oscillation amplitude and R =255 corresponds to the optimal value, matching the internal resistance of the coil
(Rc=257Q), similarly to the case of the vertical set-up presented above.

feely

jokelele]
1

Figure 4. Horizontal set-up (VIV-Galloping): Electrical Power output vs. U”, for different values of the load
resistance
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Figure 5. Efficiency (in %) of the harvesting systems: Vertical set-up (left) and horizontal set-up (right)

Figure 5 presents the efficiency (Pen/Pwinp) in the plane (U",R). In the left plot, the VIV optimal efficiency
is clearly localized on a peak, centered on (8,400). Beyond this peak (U*>10), no more energy can be extracted by
the system since the lockin phenomenon ended. In the right plot, the situation is different: beyond the critical
velocity (U*=10), the system is unstable and energy can be harvested up to U"=30 (which is the limit of the test).
Nevertheless, the optimum harvesting region ranges between U"=10 and U"=20 and R=150Q and R=350. This
is a clear difference between the two harvesting apparatus.

On the energy harvesting point of view, the electrical power output the ratio Pgy / Pwinp is lower than 10
for the VIV set-up (2 107 for the VIV-galloping). This result brings out the poor efficiency of the current design
choice for the coil/magnet assemblies to harvest the mechanical energy of motion.

On the auto-powering point of view, it is worth mentioning that the value of Pgy, around 0.15mW, can be
sufficient to carry out measurements with ultra-low power devices. Such devices can be operational and provide
measurements from 0.0lmW (at low acquisition frequency). In addition, small size electrical storing devices
(batteries, capacitors or super-capacitors) can be used in order to establish a measuring strategy for which the
measuring time is adapted to the available power (including sleeping times of the sensor). If needed, an electrical
storing device (e.g. battery) can be used to power the wireless sensor node set with a proper duty cycle in order to
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achieve a balanced energy equation. Rather than wasting this mechanical energy, the energy induced by the VIV
phenomenon can be used to self-monitor the harvesting apparatus itself, for predictive maintenance purpose [9].

CONCLUSIONS

The present work investigates the potential energy harvesting from the VIV and galloping phenomena of a
square cylinder in an airflow. In this abstract, primary experimental results are presented and the electrical power
output is shown for the two tested configurations (vertical and horizontal). As expected, the global efficiencies
values (Pen/Pwinp) are very low (~0.15mW for VIV and ~15mW for VIV-galloping) but sufficient to power sensors
with an adapted strategy. In the conference paper, numerical models are used to compute the amount of mechanical
power of the beam undergoing oscillations.
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ABSTRACT

Delayed-detached eddy simulation (DDES) is a promising approach for unsteady turbulent
problems. The several weaknesses of the model limit its use to detached flows. However, recent
studies have enhanced it considerably through several modifications, such that DDES has been
applicable to attached flows as well. In this study, flow around the NREL S826 airfoil designed
for use in HAWTs is aimed to simulate using a DDES model with a shear-layer-adaptive length
scale, which is a recent enhancement over DES models. The solver, which has been developed
for aeroacoustic purposes, used features fourth-order spatial accuracy with dispersion-
relation-preserving (DRP) scheme. Simulations will be done at a Reynolds number of 145000
and near stall angles of attack to analyze the stall characteristics of the airfoil. Then, the
aerodynamic coefficients will be compared with the METUWIND experimental data and the
DDES results from another study in METU. This study aims to improve the results with
eliminating the mentioned limitations of DDES in low-Reynolds number flows as well as with
reducing the grid cells thanks to the low-dissipation and low-dispersion scheme of the solver.

INTRODUCTION

In modern wind turbines, the blade noise is the primary noise source which are mostly related to turbulent
flow structures around the blades and these structures generate the noisiest waves of wind turbines [1,2]. Accurate
turbulent flow solutions for aeroacoustic purposes need proper numerical schemes and turbulence modeling. Since
acoustic waves can propagate without dissipation and dispersion losses over long distances, numerical schemes
employed must be non-dissipative and non-dispersive. For this purpose, a Navier-Stokes solver based on the
fourth-order (in spatial accuracy) finite volume approach of [3] with low-dissipation and low dispersion benefits
has been developed. While low dissipation is provided with a fourth-order scheme, low dispersion is provided with
'dispersion-relation-preserving' (DRP) feature proposed by Tam and Webb [4]. The development process of this
solver and validation test results have demonstrated and discussed in the study of Cengiz and Ozy®ériik [5]. Despite
the fact that the solver is designed for aeroacoustic purposes, the inherent features of the numerical scheme, such
as fourth-order DRP discretization, would benefit proper resolution of the turbulent structures in the flow.

Instead of directly resolution of eddies in turbulent flow situations, there are several turbulence modelings
in use to reduce the computational cost down to feasible levels. For instance, unsteady Reynolds-averaging Navier-
Stokes (URANS) models all eddies by a universal model; on the other hand, large eddy simulation (LES) models
small eddies and resolves the large ones. However, they both have some drawbacks. While RANS could not give
accurate results for large separation cases, LES needs extremely fine mesh domains in boundary layers. Although
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detached eddy simulation (DES), aimed to overcome these drawbacks, models eddy viscosities in boundary layers
via unsteady RANS and activates LES at the outer boundary layer regions, it may develop less eddy viscosity in
boundary layers by activating LES earlier due to severe grid cases (modelled-stress depletion (MSD) problem).
Consequently, delayed detached eddy simulation (DDES), which solves the MSD problem by limiting the length
scales with eddy viscosities, is introduced in [6]. On the other hand, DES models are mainly designed for detached
flow cases, as the name infers. When properly adjusted, nevertheless, it may even resemble wall-modeled LES
(WMLES) except that it uses RANS equations for eddy viscosity in its LES mode as well, instead of Smagorinsky-
type subgrid viscosity definitions typically used in LES approaches. Properly adjusting the model here is meant to
be the modifications designed to overcome certain weaknesses proposed and cured in [7,8]. A more recent
modification is designed by [9] additionally accelerates the transition to LES mode in shear layers. This version
of DES, which is called “shear-layer-adaptive DES (SLADDES)”, is implemented and tested in this study, in an
aim to obtain good results even in attached flow cases. In this study, SLADDES simulations are performed around
the NREL S826 blade section profile which was designed for HAWTs of 10-15 meters by the National Renewable
Energy Laboratory (NREL). The simulation will be conducted for flow with Reynolds number of 145000 and 8°,
10° and 12° angles of attack which are around the stall threshold of the airfoil. The blade section is located inside
a wind tunnel so that the aerodynamic results will be compared with the available experimental test results of
METUWIND wind tunnel [10]. Moreover, the results will be compared with the study of Cakmakgioglu et al. [11]
which performed the same problem with CFD++ commercial software.

METHODOLOGY

The numerical scheme and the turbulence modeling being used will be explained in detail in the final manuscript.

Simulation Setup

H-mesh topology is created in cross section view and extruded along spanwise direction for two chord lengths.
Since the wind tunnel has fixed inlet flow direction parallel to its wall surfaces, various attack angles is induced
by rotating the airfoil itself. The METUWIND wind tunnel test section dimensions are (1 X 1 X 2) m. The chord
length is 0.2 m. However, in this study span/chord length ratio is preferred as 2 rather than the original one which
is 5 due to computational cost concerns. 2 chord length in spanwise direction is enough to develop turbulent
structures along the blade section. The mesh has 353 X 65 X 65 grid cells. The first grid distance on the wall
boundary is set to satisfy y" ~ 1. Note that the benchmark study has simulated the same problem having
approximately 11 million grid cells with y" << 1. Geometry and block structure together with a view of mesh
around the airfoil can be seen in Figure 1.
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Flgure 1 Two block approach and the mesh around the airfoil for 8° angle of attack (2D view on left, 3D
view on right). Only odd numbered grid points are shown in 2D view.

Boundary Conditions

Since the influence of boundary layers at top and bottom tunnel walls can be neglected, slip wall boundary
condition is applied. The same condition is applied to the lateral walls. On the inlet, free stream velocity and
pressure is supplied with use of Riemann invariants, whereas on the outlet the downstream boundary of the tunnel,
free stream pressure outlet condition is enforced.

CONCLUSIONS

In the final manuscript of this paper, the SLADDES results will be demonstrated around NREL S826 blade
profile at a Re number of 145000. The lift and drag coefficients at angles of attack, 8°, 10°, and 12° near stall will
be compared with METUWIND experimental results and another DDES study. In the benchmark study, near stall
angles DDES has not shown any improvements over RANS at the Re number of interest while at higher Re
numbers, such as 970000, it has obtained more accurate results. DES approaches do not include Kelvin-Helmholtz
instability phenomena as required before transition so that they delay the transition. This is why they might have
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a trouble at low Re numbers where massively separated flows do not occur. SLADDES has been developed to
overcome this weakness. Therefore, this paper aims to test SLADDES implementation into the solver for an
attached flow case and improve the DDES results.
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ABSTRACT

Seven years before the first German wind farm alpha ventus was built in the North Sea the
research platform FINO1 was put in operation in 2003. Equipped with many different
measurement techniques for meteorological and oceanographic parameters the aim of FINO1
is to document the local environment before and after the wind farm was build. Along the mast
with 100m in height the measured wind velocities and directions are analysed in this work.
The influence of the wind farm on the local measured wind climate can be clearly shown. The
mean velocities in sectors where turbines are located decreases while the turbulence intensity

increases.
NOMENCLATURE
A = Scaling factor of Weilbull distribution (m/s)
k = Shape factor of Weilbull distribution
u = Wind velocity (m/s)
u = 10 minutes mean wind velocity (m/s)
I, = Turbulence intensity (%)
Oy = Standard deviation of wind velocity

INTRODUCTION

Due to the planned exit from nuclear and fossil fuel energy in the next future, the importance of renewable
energy is still growing. Especially the energy generation with offshore wind farms is promising to carry a higher
output than onshore wind-farms. On one hand this is caused by the stronger wind velocities close to the water level
compared to wind over terrain and on the other hand by the more uniform sea-weather. Contrary to these
advantages, the construction and operating costs of offshore farms are higher. In order to keep this as low as
possible, particularly the repair and service costs, a detailed knowledge about the dynamic loads from wind and
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waves is necessary. Therefore, the research platform FINO 1, shown in Figure 1, was put in operation in 2003 in
the North Sea of Germany, 45 Kilometers northwards of the city Borkum. Their task is to monitor the local wind
climate and the sea condition in order to provide an extensive continue database for harvesting and design of
offshore wind energy converters and farms. Besides the data for operational concepts, the environmental conditions
and the impact of the wind farms on the environment shall be investigated [1]. This is possible since 2010 the first
German offshore wind farm alpha ventus was built in the neighborhood close to this research platform (see Figure

).

— : 2
T\ oLeer
NIEDERLANDE & Weaner B
o mmﬂn
il o DEUTSCHLAND

Figure 1 Location of the research platform FINO 1 and of the wind farm alpha ventus in the North Sea [2]

METHODOLOGY

The Platform is equipped with several techniques for meteorological and oceanographic measurements.
This includes amongst other things wind velocities and directions with ultrasonic and cup anemometers as well as
temperature, atmospheric pressure and humidity in different heights along the measurement mast of 80m in height.
The measured data are sent to the coast site with 32 Mbits/s directional radio link and processed to the project
institutes. Most of the results are stored as ASCII files in the BSH-FINO-database and available for the public [3].
This data are used in this study to analyse the local wind climate, the swell and the influence of the wind farm on
these.

The used measurement data were edit in order to build up an own database consisting of 10 minutes mean
values for the period from 01.01.2004 until the 31.12.2014. Velocities from cup anemometers are available in eight
different heights along the mast; ultrasonic anemometers were placed only in three heights. The measurement
height is given in meter above the mean value of sea level. Besides the ultrasonic anemometers the wind direction
is measured in four heights with wind vanes. Using the standard deviation g,, and the 10 minutes mean values u
of the wind velocities the turbulence intensity is calculated after Equ.(1). The distribution of the wind velocities
during the period between 2004 and 2014 is shown as Weilbull-distribution in Equ.(2).

I, = O-u/ﬁ (1
k unk=1 )
fw) = Z(Z) ()
RESULTS

The local wind climate in 100m or rather 90m height above the mean sea level is shown in Figure 2. The
left hand side gives the Weilbull-distribution of 10min mean values of the wind velocity in 100m height. On the
right hand side, the wind rose in 90m height is drawn. The wind comes mainly from west to south-west. In the
north-west sector of the wind rose the influence of the mast is visible due to the very low wind velocities.
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Figure 2 Visualisation of the local wind climate. Left: Distribution of the 10min mean values of the wind
velocity in 100m height. Right: Wind rose in 90m height

Along the wind measuring mast the variation of the Weilbull parameters A and k in different measurement
heights indicates the developed boundary layer flow. This atmospheric flow is classified in general by low wind
and high turbulence close to the surface and higher wind speed and lower turbulence in the upper part away from
the surface. Starting from 30m in Figure 3 the scaling factor A increases up to 100m height, which means higher
turbulence and lower mean wind velocities close to the sea level and high wind speeds in 100m height. The shape
factor k decreases along the mast height and shows values around k = 2,3 which is typical for this region [4].

114 7 235
1 234
1 2,33
4 2,32
4 2.3
1 2.3

112
11
10,8
) - :
Bl E z:.,zt_rL
4 228

A [m/s]

104 p
10,2 F 2,2
1 2.26
41 2,25
98 s . L L s H L 224
30 40 50 6o 10 80 90 100
Height [m]

Figure 3 Development of the Weilbull scaling factor A (circles) and the shape factor k (squares) along the height
of the measurement mast of FINO1

The offshore wind park alpha ventus was build seven years after FINO1 was put in operation. The wind
park consists of twelve wind turbines from two different types and with a height of hub around 90m. To analyse
the influence of the operating wind farm on the local wind climate the turbulence intensity in different wind
directions is calculated for different measurement periods. Figure 4 shows in the upper scatter plot the turbulence
intensities measured in 90m height before the wind farm was build. Beneath the second scatter plot of the
turbulence intensity in Figure 4 clearly illustrate its change due to the peaks in the point cloud. This increased
turbulence intensities results from the operating wind turbines in the first and second row near to Finol, whose
location agree well with the wind sectors of the peak areas. Additionally one can show, that especially the
distribution of the turbulence intensities for the wind velocity classes between 4-10 m/s - were the turbines
normally operates - changed after the wind park was build. Due to the wind farm the mean wind velocity between
20° to 180° decrease while the turbulence intensity increase in this sectors. Also in the 320° sector the wind shadow
of the mast itself is visible.
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Figure 4 Turbulence intensities measured in 90m height. Upper part show the results before alpha ventus was
build (2004-2008), lower part shows the measurement results from the period with alpha ventus (2011-2015).

FUTURE WORK WITH FINO 1 DATA

The cost of offshore wind energy significantly depends on minimizing the idle time during the installation
and operation of the wind turbines. All activities during the construction of an offshore wind farm, starting from
the pile driving to the assembling of rotors and finally installation of a condition monitoring system, are done
within periods of favorable sea conditions and minimum impact to the environment. Therefore optimizing the safe
time windows for installing wind turbines or accessing them becomes important.

An offshore wind turbine consists of many mechanical and electrical components, which fail more
frequently compared to the structural components. These failures result in scheduled and unscheduled inspection
and maintenance visits to the wind turbine. But organizing these visits is not an easy task considering the
sometimes very dangerous sea conditions, especially in the North Sea. Therefore, in order to avoid idle periods,
which can result in increased construction and operation cost of offshore wind energy, there arises a need to
optimize favorable time windows for safe offshore operation.

The availability of many years’ data for the environmental and sea state condition of FINOI platform in
North Sea creates a good opportunity to study these topics. Therefore, an optimum solution can be obtained by
making use of the time history environmental and sea state data from FINO1 platform and develop models for
long term and short term sea state prediction for safe offshore operation. The allowable limits of the environmental
and sea state conditions for different types of offshore activities; ranging from installation of an offshore wind
turbine structure to accessing the wind turbine for inspection and maintenance will be used as an input.

CONCLUSIONS

Since 2003 the research platform FINO1 is measuring the weather and sea condition amongst other thing
in the North Sea close to the German coast. The aim is to monitor the local climate, the sea level and the
environmental development. Especially since 2010 the wind farm alpha ventus starts to operate in the
neighbourhood of FINO1 which allows now after some years a detailed view to its influence on the local
environment, in particular on the wind climate. It can be shown, that the mean wind speed and the turbulence
intensity changes due to the operating wind energy converters. The huge amount of recorded data allows a detailed
and precise view and enable further analysis about the impact of offshore wind farms on the environment and helps
to reduce the construction and operating costs.
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ABSTRACT

In order to increase wind energy harvesting from urban environment, the wind behavior
around high-rise buildings need to be fully understood. In this paper, wind tunnel experiments
of the flow around a high-rise building with a height to width ratio of 3:1 were performed to
investigate the wind distribution in the above roof flow and the building surface pressure. The
building was mounted in an environmental boundary layer wind tunnel resembling that of a
built environment. Two shapes of the roof of the building were investigated; flat and tilted
roofs. Four different wind angles, with respect to the side of the high-rise building, were
investigated experimentally; 0, 15, 30, and 45 degrees. These results give a database for the
validation of computational fluid dynamic simulations for further investigations and
visualizations of the flow around the high-rise buildings in built environments.

INTRODUCTION

Wind energy is harvesting since the existence of human being. Wind mills have been used to extract water from
deep wells and for agriculture purposes. Since the discovery of electricity, wind turbines have been used to convert
the wind energy into electricity and with the continuous rise of fuel prices, increase in carbon emissions and
reduction of fusel fuel, wind energy has received considerable attentions as alternative and cheap energy source.
Although the production of wind energy is predominantly from on-shore and off-shore wind farms, there are many
difficulties associated with these technologies. The large cost of transmitting the energy to the costumers,
foundation of wind energy system, structural fatigue due to the interactions between waves, winds and structure
of the wind energy system, difficulties in maintenance, corrosion of the structure due to the salinity of the water
are some of the difficatities associated with off-shore wind farms. For on-shore wind farms, the issues are related
to use of land, visual effect, effect on wild life, expensive maintenance and public resistance that made some
countries to ban construction of new on-shore wind farms. To overcome some of these issues and to promote the
use of green energy from renewable resources, there is a strong trend in the European Union (EU) of promoting
harvesting wind energy from built environment. This is evidenced by the recently awarded EU projects; COST
action “TU1304” [1] and the H2020 ITN project “AEOLUS4FUTURE” [2]. The main aim of the first project is
to investigate the possibility of harvesting wind energy from urban environment and for the second one is to
transfer the established expertise from the on-shore and off-shore wind farms to the built environments. This is
also supported by the Feed-in Tariff (FIT), a payment to people generating their own electricity from renewable
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sources, implemented by a number of EU governments, such as that implemented by the UK government in 2012.
However, there are a number of issues associated with installing wind turbines in an urban environment, such as
reduction in efficiency, noise, vibration, visual impact and many others that make social acceptance to these types
of technologies difficult. The efficiency of wind energy system in urban environment is related to the reduced
wind velocity and thus the amount of energy that can be harvesting. Also, the high turbulence intensity of the
atmospheric boundary layer in urban environments decreases the turbine efficiency, increases noise and vibration
and reduces life time of the wind energy device. Thus, more research is needed to investigate the best location to
mount a wind turbine on the roof of a high-rise building, at which the wind velocity and turbulence are appropriate
for wind energy harvesting.

The work of this paper has been undertaken as a part of a Short Term Scientific Mission of the EU COST Action
“TU1304” to measure the flow around high-rise buildings for the purpose of wind energy harvesting. The main
aim is to measure wind velocity at different locations in the above roof flow of a high-rise building and the surface
pressure with a main focus on the roof. The building’s height to width ratio is 3:1. Four different wind directions
(angles), with respect to the side of the building, have been considered; 0°, 15°, 30° and 45°. These measurement
data are considered as a base for validations of any further computational fluid dynamic (CFD) simulations.

METHODOLOGY

Two 1:300 scale models of the high-rise building have been used; one with a flat roof and the other with a tilted
roof as shown in Figures 1(a) and 1(b), respectively. As shown in Figure 1(a), the height of the building is denoted
by H (400 mm) and the width by B (133.3 mm). The height to width ratio of the building is H:B=3:1.
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Figure 1 High-rise building model used in the investigation, (a) with flat roof, (b) with a tilted roof.

The angle of the tilted roof in Figure 1(b) is 30°. The dimensions of the tilted roof are the same as those of the
flat roof building with the added cap to the flat roof. The hypotheses here is that the tilted roof will help reducing
both the separation and turbulence intensity in the above roof flow and hence enhance the quality and mean speed
of the wind above the roof for the purpose of wind energy harvesting.

The experiments have been conducted in the atmospheric boundary-layer wind-tunnel of the Ruhr-
University Bochum, Germany. The wind tunnel has a cross section of 1.6 m x 1.8 m and a test section length of
9.4 m. Figure 2 shows the wooden models mounted on a rotating table in the wind tunnel. A two velocity
components hot wire anemometer has been used to measure the velocity components in the stream-wise and
vertical directions. No attempt has been made to measure the span-wise velocity component. The sampling
frequency of the hot wire was 2000 Hz. The anemometer has been calibrated in a calibration tunnel using laminar
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flow. The atmospheric boundary layer has been simulated using a castellated barrier, turbulent generators and the
roughness elements (cascaded small cubes of edge length 3.6 cm and 1.6 cm, respectively) as shown in Figure 2.
In addition to the velocity measurements, the surface pressure has been obtained at different locations to give extra
data for the CFD validation. The pressure sensors are connected to the bores in the wooden model by optimized
pressure tubes with a length of about 0.9 m. Reference velocity was measured using Prandtl tube placed 1m in
front of the model at the height corresponding to the height of the model.

(a) (b)
Figure 2 The two building models mounted in the wind tunnel, (a) flat roof and (b) tilted roof.

The surface pressure was measured through ninety pressure taps distributed on the roof (64 taps) and sides (26
taps) as shown in Figures 3 and 4. The spacing between the different taps is also shown in Figure 3.
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Figure 3 Distribution of pressure taps on the surface of the building (a) and positions of velocity
measurements (a), (c), (d) and (e) for Oo, 150, 300 and 450, respectively.

Two types of pressure transducers have been used for this study:
e Honeywell 170 PC sensors

e AMSYS 5812-0001-D-B sensors.
The calibration establishes the pressure-voltage relations for each pressure sensor. For that purpose, a Betz

manometer is used, allowing loading the sensors with a known pressure. This way the link between the measured
voltage and known pressure is established. For these measurements these relationships are acquired: for Honeywell
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sensors Smbar corresponds to 5V and for AMSYS sensors Smbar corresponds to 1V. The pressures are scanned
with the sampling rate of 1000Hz in a sample-and-hold modus, which produces simultaneous sampling of

pressures.

RESULTS

Figure 4 shows a sample of the velocity measurements ahead and in the above roof flow. It can be seen that
the flow separates at the windward edge and reattaches to the roof after about the mid length of the roof. Further
velocity measurements can be found in [3].
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Figure 4 Velocity measurements; (a) ahead of the model, (b) turbulence intensity ahead of the model and (c)
velocity above the model.
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Figure 5 Pressure coefficient on the roof of the flat-roof building at different wind angles; (a) 0°, (b) 15°, (c) 30°

and (d) 45°.
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Figure 5 shows the surface pressure on the roof of the flat-roof building. For 0° angle, the flow separates at the
windward edge resulting in an area of low pressure on the roof of the building. The low pressure area is followed
by a build up in the surface pressure and this is related to the flow reattachment. With the increase in the wind
angles, the flow started to separates at the windward corner to make two separation cones. At 45° wind angle the
surface pressure is symmetrical indicating that the two cones are similar in size.
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Figure 6 Pressure coefficient on the roof of the tilted-roof building at different wind angles; (a) 0°, (b) 15°, (c)
30° and (d) 45°.
Figure 6 shows the pressure distribution on the roof of the lilted-roof building at different wind angles.
Dissimilar to the flat roof building, the separation region is not predominant and it is limited to a small area close
to the windward edge. The work includes also measurements of the surface pressure on the different sides of the
building, the instantaneous pressure at each taping position and the power spectral of each measurement.
However, these are not included in this paper due to the length restriction.

CONCLUSIONS

This work represents the measurements of the surface pressure on two types of building roofs subjected to
atmospheric winds. It has been found the flow separates from the surface of the flat roof to form a relatively large
separation region while this region is relatively small in case of tilted roof shape. The work provides a database
for validation of future numerical investigation of the flow around high-rise buildings.

ACKNOWLEDGEMENTS
The authors would like to acknowledge the support provided by the Chair of the COST-Action TU1304 Prof

Charalampos Bianiatoplous and his encouragement to undertake such work. The time and support received at the
Ruhr-University Bochum by the Lab technicians are also acknowledged.

-85-



4 THE INTERNATIONAL CONFERENCE ON

\_X_/ N E I:\) z 7 WIND ENERGY HARVESTING 2017
20-21 April 2017

Coimbra, Portugal

Paper 208

REFERENCES

[1] WINERCOST, Online http://www.cost.ew/COST_Actions/tud/Actions/TU1304

[2] AEOLUS4FUTURE http://www.uc.pt/fctuc/dec/investigacao/areascientificas1/projeto/mecestru

[3] Hemida, H., Sarkic, A., Hoffer, R., The above roof flow of a high-rise building for wind energy extraction;
wind tunnel and numerical investigations, 14th International conference on wind engineering, Porto Alegre,
Brazil, June 2015;

-86-



P THE INTERNATIONAL CONFERENCE ON
/ 7 WIND ENERGY HARVESTING 2017
20-21 April 2017

Coimbra, Portugal

WINER

Paper 209
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ABSTRACT

Wind energy, a clean and renewable energy source, has vastly found applications both in
onshore and offshore locations. In order to further increase the power output, demand for
taller applications, able to exploit intense velocities in higher altitudes, has appeared. To
achieve this, hybrid wind steel towers, combining lattice and tubular parts for the support
structure, could be a promising solution. Within the present study, the structural response of
such a tall hybrid wind turbine tower is studied and the obtained results are discussed. Two
Design Load Cases (DLC) from those established in IEC64100-1 standard [1], are considered.
A series of 600 seconds simulations, with the wind speed ranging from 3 to 25 m/s, with an
incremental step of 1 m/s, are executed. Time histories of the elemental forces and the nodal
displacements are extracted in critical positions of both the lattice and the tubular part. The
mean values of the output data are evaluated and plotted against the wind speed. Conclusions
regarding the influence of the wind speed on the induced tower behaviour are drawn.

NOMENCLATURE
CHS = Circular Hollow Section
DLC = Design Load Case
NTM = Normal Turbulence Model
ETM = Extreme Turbulence Model
INTRODUCTION

The increased amount of greenhouse emission gases has enhanced the demand for clean and renewable energy.
Wind farms consisting of fully lattice or all tubular wind turbine towers have substantially contributed to an
increase in the renewable energy production. Recent demands for higher wind turbines with larger capacities,
aimed to be installed at high altitudes or at places with high wind velocities, have emerged. In order to fulfil the
required safety and durability verifications, whilst keeping the solution economically and environmentally
sustainable, hybrid structures, efficiently combining tubular and lattice parts, could be used. Towards this direction,
the present study performs numerical analysis on a tall hybrid structure.

METHODOLOGY

The current paper focuses on a 120 m wind turbine tower. As a first step, various parameters, including the height
of its part, the number of legs, the arrangements and the angle of bracings, need to be defined. An initial study
should be performed in order to find the most efficient structure, ensuring compromise between the lowest
structural weight and the fabrication and assembly costs which usually come as a function of the number of
connections. For the present study, a hybrid tower consisting of 60 m tube at the upper part and 60 m lattice

1 Research Fellow/PhD Candidate, School of Engineering, University of Birmingham, m.gkantou@bham.ac.uk
2 Professor, School of Engineering, University of Birmingham, c.baniotopoulos@bham.ac.uk
3 Lecturer, School of Engineering, University of Birmingham, p.vazquez@bham.ac.uk
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structure at the lower part, as shown in Figure 1, has been selected. In order to increase the load distribution, six
columns (legs) have been chosen for the lattice structure. The employed cross-sections were based on a preliminary
study [2]. For both the tubular and the lattice part, cold-formed built-up polygonal cross-sections in steel grade
S355 were used. The tubular part was tapered ranging from 5500 mm in the base to 4000 mm in the top, with
constant plate thickness equal to 40 mm. The transition part was conservatively designed with bracings of large
cross-sections. It should be noted that the transition piece is a critical component, aiming to transfer all the dynamic
and self-weight loads to the lattice, and needs separate in-depth investigation, out of the scope of the present paper.
Various cross-sections, as can be seen in Figure 1, were chosen for the lattice structure, in which the bending
moment and the self-weight is expected to be supported by the axial forces in the columns, whilst the shear forces
by the axial forces of the bracings. For the present study, it was deemed adequate to simulate the polygonal cross-
sections with circular hollow sections (CHS).

Tubular -Top:
CHS 4000%40.0

Tubular - Base:
CHS 5500%40.0

Lattice - Columns - Top:
CHS 711.0x32.0

Lattice - Bracings

from Base to Top:
CHS 273.0x6.0
CHS 273.0%5.0
CHS 273.0x5.0
CHS 219.1x5.0
CHS 273.0%5.0
CHS 244.5%5.0
CHS 244.5%5.0
CHS 244.5%5.0
CHS 323.9%6.0

Lattice - Columns - Base:
CHS 711.0%x32.0

Figure 1. Wind turbine tower (60 m lattice & 60 m tubular)

In order to account for the interaction between elastic and inertia forces of the structure and the external
aerodynamic force, ashes [3], an integrated analysis software, has been used for the numerical analysis. Ashes uses
blade element momentum (BEM) algorithm for aerodynamics and combines it with finite element (FE) solver for
the evaluation of the induced structural behaviour. Wind turbulence can be simulated with Turbsim tool [4], a
stochastic, full-field, turbulence simulator, and imported into ashes. For the considered hybrid structure, a 5 MW
class All turbine [5] is assumed. After developing the wind turbine tower model, the turbulence models are
generated. This depends on the considered design load cases. IEC6400-1[1] outlines the minimum requirements
for wind turbines to ensure the engineering integrity of onshore wind structures by providing 15 and 7 design load
cases (DLC) for the ultimate and the fatigue limit state respectively. Herein focus is set on DLC 1.1 and DLC 1.3
which corresponds to power production conditions and embody the requirements for loads resulting from
atmospheric turbulence during normal (NTM) and extreme operating conditions (ETM) respectively. After
creating the NTM and ETM models, 600 seconds simulations are performed. For both DLC 1.1 and DLC 1.3,
parametric studies with the wind speed ranging from 3 to 25 m/s, with an incremental step of 1 m/s, are executed.
The wind flow is assumed to be parallel to the hub axis. The extreme turbulence model together the extracted
responses are shown in Figure 2. Note that in order to eliminate initial impact effects, the first 30s of each
simulation which are expected to present instabilities, are disregarded.
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Figure 2. Aeroelastic analysis in ashes [3].

RESULTS

In order to evaluate the results, the mean values of elemental forces and nodal displacements are calculated and
plotted against the wind speed. The observed response for DLC 1.1 is shown in Figures 3-5. In particular, Figure
3 presents the mean values of induced moments on the tubular structure for increasing wind speed. In order to
verify the results, the data from measurements on a tubular structure [6] are included for comparison purposes.
Even though the measurements refer to a different, still comparable, support structure, the similarity on the
observed response is evident. For in-plane bending moments, peak values are achieved for wind speed 11 m/s.
This is related with the pitch controller that decreases the angle of attack in order to mitigate the excitation load
on the blade structure and keep RPM (rotations per minute) and the output constant. The influence of the
aforementioned effect is less significant on the out-of-plane and torsional moments, which remain relatively stable
for wind speeds higher than 11 m/s. The axial forces of the columns and the bracings of the lattice structure for
increasing wind speed are depicted in Figure 4. An ascending curve for wind speed 3-11 m/s and a descending
curve for wind speed 11-25 m/s are again noticeable. The axial forces are similar in the lower and the upper part
of the lattice columns, justifying the selection of the same cross-section. In addition to the mean values, load
matrices with maxima and minima have been formed. These can be subsequently used for the extreme load
assessment for a certain cross-section at different heights. Besides the elemental forces, the mean values of in-
plane and out-of-plane deflections, as illustrated in Figure 5, can be utilized for the serviceability limit state
verifications. The overall structural response of DLC 1.3 was similar to that of DLC 1.1, with DLC 1.3 presenting
slightly higher mean values (i.e .0.57% higher mean values for the axial forces of the lattice part, 2.45% higher
mean values for the in-plane bending moments of the tubular part) compared to those of DLC 1.1.
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Figure 3. 10-min mean values of moments - tubular structure.
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Figure 5. 10-min mean values of displacements.

CONCLUSIONS

A numerical study on a hybrid wind turbine tower has been performed. The extracted structural response was
compared with the measurements on a tubular wind turbine tower [6], finding similar trend with respect to the
wind speed. As anticipated, for the in-plane bending moments of the tubular part, the axial forces of the lattice part
and the in-plane deflections of the whole structure, mean peak values were achieved for wind speed 11 m/s. The
obtained results can be used for further assessment of the wind structure’s behaviour and for the execution of
component checks and limit state verifications. Future research could be performed to investigate optimal
configurations of hybrid structures, compare them with conventional wind turbine towers and assess the possibility
of using higher steel grades in highly stressed regions.
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ABSTRACT

The current trend in the modern architecture is to combine an environmental and practical
solutions together. One of the most popular green solutions is the use of wind turbines. The
article focuses on innovative design of high-rise buildings with integrated wind turbines. The
idea is to create two aerodynamically shaped high-rise buildings with two horizontal wind
turbines placed between them. Correct shape and orientation of buildings due to the
placement of horizontal wind turbines will be matter of interest here.

INTRODUCTION

Preliminary design of high-rise buildings and their mutual orientation is based on the assumption, that the
air which flows around buildings is supposed to accelerate in zones, where wind turbines will be placed. In other
zones, acceleration of wind is unwanted, due to unnecessary overloading of the structure. The design of the
building is inspired by the shapes of rain drop and air wing “NACA 0024” [1], (Fig. 1). Both shapes were chosen
because of their ingenious profile with very low drag coefficient and aesthetical appearance.

L 0.1 0.2 03 o4 05 06 0.7 o8 09 1

Figure 1. Inspiration of the shape of the building — air wing “NACA 0024” [1] (grey) and rain drop (blue).
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METHODOLOGY

Before the final proposal was created, 6 CFD (Computational Fluid Dynamics) simulations were done.
CFD analyses were aimed on finding the best orientation and the placement of buildings based on objectives that
were previously set. For software analyzes wind characteristics of Bratislava-Slovakia were selected as a
location of buildings. In the selected location, North-Western wind flow is predominate (21 % of the year).
According to [2], average wind speed measured 10 m above ground is 5 m/s. The area can be characterized as an
urban terrain between categories 11l and IV according to [3].

The CFD simulations are based on calculations by finite volume method, where discrete volume is
divided to smaller control volumes, where variables are investigated.

Solution is iterative and in this case SST (Shear Stress Transport) mathematical model was used. This
model belongs to the group of RANS models (Reynolds Averaged Navier-Stokes equation models). SST
mathematical model was created by connection of two very popular mathematical models k-¢ and k-o. Best of
both worlds were used, because k- reaches satisfying results in free stream and k- model is suitable for near
wall turbulence analysis. Thus, SST model works by converting of the k- equations to k-® formulation and
automatically switches between them, depending on the location where turbulence of wind flow is investigated.
More information about this mathematical model and can be found in [4, 5].

Boundary conditions for CFD simulations were set based on previous measurements verified by wind
tunnel tests. Depending on the rotation of buildings, finite volume network was created (Fig. 2). In the boundary
layer close to objects (buildings), turbulence and wind speed were investigated, therefore it was necessary to
create very smooth layers of mesh. Hexahedral elements were used. The Smallest elements with the size of 1 mm
were created directly on the contact of the fluid and objects. Larger elements with the size of 400 mm were
created in zones where wind turbulence is no longer investigated.

Figure 2. Mesh of control volumes created close to objects for the one of the analyzed wind flow.

Other boundary conditions were set as follows, (Fig. 3): wind speed at the inlet of the discrete volume:
5 m/s (constant for 2D simulations and logarithmic according to [3] in the 3D analysis), pressure at the outlet:
0 Pa, objects of interest (buildings) were created as a “no slip walls”, which means that the velocity of the wind
speed on the contact of fluid and objects is equal to 0 m/s. Boarders of the discrete volume were created as a
“free slip walls”, where the velocity on the contact of the wind flow and wall is the same as the velocity at the
free stream.
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Figure 3. A schematic illustration of terminology used for definition of boundary conditions.
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RESULTS

Before the final proposal, 6 CFD analyzes were calculated. Results of wind speed from 3 most interesting
and fundamental placements of buildings are shown in the (Fig. 4). Wind flow direction is bottom up.

1.8
10.6
95
83
741
59
4.7
35
24
1.2
0.0

Figure 4. Wind speed [m/s], configuration number “1” (left), “2” (middle), “3” (right)

The comparison of results shows differences between wind speeds dependent on the mutual orientation of
buildings. Configuration number “3” (Fig. 4 - right) meets the preferred conditions at the best, therefore it is
used for the 3D analysis and the proposal of final design. Velocity in the assumed location of wind turbines
reaches values of 8.4 m/s to 10.6 m/s. The placement and mutual configuration of buildings is also advantageous
in terms of seizures of smaller ground area compared to other examples with similar wind speed.

By application of preferred conditions and by combining two shapes (air wing and rain drop) final shape
was created (Fig. 5).

Skl

Figure 5. Final design of high-rise buildings complex with integrated wind turbines.

Dimensions and characteristics of the proposed buildings are as follows: building has 35 floors above
ground, height of buildings is 105 m, width of the upper part is 24 m, length of the upper part is 75 m, width of
the bottom part is 38 m, length of the bottom part is 75 m, the clearance between buildings in the level of the
lower wind turbine is 30 m and the clearance in the level of the upper wind turbine is 32 m.

Two double ZECWP 75 kW [6] horizontal wind turbines with counter rotating rotors which diameters are
22 m respectively 10 m were used. First of the horizontal wind turbines was placed 60 m above ground. Second
wind turbine was placed 90 m above ground. The manufacturer declares that wind turbines can produce
342 000 kWh per year per one wind turbine at the average wind speed 7.5 m/s. Considering the information from
[2] and [6], it was calculated that, both wind turbines will be working at the full capacity approximately 70 % of
the year. It means that they would produce approximately 12 % of total energy consumed by these buildings
(479 000 kWh per year), which would be enough to cover the costs for electricity of 31 four members
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households. It is declared that ZECWP wind turbines produce less than 60 dB of noise, what is considered as
insignificant noise.

In the following figures we can see results of the final CFD simulation of wind flow.

15.2
13.5
11.8
10.1
8.5
6.8
5.1
3.4
1.7
0.0

Figure 6. Velocity in the height of wind turbines in [m/s], lower wind turbine (left), upper turbine (right).

12.0
10.6
9.3
8.0
6.6
5.3
4.0
2.7
1.3
0.0

Figure 7. Velocity in the middle section between buildings in [m/s].

Figure 8. Illustration of vortexes.
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CONCLUSIONS

The task of the final CFD simulation was to demonstrate verity of considerations defined at the
beginning. As it is shown in the (Fig. 6), velocity in the placement of both wind turbines reaches values large
enough to power drive turbines and produce provided value (12 %) of total energy consumed by these buildings.
In the (Fig. 7), we can see that wind flows faster only in the upper part of buildings, thus pedestrians would not
be exposed to significant wind effects related to extreme wind discomfort. In the (Fig. 8) creation of vortexes is
shown. At the end, it can be said, that targets that were defined at the beginning were fulfilled and the
aerodynamic design of ecology and “functional” buildings was created.
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THE WIND DISTRIBUTION IN WARSAW
A SOURCE FOR URBAN WIND ENERGY HARVESTING

Katarzyna Starosta’ Andrzej Wyszogrodzki’
Institute of Meteorology and Water Management Institute of Meteorology and Water Management
National Research Institute National Research Institute
Warsaw, Poland Warsaw, Poland

ABSTRACT

The promotion of energy from renewable sources minimize the environmental impacts and
even serve as an opportunity for mitigation of greenhouse gas emissions and reduction of the
global warming. In recent years, there is observed significant development of new wind turbine
and photovoltaic installations (up to 20% of total power production by 2020 according to
European Union Directive), especially in the urban environment. With increased number of
people living in large urban areas, there emerged an idea of smart cities with the cost effective
renewable energy networks built in the urban subspace. Detailed knowledge of the
meteorological conditions in the urban environment is an important factor for the growing
renewable energy industry. The aim of our work is to study the wind distribution in Warsaw
based on the observational and numerical model data sets acquired from the two-year period
in 2014-2015. For the practical interpretation and further post-processing, results of the
numerical model COSMO at 2.8km resolution were verified against data from five urban
meteorological stations located within Warsaw metropolitan area. The verification is
performed by comparison of the wind rose plots from model simulations and observations at
individual station locations.

KEY WORDS

meteorology, climatology, wind power, smart city , wind speed and direction, numerical weather forecasts, weather
forecast verification, post-processing

INTRODUCTION

With the sustained progress in the construction of new power micro-installations, public awareness of the
significance of renewable energy sources (RES) in the urban space becomes an important subject and opens
potential new directions of research. Illuminated road signs and information boards, lightings in parks, also small
local silent turbines with a vertical axis of rotation on the building roof tops and walls in conjunction with solar
photovoltaic installations reduce the load on the existing transmission network and also decrease the energy loss
due to reduced transmission length. Municipal office in Warsaw provides support for the development of new
power micro-installations in urban neighborhoods until 2020 [2]. Since the wind energy is natural weather element
highly variable in time and space, it requires detailed studies using different approaches. For example, the
climatology of wind speed is the first criterion for assessing the placement of wind turbines. The aim of our work
is to develop methods for estimate wind energy potential, based on the available data from the urban meteorological
stations in Warsaw in comparison with the data from the numerical model forecasts. For the practical analysis we
use the WRPLOT [3] software.

!leader, IMGW-PIB, PL-01-673 Warsaw, 61 Podle$na str, katarzyna.starosta@imgw.pl
2 researcher, IMGW-PIB, PL-01-673 Warsaw, 61 Podleéna str, andrzej.wyszogrodzki@imgw.pl
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METHODOLOGY

Observational network and numerical model data.

Our studies are based on the wind speed and wind direction data in the years 2014 and 2015 attained from the
small network of observational stations in Warsaw:

Meteorological stations in Warsaw

Synoptic station Okecie (24h)
Climatologic station Bielany (6,12,18 h)

Three automatic meteorological stations project
CLIMATE (24h)

. Z00 (zoological garden)

o Wilanow Palace

. Kaweczyn heat and power plant

Fig.1 Warsaw area with wind roses in 2014 year

COSMO (Consortium for Small-scale modelling) numerical weather prediction model

Model COSMO version 5.01 is run at IMGW-NRI COSQ PL .
operationally using two nested domains at horizontal ' T4 -
resolutions of 7 km and 2.8 km. The model runs four '
times per day starting at 00, 06, 12, 18 UTC and
produces 78 hour and 36 hour forecasts respectively
at 7 and 2.8km resolutions. COSMO model runs in a
deterministic mode using initial (IC) and boundary
(BC) conditions from ICON global model.

2500
4 2200
2000
1800
1600
1500
1400
1300

Fig2. Configuration model COSMO.PL
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Implemented in COSMO model observational data assimilation (DA) system is based on the nudging technique
and allows for ingesting weather data measurements - as these carried out on SYNOP stations acquired from the
WMO/GTS network - to improve forecast's quality.

RESULTS

Seasonal variability of the wind speed.

The large seasonal variability of wind from year to year causes that these data should be analyzed with
use at best the longer multiannual data sets. In our analysis we are currently employing urban observations and
model forecasts from two-year period in 2014 and 2015 and also compare them with the averaged data available
for full decade between 2005-2014. The current analysis extends results presented in [4] computed for the first
half of 2014.

Monthly wind speed Warsaw-Okecie synop-model

==—f==s\nop 2005-14 —@—synop 2014 = 4 - model 2014 synop 2015 model 2015

wind speed m/s

2
jan feb mar apr may jun jul aug sep oct nov dec year
'synop 2005-14 | 4,05 | 3,75 | 397 | 3,32 | 328 | 323 | 3,07 | 282 | 3,05 | 3,02 | 342 | 3,54 3,38
synop 2014 4.7 268 | 338 | 3,02 | 339 295 | 306 | 215 | 3,45 | 3,09 | 3,84 | 3,68 3,29

model 2014 3,82 | 259 | 293 | 248 | 291 2,6 262 | 248 | 268 | 266 | 2,79 | 3,39 2,83
synop 2015 4,44 | 3,18 | 3,81 447 | 309 | 3,06 | 343 | 329 | 3,68 | 3,72 | 3,39 | 3,58 3.6
model 2015 387 | 255 | 295 | 3,26 | 252 | 244 | 3,11 243 | 264 | 279 @ 3,26 3.4 2,94

Fig 3. Monthly wind speeds at the Warsaw Okgcie station.

In analysis of monthly periods of wind velocity we observe the maximum speed in January and a minimum in
August. Comparing the wind speed from the years 2014 and 2015, we observe in general the larger wind speeds
in 2015. The COSMO model results (dashed lines at Fig 3) have larger systematic error (comparing to the average
over full decade) than the observational data.

Wind roses.

A wind rose is a concise and illustrative product showing wind speed and wind direction at a certain
location. It provides information about the frequency of winds blowing at certain speed ranges from the particular
direction, as well as its time percentage. For the selected locations , we compare wind roses generated from NWP
model with data from observational stations. Results are used both for the current meteorological analysis and
studies of a longer period of time. For current analysis WRPLOT View program was used [3].
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Fig.4 Wind roses at Warszawa Okecie during 2015
(left model/right synop, top all year, middle August, bottom December).

Wind Class Frequency Distrbution Wind Class Frequency Distrbution Wing Class Frequency Distrbution Wind Class Frequency Distrbution
Wi g 36185 2915 aycp. Warnsaen Ongce 9.8 5% s g W D 6 1 501 g g 138 8
oo vy T T
wf i i w

[y o Cona s T e o e

Fig.5 Wind class frequency distribution at Warszawa Okecie during
day-night periods of 2015 (left synop 6-18h, 19-05h, right model 6-18h, 19-05h).
By comparing observational data at Oke¢cie with the prognostic model results (Fig 4) we can see that the model
wind speeds are smaller and wind directions more scattered. Wind speeds are clearly marked by daily course (Fig
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5). We are seeing greater speed daytime with a maximum between 12 (noon) and 16, and a minimum at the night
time hours.

Al

o ’
&l

(TTERH
|
[TTTRE

Fig. 6 From left: Bielany, ZOO, Wilanéw observation data in 2015.

Fig. 6 presents observed wind distribution averaged over the 2015 year at three remaining Warsaw stations. In
comparison to the wind rose at Okecie station (Fig 4, top right corner) we can see much wider spread in wind
direction at each location with predominant north-western component but significantly lower amplitude of the
wind speed.

CONCLUSIONS

Warsaw is located in the zone of potential wind power 700-800 kWh/m2/year. Calculated by us indicative
wind power value was approximately 500 kWh/m2/year in 2014 for the station Warsaw Okecie. Micro wind
installation, and small installations 1- 10 kW are planned in neighborhoods on the outskirts of the city. Poland has
a transitional climate between the maritime climate (Atlantic) from the west and continental from the east of the
country. Accordingly, the weather conditions in individual years are highly variable. Therefore, for the installation
of wind turbines, it is necessary on a regular basis the study of a current weather conditions, so in addition to the
observations we need data from numerical weather prediction models. At present COSMO model is introducing
direct implementation of urban effects with the TERRA-URB (H.Wouters) parameterization. Further use of this
model version will enable us to obtain more accurate forecasts in any grid points within the city. The verification
and post-processing of the model data give us the opportunity to improve our research on meteorological
conditions for renewable energy in the urban environment.
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WIND ENERGY HARVESTING IN THE URBAN ENVIRONMENT - QUALITY
ASSESSMENT OF LARGE EDDY SIMULATIONS OF FLOW SEPARATIONS
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Ruhr-University University of Belgrade Ruhr-University
Bochum, NRW, Germany Belgrade, Serbia Bochum, NRW, Germany
ABSTRACT

This work assesses the quality of large eddy simulations (LES) for an atmospheric boundary
layer flow around a wall-mounted cube by using verification and validation methods.
Additionally, the flow separation characteristics over the bluff body are inspected. This
method is performed especially with regard to the analysis of the velocity field and the
turbulent kinetic energy in the vicinity of the roof for an effective positioning of small scale
wind turbines in the urban environment. Various simulations settings are carried out and
analyzed to optimize the computational time of the simulation while maintaining high quality
results.

INTRODUCTION

The analysis of the characteristics of the flow field around bluff bodies is a significant task for the wind
engineer for efficient wind harvesting in the urban environment using small scale wind turbines. The positioning
of the small scale wind turbines on the roofs of buildings is of crucial importance as the flow characteristics of
interest such as the flow velocity and the turbulent kinetic energy vary immensely between the inner and outer part
of the separation region of the flow. In the CFD community it is widely accepted, that the transient LES are superior
to the steady state Reynolds averaged Navier-Stokes simulations (RANS) for the calculation of average flow values
for wind engineering purposes. Large eddy simulations have been gaining importance in recent years due to the
increased available computational power and the promising quality of the results. LES seems to be a very good
compromise between the accuracy of the results and the computational power needed to perform the simulations.

Quite recently, considerable attention has been paid to the use of methods to ensure the quality of LES for

CWE problems. This approach is called validation and verification (V&V). The knowledge about the accuracy
and errors of numerical simulations is crucial for creating reliable results. In this work the effects of different
simulation settings are assessed using a V&V analysis for an atmospheric boundary layer flow over a wall mounted
cube using the OpenFOAM software, with the aim of choosing an optimal setting to reduce the computational time
while still preserving a high quality simulation. The results can be used as a guideline for economical LES with
high quality results for the future research of bluff body aerodynamics. In general, this work follows a V&V
approach similar to the work published by Gousseau et al. for a simplified high-rise building using the ANSYS
Fluent software [8].
In the upcoming chapter the general methodology and the mathematical model of the governing equations and
turbulence modeling is described first. Then geometry and domain, and boundary conditions are stated.
Subsequently, a brief summary of the setup of the wind tunnel experiment is given and the validation methods
performed are explained. After that the verification methods are explained in more detail. The final chapter of this
work presents a conclusion of the work performed.

METHODOLOGY
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The main aim of this work is to detect optimal simulation settings for the analysis of the separation flow
characteristics for an atmospheric flow over a bluff body while assessing the quality of the simulations.

The influence on the quality of the results of different simulations settings is analyzed using the V&V techniques
described below. The accuracy of the results is assessed, inter alia, by using the so called hit rate to validate the
numerical results against results obtained in wind tunnel experiments [13]. The convergence of the simulations is
checked by using a sampling window approach [1]. The applicability of different resolutions of numerical grids
for the flow around the wall mounted cube is examined by adopting the LES index of quality method (LESiq)
[3][4]. The numerical and the modeling error are gauged for each simulation by applying a systematic model and
grid variation [4][7]. The main factor for the required computational time and the quality of a LES is the spatial
discretization of the geometry and the numerical domain. In general, the higher the amount of numerical cells used
for the spatial discretization, the better the results and the higher the computational time. Thus, the effects of
different mesh sizes on the velocity field and the turbulent kinetic energy for the flow around a wall mounted cube
are analyzed in this work. Further, different time step lengths for the transient simulation are examined to
conceivably reduce the computational time. Overall, a higher time can step lead to a worse prediction or a non-
converging simulation with the possible advantage of reducing the computational time. One of the most important
methods for the quality of the simulation is the interpolation scheme used by the finite volume method for the
convective term of the momentum equation of the Navier-Stokes equation (Eq.: (2)). The influence of several
interpolation schemes is tested in this work. Additionally, the so called random spot method [10] is used to model
a turbulent inlet flow, which influence on the flow around the cube is assessed by comparing the method to a
steady state inlet condition without turbulence. Furthermore, different turbulence modeling approaches, namely
the standard and dynamic Smagorinsky turbulence model are employed [11][12].

The governing equations for the numerical simulations are the instantaneous filtered Navier-Stokes equations for
an isothermal, incompressible Newtonian fluid consisting of the filtered conservation of mass (Eq. (1)) and the
filtered conservation of momentum (Eq. (2)):

— =0, 4))

ot Ox i - OX; Ox i 2)

with the properties of the fluid, kinematic viscosity and density p and p, respectively. u;j is the vector of the
instantaneous velocity, x; and x; represent the spatial position with i=1,2,3 and j=1,2,3 and p is the pressure. The
overbar denotes filtered values. t%; is the so called small scale stress:

=pluju; -uju;) 3)

The small scale stress 1% needs further turbulence modeling: In this work the Smagorinsky model and the dynamic

Sr;nagorlnsk.y model are adopted, both using the Boussinesq hypothesis for obtaining the small scale styess, tensor:

Tij 71 The small scale stress tensor is modeled with the concept of the eddy viscosity He = CSpLSGs S|

—8u/8x +0u. /8x 2

and the filtered rate of strain iJ . Cs is treated as a constant in case of the standard

Smagorinsky model, and as a dynamic parameter that varies in time when applying the dynamic Smagorinsky
model. Lsgs is the length of the filter size which corresponds to the size of the numerical grid for thf 1mp51(/‘1t

filtering method employed in this work. The characteristic filtered rate of strain is defined as| SI=8iiSi

[12][10]
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GEOMETRY, DOMAIN AND NUMERICAL GRID

The domain and the numerical grid are created according to the Guidelines by Franke et al. [5]. Overall, three
different grid resolutions are created using the ICEM CFX software. An increasing ratio of the cells of 1.05 is
applied from the cube to the boundaries of the domain. The distances between the windward surface of the cube
to the inlet of the domain, the lateral surfaces of the cube and the lateral boundaries of the domain, the top surface
of the cube and the top boundary of the domain are equal to 5 H. The distance between the leeside surface of the
cube and the downstream boundary of the domain is 15 H, resulting in a blockage ratio of 1.51% for a 0° angle of
attack of the flow. The geometry, the domain and a surface mesh for the 0° angle of attack of the flow is displayed
in Fig. 1.

Fig. 1 Geometry, domain and surface mesh of the coarse mesh for 0° angle of attack

The lateral boundary conditions and the top boundary condition are modeled as symmetry planes. Therefore
influence of the walls in the wind tunnel experiment is neglected.

The upstream surface is defined as an inlet using different approaches: a steady state inlet approach without
turbulence, and an approach that models turbulent structures. The downstream boundary condition is modeled
using a constant pressure. The cube and bottom surface of the domain are both modeled as smooth walls.

VALIDATION

The influence of the different simulation settings is validated, inter alia, by analyzing the non-dimensional
averaged velocity components of the flow <u;*>=<u;>/<ui> and the non-dimensional averaged turbulent kinetic
energy <k*>=<k>/<uy®> using the hit ratio q (Eq. (4)) [13]. Here, the chevrons <> denote averaged values, the
asterisk * denotes a non-dimensional value, uy is the upstream velocity of the atmospheric boundary layer at
building height H and k is the turbulent kinetic energy:

=—->1_with 1 e - b o
q N 2. 1

n=l Oelse 4)
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with N representing the number of measurement points, S, are the computed flow values, M, are the flow values
obtained from the wind tunnel experiment, Ar is the relative deviation threshold and Aa the absolute deviation
threshold. For comparison to wind tunnel measurements and Aa equals the uncertainty of the measured values in
the wind tunnel experiment.

The wind tunnel experiments, published via the website of the CEDVAL project, were performed by Bischof and
Schatzmann [2]. The experiment was carried out in the BLASIUS wind tunnel at the Meteorological Institute of
Hamburg University using modified Standen-Spires and a uniform LEGO-roughness to model the atmospheric
boundary layer. Here, a wooden cube was used to model a building of 25 m size using a scaling factor of 1/200 in
the middle of the floor in a test cross section of 1.5 m x 1 m size. The measurement of the velocities was performed
using a 2D- laser Doppler anemometry and a Prandtl tube to obtain a reference velocity. Overall, 1314 individual
measurements in the area of 2.5 H luv side, 5.5 H lee side, 3 H in vertical direction starting from the bottom of the
wind tunnel and 2.5H in lateral direction have been performed.

VERIFICATION

Convergence check for the non-dimensional values of the velocity and the turbulent kinetic energy is performed
by an estimating sampling window using the method proposed by [1]. Here, the moving average and the moving
standard deviation of a flow value ¢ are observed over a window that is iteratively increasing by 50 non-

dimensional time units of = At-uy/ , with At representing the time step of the transient simulation. The

residual of any tested variables ¢ is evaluated at the n-th sampling window in percentage to check convergence

Pres = |((Pn “Pnor )/(Pn| -100 (5)

The magnitude of ¢rs should decrease with increasing simulation time for a converging simulation. The simulation
is assumed to be sufficiently converged when @ is below 5% for all considered flow values for averaged flow
values and the standard deviations, respectively [1].

The systematic model and grid variation method aims to obtain the modeling and numerical error separately [4][9].
The governing idea is that the modeling error can be assessed by changing a modeling parameter. For the standard
Smagorinsky this approach fits very well, because here the user can change the Cs modeling factor by himself
before running the simulation. The numerical error can be estimated by obtaining the results of a defined decrease
of the mesh size. This a posteriori method proposed by Klein uses three different simulations to estimate the model
error ¢cyh™ and the numerical error c,h™[9]:

¢ h™ = (up —ug, )/(1-a) (6)
cnhuz \ Ul uz/ \ U U:l/ \ LA /.
1-P (7

Here, ug, represents the solution of the LES using a fine grid, up represents the solution using a different turbulence
model parameter, ug; represents the solution using a coarse mesh, a is the coarsening factor of the numerical grids,
n is the order of the numerical error, m the exponent of the modeling error term and B represents the influence of
the different coefficients of the Smagorinsky turbulence model. For this work m is set to 2/3 and the order of the
numerical scheme n is set to 2 as proposed by Freitag and Klein [7].

Due to the implicit filtering applied in LES, that uses the grid size as a filter size, the obtained solution is dependent
on the grid size. Therefore, a grid independent study usually performed for RANS simulations cannot be performed
or LES. Thus, the quality of the numerical grid is examined using the LES;q proposed by Celik et al. [3][4] and
recommended by Franke [6] for CWE problems. The governing idea of the LES;q is to assess the ratio of the actual,
total turbulent kinetic energy ki of the case at hand to the resolved turbulent by the computed, large scales of the
turbulent flow ks (Eq. (8)). The closer this ratio gets to 1, the higher the resolved kinetic energy. For a DNS this
ratio would become 1 and it is expected to decrease for LES with decreased mesh resolution. Now, the actual total
kinetic energy of the case at hand is unknown and needs to be obtained. Two procedures are possible for attaining
the total turbulent kinetic energy for the use of the LES;o method: On the one hand it is possible to measure the
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total kinetic energy by using wind tunnel experiments ke, and compare these to the resolved turbulent kinetic
energy of the simulation k.s. On the other hand, the total turbulent kinetic energy can be approximated with the
aid of two numerical simulations with different grids to retrieve the LESiq. In this work the calculation of the
LESiqis twofold: It is assessed using results from the CEDVAL wind tunnel experiments and additionally gauged
by a systematic grid refinement.

_ |1\ n |
LESIQ =1- ol (8)
CONCLUSIONS

In this work LES of an atmospheric boundary layer flow over a wall mounted cube were performed for
several cases with varying parameters using the open source software package OpenFOAM. This work
successfully analyzes the effects of the different aforementioned simulations settings by using verification and
validation methods. It shows the effects on the quality of the results and the errors of the numerical simulations.
Additionally, the influence of the different simulation settings on the separated flow above the bluff body, the main
flow region of interest for small scale wind turbines, is assessed. The insight given in this work allows future
researches of flows around bluff bodies to produce economical LES simulations while maintaining a high quality.
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WIND ENERGY POTENTIAL OF THE HIGH-RISE BUILDING INFLUENCED BY
NEIGHBOURING BUILDINGS - AN EXPERIMENTAL INVESTIGATION

Anina Sarki¢ Glumaci Hassan Hemida: Riidiger Hoffers
University of Belgrade University of Birmingham Ruhr-University
Belgrade, Serbia Birmingham, UK Bochum, NRW, Germany
ABSTRACT

In order to increase wind energy harvesting from urban environment, the wind behaviour
and the effect of the surrounding buildings needs to be fully understood. In this paper, wind
tunnel experiments of the flow around a high-rise building with a height to width ratio of 3:1
surrounded by four high-rise buildings of the same geometry were performed to investigate
the interference effect on the above roof flow. Velocity measurements as well as surface
pressure measurements are presented. Two scale models of the high-rise building have been
used; one with a flat roof and the other with a tilted roof and four different wind angles, with
respect to the side of the high-rise building, were investigated; 0°, 15°, 30°, and 45°.

INTRODUCTION

Renewable energy can bring economic, environmental and social benefits. One potential strategy related
to energy is to maximize city’s own energy generation of renewable energy and in the same way to minimize its
impact on health and environment [1]. Therefore, well suited renewable technology to urban environments could
be wind power generation. Nevertheless, due to large roughness length, the built environment has relatively
lower average wind speeds and higher turbulence levels. However, the disturbed flows around buildings can
locally increase wind speeds. In particular, positions with the highest wind speed and lowest turbulence intensity
are suitable for energy extraction and there are usually occurring at the roofs of the buildings.

Related to the studies of wind flow in urban environment, some authors have focused their attention on
local wind loads on roofs and facades ([2], [3]), whereas some others have focused on the overall structural loads
on buildings, including the changes on the wind-induced dynamic response of tall buildings due to other
upstream buildings [4]. Still only limited studies are dealing with wind energy harvesting potential related to
urban area ([1]).

In this paper, the interference effect related to the flow above high-rise building surrounded by four
buildings under the influence of different flow angles is presented. This work reports on the wind tunnel
experiments that have been carried out in the ABL wind tunnel in the Ruhr-University Bochum as part of a Short
Term Scientific Mission (STSM) sponsored by the COST-Action TU1304.

WIND TUNNEL EXPERIMENTS

The interference effect of the surrounding buildings was investigated in case of the high-rise building in
the Atmospheric Boundary Layer Wind Tunnel of the Ruhr-University Bochum, Germany. The wind tunnel has a
cross section of 1.6 m x 1.8 m and a test section length of 9.4 m.

Two 1:300 scale models of the high-rise building have been used; one with a flat roof and the other with a
tilted roof as shown in Fig. 1a). The height of the building is denoted by H (400 mm) and the width by B (133.3
mm). The height to width ratio of the building is H:B=3:1. Interfering buildings are represented as a copy of the
main building with the flat roof with exactly same dimensions. The used geometrical arrangement for the
interference configuration is presented in Fig. 1b). Four different wind directions (angles), with respect to the

1 Assistant Professor, Institute of Numerical Analyses and the Theory of Structures, University of Belgrade,
Bulevar kralja Aleksandra 73, sarkicanina@gmail.com

2 Professor, School of Civil Engineering, University of Birmingham, B152TT, UK , h.hemida@bham.ac.uk

3 Professor, Faculty of Civil and Environmental Engineering, Ruhr-University Bochum, Universititsstrae 150,
44801 Bochum, IC 5/127, Ruediger.Hoeffer@rub.de
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side of the building, have been considered: 0°, 15°, 30° and 45°. Fig. 1c) presents the measured configuration
placed in the wind tunnel. Velocity as well as surface pressure measurements are performed.

7 O

m-E B
)

H

o
—

Figure 1. (a) Model of the single high-rise building with flat and tilted roof placed in wind tunnel, (b)
arrangement of the buildings in interference configuration and (c) high-rise building in interference configuration
placed in the wind tunnel

Hot wire anemometry and measurements of mean dynamic pressure were used to measure velocity. A
Prandtl tube mounted one meter upstream of the model at the height of the roof of the principle model was used
to set the reference wind tunnel velocity for each test. The velocities above the roof of the principal building in
interfering configuration are measured at different locations at different heights.

The surface pressure was measured through ninety pressure taps distributed on the roof (64 taps) and
sides (26 taps) as shown in Fig. 2. The spacing between the different taps is also shown in Fig. 2. For these
pressure measurements the necessary equipment consists of pressure transducers (sensors), a tubing system,
amplifiers and analog/digital (A/D) converters.

e

Figure 2. Distribution of pressure taps on the surface of the building with the flat roof

RESULTS

Fig. 3a) shows velocity distribution measured above two positions at the central line of the flat roof (point
P20 and P36 from Fig. 2) for the 0° angel of flow attack. The velocity components in the y and z directions from
Fig. 1a), u and w, respectively were measured. The lower upstream measurement position is slightly pointing
downwards, suggesting a possible small separation at the upstream corner. However, all other positions are
showing nearly parallel flow to the roof top, experiencing no significant increase in the streamwise wind velocity
up to the height of z/D=0.675, where the magnitude of streamwise velocity suddenly increases to 14.5%. In
addition, from this position upwards, observed turbulence intensities are becoming more comparable to the
turbulence intensity that is measured in the upstream flow generated by the roughness elements and turbulence
generators at the inlet of the wind tunnel. More detailed analysis of the velocity measurements related to
interference configuration of the high-rise building with the flat roof can be found in [5].
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Figure 3. Profiles of velocity vectors, turbulence intensity ly (black number - marked next to the measurement
points), turbulence intensity lw (red number - marked next to the measurement points) and percentage increase in
the wind speed (black number - marked aside of a vertical line defined by measurement points) over a single
high-rise building under the influence of 4 surrounding high-rise buildings measured at P20 and P36 at 0° angle
at (a) flat roof and (b) tilted roof.

Fig. 3b) shows corresponding flow field above similar positions over the tilted roof. The velocity vector
above the upstream point suggests that the flow creates small separation at the windward edge. When compared
with the flat roof case, the tilted roof generates velocity amplification of a similar magnitude (12.5%) only
positioned slightly lower at z/D=0.525. In addition, the turbulence intensity is much lower close to the building
than that of the flat roof.

Fig. 4 shows surface pressure coefficient at four measured wind angles. In case of 0° angle a significant
reduction in the surface pressure close to the upstream edge can be observed that is directly followed by an
increase in the surface pressure further downstream. This suggests a possible small separation at the upstream
edge. More pronounced reduction of the pressure close to the upstream corner is occurring in the case of 15° yaw
angle, suggesting larger separation bubble. In case of high yaw angles of 30° and 45° the flow separates at the
upstream corner to form two separation cones along the upstream edges where the highest reduction in surface
pressure exists.

In order to provide an improved understanding of the effect of wind direction on the surface pressure, the
mean pressure coefficient and its standard deviation have been plotted along two vertical lines shown in the Fig.
5 and Fig. 6 at measured wind angles. For yaw angles 15°, 30° and 45° pressure coefficient distributions in Fig. 5.
show similar pattern that is characterized with the upstream hump shape followed by pressure increase. This is
typical for a flow with a separated region followed by a reattachment [6]. In the case of the mean pressure
distribution, the hump shape is related to large negative pressure values in the separated region, where the largest
suction was found to follow directly beneath the average moving vortex core [7]. The length of the mean
recirculation region is related to the peak location of the standard deviation value since the peak occurs just
upstream of the mean reattachment position [6]. Therefore, more pronounced separation is observed in case of
30° yaw angle. Comparing Fig. 5 and Fig. 6 for large wind angles can be observed that the cone-like separation
grows in size along the side of the building.

Power spectra density plots for the roof surface pressures of all measurement points at the middle line of
the flat roof for an approaching flow angle of 45° are shown in Fig. 7. The significant peak near ND/Uyt= 0.33 is
prominent for all measurement points. Since it is observed in all signals it can be related to the shedding
frequency of the structures of the flow generated from the upstream building. A second distinct peak is related to
the frequency ND/Urs~ 0.11 and it is observed at upstream points P4 and P12. Further downstream, this peak
seems to shift to slightly lower frequency nD/Urs ~ 0.07. This frequency can be related to the low-frequency
unsteadiness of the shear layer. This transition of the low-frequency peak location is accompanied by increase in
the broad band energy levels that is occurring around the point P20. Here the broad band energy levels reach a
maximum from which they decrease further downstream. This behavior usually occurs near reattachment point,
as it is stated in [6], and it is correlated to the approximation of the reattachment point based on the standard
deviation of the pressure coefficient. Similar pattern is observed in case of approaching angles of 15° and 30°.
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four

influence of 4 surrounding high-rise buildings for approaching flow of 45°

CONCLUSIONS

This paper reports on wind tunnel tests related to the configuration of high-rise building surrounded by
identical buildings. The main idea is to obtain as possible detailed representation of the flow above the high-

rise building influenced by neighbouring buildings by joining results of velocity and pressure measurements. The
following conclusions can be made from the current study:

e At 0° of approaching flow, increase of streamwise velocity component, as well as decrease of the turbulence
intensity to the level similar to the free stream occurs at about two thirds of the building width above the
roof.

e  The flow above the tilted roof building is less turbulent than that above a flat roof.

e  For higher yaw angles, in particular 30° and 45° separation cones are generated at the upstream sides of the
building.
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WIND FLOW AROUND A BUILDING OF AN ATYPICAL FORM
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Bratislava, Slovakia Bratislava, Slovakia
ABSTRACT

This article deals with investigation of air flowing around an atypical building. Result is an
important parameter of pressure coefficient on the structure, what is necessary for design of
buildings and structures (or parts of structures) in terms of wind load calculations. Wind
tunnel measurements of wind flow and wind pressures distributions around an atypical
building whose cross section was quarter circle, were performed in BLWT STU in Bratislava
for 24 wind directions and different speeds in steady and turbulent wind flow.

NOMENCLATURE
We = External wind pressure (Pa)
Cpe = External wind pressure coefficient (-)
1, = Intensity of turbulence (%)
o = Local angle of wind attack (rad)
29 = Roughness length (m)
v = Peak velocity pressure (Pa)
p = Air density (kg/m?)
Vref = Reference wind speed (m/s)
INTRODUCTION

Wind actions on structures or structural elements are determined by wind pressure on surfaces. The basic

parameter for determination of the wind load on the structure is peak velocity pressure g,, which contains mean
wind velocity and fluctuating part of wind velocity- turbulence. This is influenced by the atmospheric conditions
in the given locality, height above terrain and local influences - roughness and orography, season and wind
direction. The peak velocity pressure is calculated as the pressure in conditions of the mean wind speed and
short-term velocity fluctuations. Wind pressure acting on the external surfaces depends on the external wind
pressure coefficient c,[8].1t is possible for typical shapes of constructions to find the values c,. in Section 7 EN
1991-1-4 [2].
In the standard it is not possible to find wind pressure coefficients for atypical shapes of buildings. The wind
pressure distribution on these structures can be obtained by experimental measurements in the wind tunnel or by
CFD simulation for a suitable model of turbulence. Recently a growing amount of high-rise structures in the
shape of quarter circle (see Fig.1) has been built.
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Figure 1. Quarter circle shaped high-rise buildings

METHODOLOGY

Experimental measurements were performed at Boundary Layer Wind Tunnel of Slovak University of
Technology in Bratislava. Wind tunnel was designed with open circuit scheme (see Fig.2) with overall length
26.3 m and two operation sectors of cross-section 2.6 X1.6 m and with adjustable ceiling. Front operation sector
provides steady wind flow up to the velocity 32 m/s (115 km/h). The sector is used for testing of sectional
models. Rear operating sector (ROS) is suitable for detection of effects caused by turbulent wind flow with
velocity from 0.3 to 18 m/s. Measurements of local pressures on the small-scale models in front and rear
operating sectors gave us information about airflow in steady and turbulent wind flow under various wind
directions.

Simulated boundary layer for urban terrain requires the similarity criteria in four basic parameters:
1. Profile of mean wind velocity,

2. Profile of turbulence intensity,

3. Integral length scale,

4. Power spectral density function.

Mean wind velocity and intensity of turbulence profiles were investigated for different roughness and we
obtained information on type and quality of boundary layer. The special devices like grids or foil and 2D barriers
were inserted along wind tunnel (see [3], [6]). Length of roughness field is 14.4 m. Finally, turbulent wind flow
is created in rear operating space. In our case, the roughness of floor was created by plastic film FASTRADE 20
and 150 mm barrier (Fig. 4). From the evaluation of the vertical mean velocity profiles, it seems that this
modification of floor of tunnel is in the match with terrain category III.— IV. (closely to IV.), according to [2]
with roughness length zo = 0,69 m (see [7]).

We tested the model of building in two spaces in steady and turbulent wind flow (see Fig. 2) by changing of
wind direction and wind velocity. Measurements were conducted using pressure scanner DSA 3217 from
Scanivalve.

Measured profile - quarter circle with a radius of 0.16 m and length of 1.1 m was placed centrally in front of
the measuring space, 0.8 m above the floor, where the steady flow was measured (see [3], [6]). Initial position of
segment (rotation angle 0°), dimensions and 16 measured pressure taps are shown in Fig. 3. Wind velocity has
been set by using software LabVIEW. The model was rotated every 15°, thereby was simulated the changing of
wind direction acting on the object. The evaluation of the measured data enables to determine the most
unfavorable position with maximum values of suction and wind pressure for different wind speeds.
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POSITIONS OF DIFFERENTIAL PRESSURE SENSORS
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Figure 2.BLWT STU wind tunnel in Bratislava with two measurements sectors
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Figure 3.Model of quarter circle shape in steady wind flow (a) and initial position (b)

Second model with height h = 0.273 m and radius r = 0.11m (scale 1:380) was placed in the middle of turn
table in turbulent wind flow and initial position of segment (rotation angle 0°) can bee seen in Fig. 4.
Measurements were made at heights z4 = 0.258 m, zg = 0.136 m and zc = 0.015 m above the floor. Resultant
value was determined as average of 1 000 samples (in each tap). The measurements were carried out for 2
frequencies (fi = 20 Hz, f; = 28 Hz). The reference wind velocities at the top of building were vier1 = 8.94 m/s
and vrer2 = 12.88 m/s. These values were measured by using the anemometer — Almemo.
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Figure 4. Model of building in scale 1:380 placed in the turbulent wind flow
RESULTS

Obtained results - the wind pressure distribution and external wind pressure coefficients of examined
structure are depicted in following graphs — Fig. 5.
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Figure 5. Wind pressure coefficient in steady (a) and turbulent (b) wind flow

The results of experimental measurements were to determine the wind pressure distribution and external
wind pressure coefficients for different wind direction and wind flow. Extreme values of the external wind
pressure coefficient reached values of suction in steady wind flow ¢, = -2,78 and in turbulent wind flow at zg =
0,136 m cpe = -2,006 see Fig. 5.
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In upper part of the structure (level A), the pressures are affected by specific wind flow around the free end of the
structure, see Fig. 5b. The end-effect factor depends on the slenderness of the structure and on the wind
direction.

CONCLUSIONS

The external wind pressure distribution and external wind pressure coefficients obtained from repeated
experimental measurements made on model in steady and turbulent wind flow indicates the local extremes of
suction in certain directions. Increased wind speed and suction of the corners of the building on the particular
location of the object relative to the prevailing wind direction shows the danger areas on the facade of the
structures.

ACKNOWLEDGEMENTS

The presented results were achieved under sponsorship of the Grand Agency VEGA of the
SlovakRepublic (grants. reg. No. 01/0544/15). This paper was created with the support of the TU1304 COST
action “WINERCOST”.

REFERENCES

[1] Counihan, J., “An Improved Method of Simulating an Atmospheric Boundary Layer in a Wind
Tunnel”, Atmospheric Environment, Vol.3, 1969 pp. 197 —214.

[2] EN 1991-1-4 Eurocode 1: Actions on structures-Part 1-4: General actions-Wind actions, 2005.

[3] Hubova, O. - Lobotka, P., “The multipurpose wind tunnel STU”, Civil and Environmental.

Engineering, Scientific-Technical Journal, Vol. 10, Iss.1, 2014, pp. 2 - 9. ISSN 1336-5835, EV 3293/09

[4] ACSE Manuals and Reports on Engineering Practice, no.67, “Wind Tunnel studies of buildings and
structures”, Aerospace Division of the American Society of Civil Engineers, 1999.ISBN 0-7844-
0319-8.

[5] Hubova, O.,“Actual problems of the wind actions on structures and application of Eurocodes”, AD
ALTA Journal of interdisciplinary research,Vol. 01, 2011. ISSN 1804-7890, ETTN 072 — 11 00001-
01-4.

[6] Hubova, O. -Lobotka, P., “The Natural Wind Simulations in the BLWT STU Wind Tunnel*“,ATF3rd
Conference on Building Physics and Applied Technology in Architecture and Building Structures,
May 6-7, 2014, TGM - Federal Institute of Technology, Vienna, Austria, pp.78-84.E-Book of
reviewed papers.ISBN 978-3-200-03644-4.

[7] Wieringa, J., “Representative Roughness Parameters for Homogeneous Terrain”, In: Boundary Layer
Meteorology, Vol. 63, Iss. 4, 1993, pp. 323-363.

[8] Holmes, J.D., “Wind loading of structures”, Spon Press, London, 2001.

[9] Stathopoulos, T. - Baniotopoulos, C.C., “Wind Effects on Buildings and Design of Wind Sensitive
Structures”, CISM Courses and Lectures No. 493, International Centre for Mechanical Sciences,
Springer, Vienna, 2007.

-115-



‘ ’7 THE INTERNATIONAL CONFERENCE ON
WIND ENERGY HARVESTING 2017

20-21 April 2017

Coimbra, Portugal

WINER

Paper 215

WIND RESOURCE ASSESSMENT FOR THE POTENTIAL WIND FARM
LOCATION AT FIELD OF WARSAW UNIVERSITY OF LIFE SCIENCES

Tomasz Bakoni Rafal Korupczynskiz
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Warsaw, Poland Warsaw, Poland
ABSTRACT

In this study an evaluation of wind energy resources at a given area was presented. The
location was a farmland of the Agriculture Experimental Institute of Warsaw University
of Life Sciences — SGGW in Poland. On the basis of meteorological measurements for a few
heights an average wind speeds, a Weibull shape and scale parameters as well as wind power
density was investigated. Moreover, a preferred wind directions were determined. The results
show a certain usefulness of given location at future as a place of a small wind farm for
a teaching and research purposes.

NOMENCLATURE
AEI = Agriculture Experimental Institute (of Warsaw University of Life Sciences)
AGL = Above ground level
ASL = Above sea level
c = Weibull scale parameter (ms™')
f = Probability of wind speed
F = Cumulative probability of wind speed
h = Height (m)
k = Weibull shape parameter
v = Wind speed (ms™')
Vav = Average wind speed (ms™')
WPD = Wind power density (Wm?)
) = Roughness length (m)
a = Wind power law exponent
p = Density of air (kgm™)
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INTRODUCTION

In the past few years an interest in wind power engineering in Poland went up. Some new and large
wind farms arose. In the EU countries, there is requirement of 20% energy should be produced
by renewable resources [1]. In the 2007 at the fields of Agriculture Experimental Institute of Warsaw
University of Life Sciences at Zelazna (near the center of Poland) launched a meteorological station [2].
This place is potentially good for using of wind energy, because of quite strong winds. The measurement
results were adopted in teaching and research. Moreover, brewed up the idea to build a wind farm for
commercial and teaching reasons — partly as a business and partly as a laboratory. Hence, there is still
a need to evaluate wind energy resource.

METEOROLOGICAL STATION

The station (fig. 1) was built above 174 m above the sea level on the farmland. Around the mast,
at the radius about 500 to 700 m there are almost no buildings or trees. The aluminum mast is 12 m height.
The first anemometer is on 6 m AGL, the second one on 12 m high. On 6 m AGL is also a barometer,
thermometer and wind direction sensor. A data logger sends its measurement by the radio transmitter to the
computer, which is localized in the main building of the AEI, about of 1 km from the mast. The data logger
and sensors are supplied from one 12 V VRLA battery, which is changed one time for about two weeks.
Moreover, there is a photovoltaic cell for the loading the battery, if the sun radiation is present. Measured
parameters are: wind speeds (6 and 12 m AGL), atmospheric pressure, air temperature. The data are
averaged every minute. In this study the results from the two years: 2008 and 2009 were presented.

Figure 1. Measuring mast on the field of AEI at Zelazna

RESULTS

The raw data: wind speeds (6 and 12 m AGL) and wind directions (6 m AGL) are presented
in figures 2 and 3. Wind speed still is going up for 2 years. Preferred wind directions are west, south and
south-west. If there are more than one wind turbine, they should not shade one another for wind from these
directions. Wind speed at greater heights was calculated by the wind profile power law [3]:
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where: vi2, vi; — wind speed at height 4, and /#; AGL respectively, o — exponent of the wind profile, which
is dependent on characteristics of terrain.

v [mis]

L)

oﬁll*tvmd*i. |

1000 2000 3000 4000 "
" 2000 3000 4000
t[1 unit = 4h] t[1 unit = 4hj

Figure 2. Wind speed at 6 m AGL (left) and 12 m AGL (right) vs. time

Figure 3. Wind rose at 6 m AGL

The exponent calculated from the average speeds at height 6m and 12 m is equal a = 0.175. If we want to
know the terrain class there is a need to know the roughness length zo. It can be calculated from simple
formula [4] after some conversion: h

2=

eOL

where: /1 is measurement height AGL (m). Because of o was calculated from two heights: (6 and 12 m),
h has to be an average from the two heights, that is 9 m. Then z, is 0.030 m.

From [5] the roughness has to be calculated as: W
1112

Z0="1

eOL

Calculated value of zj is equal 0.028 m. Both ways of roughness calculations provide very close results.
On the figures 4 relations between wind speeds and time for the given heights are illustrated.

In [6] J. Wieringa updated Davenport Roughness Classification. For zy = 0.03 m there is class 3 “Open”
terrain with only low plant and few high objects. Such terrain (farmland of AEI) is under discussion.

From [7] the average wind speed 6 ms™! at 30 m is sufficient for small or medium wind projects. This
context the business wind farm on the field of AEI is not valid from economic reasons. However, from
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research and didactical point of view, there are some evidences to build small wind farm at aforementioned
localization.

20

20

[ 1 [ B
_‘“mai' h

3000 4000 0 1000 3000 4000

2000 2000
t[1 unit = 4h] t[1 unit = 4h]

Figure 4. Wind speed at 30 m AGL (left) and 75 m AGL (right) vs. time

Because of randomized wind nature, there is a reason to use some statistical methods. One of them
is the Weibull distribution which is w1~ --~~4 Fo1-

-3 (3

where: f(v) — probability of speed v, k — dimensionless shape parameter, ¢ — scale parameter (ms ™).

Both parameters can be calculated by linear regression [9] which has to be applied to cumulative Weibull
distribution. At figure 5 distributions and histograms are presented.

For a more practically heights (above 30 m), from wind power engineering point of view, the most
probably wind speed is about 4 ms™.. If the height is going up, the distribution shapes will be more flattened

(compare a vertical scale of fig. 5). The approximations of the Weibull curves (red) is quite well compared
to discrete data (blue bars).
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ks - histogram 0.14 rod - d of Wsbut ——}
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Figure 5. Wind speed distribution 30 m AGL (left) and 75 m AGL (right)
One of a wind energy resource parameters is wind nower density WPD (W/m?) [10]:
1
wPD = E-p-vav3
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where p is air density assumed to 1.22 kgm for the standard atmosphere and v,y is average wind speed.

In table 2 values of WPD, as well as average wind speeds, and Weibull parameters are presented. These last
parameters are calculated for the every heights separately, based on measured (6 and 12 m) or calculated
(30 and 75 m) wind speed time series. The values of WPD are quite low. At the 75 m AGL there is only
above 100 Wm?2.

Table 2. Wind power density and average speeds at given heights

h [m] wPD Var [ms] k-] c[ms™!] Remarks
[Wm?]

6 32.5 3.76 1.44 3.42 measuring height
12 41.9 4.09 1.54 4.04 measuring height
30 67.3 4.79 1.60 4.96 predicted height
75 109 5.63 1.63 5.91 predicted height

CONCLUSIONS

In this study, evaluation of wind energy resources at farmland of AEI was surveyed. Average wind
speeds at few heights, wind roses, Weibull scale and shape parameters were determined. Moreover, wind
power density was calculated at given heights. From point of view of the average wind speed, the
localization which is being discussed, is not as good as possible for a commercial wind energy harvesting.
Although, giving that is educational and scientific application of potential wind farm, the whole task has
a chance of success.
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WIND RESOURCE ASSESSMENT AND IDENTIFICATION OF THE AVAILABLE
WIND POTENTIAL IN URBAN AREAS - METHODOLOGY

Teresa Simdes1 Ana Estanqueiro:
LNEG LNEG
Lisbon, Portugal Lisbon, Portugal

ABSTRACT

In the latest years the wind energy sector has experienced a huge growth all over the world.
The deployment of onshore and offshore wind energy projects was recently followed by the
interest in developing urban wind projects in order to respond to the integration of renewable
energy systems in smart cities. This was followed by the need to find suitable and less costly
methodologies for the urban wind resource assessment as well as the development of suitable
planning methodologies in order to find the most interesting sites for urban wind energy
deployment and to overcome the costly methods already existing for this purpose. This paper
presents a methodology for the urban wind resource assessment and for the planning of the
renewable integration in urban environments using geographical information systems. To
illustrate the developed methodologies, a case study in an urban area is presented.

NOMENCLATURE

Fc; Correction factor
Vref, Mean wind speed obtained with CFD-Urban (m/s)
Vimodel; Mean wind speed obtained with the CFD-Complex with the
digital surface model for grid point i (m/s).
Fcl.m Mean correction factor applied obtained from the average of
the differences found between the results from CFD models
P; Grid point i
PD Power density (W/m?)
v; Mean wind speed in grid point i (m/s)
PD; Power density in grid point i (W/ m?)
Vi rec v; reclassified
PD; ¢ PD; reclassified
Potg,s: Sustainable wind potential of the area under study (kW)
Aior Total area occupied by the grid points that obey the selection
conditions
Apin Minimum area needed for the installation of a small wind
turbine
Potyr Nominal power of a reference wind turbine
D Wind turbine’s diameter
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INTRODUCTION

Urban wind energy has a large potential to be explored in the context of smart cities, whether through the
installation of small wind turbines in the domestic sector (building rooftops and surrounding areas), or integrated
in the building envelope providing that they are designed with wind energy exploitation in mind [1]. The wind
potential in urban areas is difficult to characterize due to the high impact of obstacles and structures on the
atmospheric flow. Buildings often cause flow separation, wind speed reduction and high turbulence on the top and
around buildings. Also, in economic terms, the high costs of wind measurements campaigns are an important
barrier to the development of this sub-sector of wind energy. Other data sources may be used for the
characterization of the wind flow in urban environment, such as databases and national and regional wind potential
atlas. These solutions are usually based on the application of data from mesoscale models (MMS5 — Fifth Generation
Mesoscale Model, WRF — Weather Research and Forecasting) to standard microscale models (e.g. WASP - Wind
Atlas Analysis and Application Program [2]) that despite their validity, are not adapted to these environments. In
both methods, the wind potential is often overestimated [3].

The use of CFD (computational fluid dynamic) models to characterize the wind behavior around buildings
is nowadays state of the art. Nevertheless, the application of these models is highly time consuming, in particular
when one needs to model large areas to adequately assess the impact of structures on the wind flow. In this context,
a methodology was developed to characterize the urban wind potential, based on the construction of a surface
involving the buildings’ area, so that it can be treated as a very complex orography. In this particular case, the
WindSim model [4] (referred subsequently as CFD-Complex) is used to model the surface of the buildings and the
surrounding terrain (urban digital terrain model: U-DTM) and the Meteodyn model [5] (referred subsequently as
CFD-Urban) is used to model the natural geometry of the buildings in a small area in order to introduce in the final
resource map the influence of the obstacles (buildings) that are not considered with the detail in the generation of
the surface. In both cases, the wind data from the Wind Potential Atlas for Mainland Portugal [6] are used.

After the resource maps elaboration, a methodology is developed to identify the suitable areas inside an
urban area that can be further explored for the installation of small wind turbines. In this case a Geographical
information system is used and interactive tool are developed having in mind the ability to update input and output
data according to the objectives of each project the user wishes to study. The results obtained for the wind resource
assessment and planning methodologies are illustrated in a case study and presented in this document.

METHODOLOGY

Wind Resource Assessment in Urban Areas

The proposed methodology is based on the generation of a digital terrain model which includes the terrain
and the existing buildings as a whole, thus representing an urban digital terrain model: U-DTM. The urban DTM
can be treated as a very complex terrain and used as input for a standard wind resource assessment model (e.g.
Wasp, WindSim). This methodology strongly reduces the computational costs associated with standard CFD
models to simulate groups of buildings; it simplifies the geometry of the urban mesh and enables to extend the
area of simulation to a city scale. The U-DTM is inserted into the CFD-Complex and, by using synthetic wind data
series obtained by mesoscale modeling, which enables the urban wind potential to be estimated in the absence of
experimental wind data. Since the U-DTM will, in some regions, smooths the city geometry, and since wind data
from numerical mesoscale modeling usually overestimates the wind potential in urban environments, it is also
necessary to correct the obtained spatial wind resource maps in order to more accurately describe the urban wind
flow. Therefore, in the proposed methodology some areas of a city are selected and modeled in CFD-Urban in
order to establish correction factors to be applied to the results from the CFD-Complex. The results from both
models are compared and the deviations analyzed to define the correction factors to be applied to the wind resource
maps obtained with the U-DTM (equation 1).

. .

Fe=1- (—f) (1)
Vmodel;

where F; is the correction factor, v, fi is the mean wind speed obtained with CFD-Urban and vy, 4e;; is the mean

wind speed obtained with the CFD-Complex with the digital surface model for grid point i. Depending on the
extension of the urban area under analysis, correction factors are defined for the area surrounding the buildings
(area A) and for the building’s rooftops (Area B), and the average of the differences is found and applied to the
wind resource map using the expression in (1).

v = FCim X Umodel > (3)
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where Fcl.mis the mean correction factor obtained from the average of the differences found between the results
from both models. The same formulation is performed for power density calculation (W/m2). The resource maps
obtained after the correction factors application are inserted into a Geographical information system, and a set of
tools are developed for the identification of the most suitable areas for wind energy systems installation. This
methodology is described in detail and published in [7].

Identification of suitable areas for wind energy systems identification and quantification of the available wind
potential.

The methodology for the identification of the avaliable wind potential is based on the establishment of a set of
criteria which meets the minimum requirements for the instalation of wind energy systems that guarantee an
efficient performance of each system. In a first stage, the definition of input conditions related to the wind resource
is performed. For this purpose, a minimum capacity factor (Fc) that enables the efficient operation of the wind
energy systems is established. As stated in [8] the limits between 10% and 20% are suitable for the Fc parameter.
Also, in this work, a threshold of 5 m/s for mean wind speed and 130 W/m? are established. These input data are
then reclassified in order to obtain a final map with the interest areas for the instalation of wind energy systems
(eq. 2 and 3).

m reclassification 2)
vai25.0—2—>virec =1;€l5617irec =0
s ' '

W' reclassification 3)
If PD; > 13()?, ——————— PDjec = 1; else PDi,rec =0

Where v; is the mean wind speed and PD; is the power density, both in the corresponding in the grid-point i of the
resource map. v; o and PD; ... are the same values after reclassification.

The reclassified resource maps are them multiplied in order to obtain the resultant grid-points that obey all the
conditions imposed to each parameter (eq. 4).

POtO,l = Virec X PDi,rec 5 “

where Pot,; corresponds to the resultant grid, populated with “0” and “1” (where “0” is not suitable and “1” is
suitable). This grid can then be multiplied by one of the original resource grids in order to represent one of the
variables, depending on the purpose of the study. After the selected areas are found, is the necessary to establish
the mean suitable area to install a wind turbine. This area is determined according to the wind turbine model
characteristics, namely the rotor diameter and the distance between wind turbines. In this case, the minimum
distance to consider between is 3 diameters in the crosswind direction and 8 diameters in the along wind direction
which corresponds to a final area of 24 D2. The sustainable wind potential is then obtained by the equation 8.

Apor X Potyr (3)
Potgyse = OA—
min

Where Potg,; is the sustainable wind potential of the area under study (in kW), A;,; is the total area occupied by
the grid points that obey the selection conditions, Poty,r is the nominal power of the wind turbine model selected
for the study and A4,,;, is the minimum area needed for the installation of a small wind turbine.

RESULTS

To test the methodologies described above, an urban area was selected and the results are presented in figures 1
and 2. Figure 1 presents the results obtained with the wind resource assessment methodology and figure 2 and
table 1 present the results obtained with the methodology for the identification and quantification of the wind
potential in the selected urban area.
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Figure 1. Resultant wind resource maps for an urban area representing, respectively Mean wind speed and
Power Density for h=10m.

Table 1. Available potential in the urban area under study.

Total area (m?) Available area (m?) Available wind
potential (MW)
8891376 1607856 11.152

Figure 2. Available areas for wind energy systems installation

CONCLUSIONS

In this paper a methodology for urban wind resource assessment based on the generation of a surface
involving the urban mesh and surrounding terrain was presented. It is based on simple and low-cost procedures
which enable its replication to other urban areas. The results obtained are presented in detail and validated in [7].
Also a methodology for the identification of suitable areas for wind energy systems installation, as well as the
quantification of the available wind potential is presented. It is based on the use of Geographical Information
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systems and a set of interactive tools were developed for this purpose. The results here obtained are a valuable
contribution for the determination of the sustainable wind resource in urban areas, for planning purposes, especially
in the context of smart cities.
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URBAN WIND ENERGY ESTIMATES WITHIN A LISBON NEIGHBOURHOOD

Fernando Marques da Silvai Gerardo Ibelliz
National Laboratory for Civil Engineering (LNEC) Lisbon University, Sciences Faculty
Lisbon, Portugal Lisbon, Portugal
ABSTRACT

Urban roughness increases wind natural variability both in time and space. This increased
variability may change from a neighbourhood to the next one due to the change in layout,
shape and buildings dimensions. The work presented here deals with the wind and SWT
production assessments within a Lisbon neighbourhood where can be found different types of
buildings under an irregular layout. Both wind tunnel tests and CFD simulations were used
achieving a good match for the results showing the influence of building height and position.
The estimated energy production, using a single SWT, is within the band of 1900 kWh <AEP<
2700 kWh 20 m above rooftops.

NOMENCLATURE
SWT - Small Wind Turbine
AEP = Annual energy production (kWh)
= Wind velocity (m/s)

Weibull shape factor (-)
= Weibull scale factor (m/s)

> =X C
I

I. INTRODUCTION

Microgeneration in urban areas as a way to reduce energy demand is a concept getting increased support.
If solar energy assessment and use is simple the same cannot be said about wind energy, moreover on urban
environment. Wind energy use needs relatively strong and reliable (with a significant occurrence probability)
winds, and as clean as possible (low turbulence levels). This statement almost means that one should forget urban
wind power because the requirements are very difficult to obtain starting with the first one — frequent strong winds
does not match with human settlements. It should be kept in mind that SWT has high design wind velocities. These
difficulties may be increased by the urban aerodynamic roughness as the result of large built areas where layouts
and buildings dimensions may change within short distances.

If in general wind assessment needs time in urban areas needs also to be evaluated at each point where a
SWT is intended to be sited. Clearly this becomes easily too expensive to make such a project economically
feasible. In order to reduce such initial costs it is important to have a clear idea on the site feasibility or what will
be the best spots to install a SWT within a neighbourhood. To achieve such a purpose complementary techniques
of wind tunnel tests and CFD models may be used allowing identifying those spots reducing the number of
measuring stations and the monitoring time.

This work presents such a complementary study applied to a Lisbon neighbourhood with a particular layout
and different types of buildings. A scaled model was used for the wind tunnel tests performed at LNEC’s facility
together with a CFD simulation using ENVI-met software.

II. CASE STUDY

1 Research Officer, Structures Department, LNEC, Av. Brasil, 101, 1700-066 Lisboa, Portugal/fms@Inec.pt
2 MSc Student, Geography, Geophysics and Energy Department, Lisbon Univ., Campo Grande, Lisboa, Portugal
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The 3.5 km? studied area is a residential neighbourhood sited on flat ground in the end of low rise low dense
construction area wind path. It is an area of apartment buildings of different heights and ensembles from isolated
towers to lower rise bands and including a school ground, Figure 1.

3 School
Pt H=12,5m

Tower 1
H=45m

H=25m

Tower 3 . "R
H=30m ! o il . w : >

m'E 4290374.47 m N elev 101 m _meye-alt*~614:m

Figure 1. - Area under study

The “tower sector” on the left has eight taller buildings with heights from 30 to 45 m high and three bands
with 15 to 25 m. The neighbour “band sector” show different arrangements of buildings all rising to 25 m high.
On the top East corner there’s an open school area with low rise buildings the taller having 12.5 m high. The zones
on the bottom of the area under study are quite irregular showing buildings going from 3 to 30 m.

This area is around 3 km west of the Lisbon airport were the wind climate data was obtained, Fig. 3. The
average for the velocity in Lisbon is U=3.7 m/s, 10 m above ground. The highest sectorial values, U=4.3 m/s,
corresponding to North and Southwest incidences, but the largest occurrences are, by far, from North.

The Weibull parameters are k=1.82 and A=4.22 m/s and extrapolation for the height of 45 m brings U=5.3
m/s and the Weibull parameters to k=2.16 and A=5.96 m/s. both distributions are also presented in Figure 2.
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Figure 2. - Lisbon wind climate (1982-2005)
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Figure 2 (cont.) - Lisbon wind climate (1982-2005)

III. METHODOLOGY

In order to evaluate the differences of wind potential production for small wind turbines (SWT) sited on
building tops within the study area two approaches were used. i) wind tunnel tests over a physical model of the
area, and ii) a CFD model.

3.1 - TESTING MODELS

The physical model reproducing and area of 650 x 320 m? was assembled at a 1/500 scale (Lopes, 2003),
Figure 3, to be used in an open circuit wind tunnel with 3x2 m? of cross section and 9m long, the velocity going
up to 18 m/s. The incoming flow simulates a boundary layer with a power law exponent of a=0.23 following
Irwin’s method (Irwin, 1981; Castanho, 2012). Three 1,22 m spires, 0.61 m apart each other, and a staggered array
of 98 cubic roughness elements (10 cm edge) provided the incoming boundary layer profile, Figure 4.

Boundary layer profiles

E
E s CFD
W

— WT

U/U ref [my/s]

Figure 4. - Wind tunnel roughness elements and both BL flows.
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3.2 - CFD MODEL

Figure 5 shows the correspondent CFD model used on free ENVI-met software (envi-met.com). The mesh
has 159x89x30 cubic cells of 5 m? each except close to the ground where the height was reduced to the half. This
3D model goes up to 150 m high covering the same 3.5 km? area of the real one. The mesh has a telescopic vertical
variation increasing its dimension in 10%, each step, above the height of 600 m. A boundary layer flow identical
to the one inside the wind tunnel was imposed.

IV. RESULTS

When overcoming the obstacles presented by the buildings the flow separates immediately above rooftops
generating areas of low and reversed velocity. Above such separated flow bubbles the velocity is increased from
the reference undisturbed velocity at rooftop level — U,q(45)=5,3 m/s. Figure 5 shows the velocity profiles above
rooftop of Tower 1 for different wind directions expressed by the ratio to the reference velocity and the velocity
distribution over the area at 35m a.g.l., for NW wind. Similar vertical profiles were obtained for the other referred
buildings and so discarding the possibility of using the school for SWT because the estimated local wind speed
showed no increasing factor.

Those profiles allowed estimating the different AEP for marked buildings (Figure 1) at three heights above
rooftop — 5m, 10m and 20m. For that purpose a 2.5 kW at 13 m/s, 2.3 m rotor diameter TURBAN wind turbine
was used. Figure 6 show the SWT and its power curve. Results are resumed in Figure 7.

- rooftop 1
— NE
— E
— SE
-]
_ SwW
NW

Power Output Characteristics

0 -

25

Power simuladion (kW)
n

Wind speed [m/s)

Figure 6. - TURBAN wind turbine and its power curve
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Figure 7 - Estimated AEP for the different buildings

V. CONCLUSIONS

A wind energy production assessment was performed for an urban neighbourhood inside Lisbon using
complementary techniques of wind tunnel tests and CFD simulation. This allowed establishing vertical velocity
profiles above selected buildings as a function of wind incidence.

Using reference wind velocities at rooftops heights, out from Lisbon wind data, and occurrence probabilities
from a Weibull distribution it was possible to estimate the available wind power. Then using a small horizontal
axis wind turbine with 2.3 m of rotor diameter and a rated power of 2.5 kW, at 13 m/s of wind velocity — T_URBAN
-, estimates of power production were carried out for three heights above rooftop (h a. r. of 5, 10 and 20 m) for
each of the selected buildings. The exception was the school because, due to its low rise buildings, of the
insufficient available wind.

Lower rise buildings (T3 and bands) show higher power increase with height above roofs — 50% to 70%
from 5m to 20m) than the taller ones (T1 and T2) where power increase is around 30%. Anyway even a 10 m tall
SWT on rooftop may be excessive.

It may be concluded that the expected need of local evaluation of wind characteristics should be performed
for each building or band of buildings in order to correctly estimate power production.
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ABSTRACT

Traditionally the analysis of cables subjected to wind is performed using an equivalent static
analysis. However the occurrence of numerous accidents on structural systems composed of
cables without the design speed being reached, indicates that collapse can be caused by
dynamic action or errors on the estimates of wind forces. The objective of this paper is to
present a methodology for dynamic analysis of cables subjected to wind, considering the
geometric nonlinearity and the aerodynamic damping. The validation of the proposed
procedure is performed by comparison with results obtained by other researchers and
experimental results obtained in a wind tunnel. A comparison of the responses obtained for
the dynamic analysis and the equivalent static analysis is presented.

INTRODUCTION

In transmission lines, the main load to be considered in the structural analyses is produced by wind, which
acts dynamically on the system (towers, cables and insulator strings). Considering that several accidents involving
towers of this type have occurred, although the wind speed used in the project was not reached, the collapse might
be caused by dynamic actions or by some mistake in the wind effect estimate.

For the dynamic behavior, a space model of an isolated cable is evaluated, considering the geometric
non-linear effects and the aerodynamic damping, with a huge influence in cases in which the structure assumes
speeds next to the wind speed. The wind loading is modeled as a random process from statistical properties.

A numerical procedure which takes in account the aerodynamic damping is proposed and validated by
confrontation with the formulae proposed by Davenport and Vickery and wind-tunnel tests presented by Loredo-
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Souza. The maximal values of the dynamic response obtained were compared with results produced by a static
analysis in agreement with the prescriptions of the NBR 6123, with the application of the wind-gust coefficient.

NUMERICAL APROACH FOR DYNAMIC ANALYSIS OF CABLES

Succinct procedure description

A suspended cable, such as those employed in electric power overhead transmission lines, presents a
catenary form. In the specific case of equal-height supports, this catenary will be symmetric about the central axis.
Cable deflection depends on cable self-weight, span length, temperature and initial cable tension. For the
simulation performed in this work, cables where modeled as non-linear truss elements (link 10) from ANSYS®
commercial software. Keyoption 3 was set to 0 to allow elements to work only when submitted to tension. For the
displacement calculations, both large displacement formulation and truss elements initial strains were considered.
Fixed supports were considered at both cable ends. Dynamical analysis is performed in three main steps:

1st Step: Gravitational forces are applied gradually. Final cable configuration is obtained after a non-linear
static analysis (dynamical effects are disabled);

2nd Step: Nodal forces corresponding to aecrodynamic forces due to mean wind speed are applied on the
cables. Loads should be introduced gradually with low increments, in a way that only low speeds are induced in
the cables. The analysis is dynamic, therefore these speeds have to be small enough not to interfere on the next
step results.

3th Step: Finally, the wind nodal forces (mean and fluctuant values) are set as arbitrary time functions. A
transient dynamic analysis is then performed. For the numerical evaluations, a model composed by a simple
conductor and leveled supports was built. The model had the dimensions of a real transmission line (span length
equal to 400m).

For comparison with literature experimental results presented by Loredo-Souza [3], a similar but smaller
model was built (span length equal to 150m). The other geometrical parameters were chosen according to
Loredo- Souza [3].

Aerodynamic Damping

The aerodynamic damping is defined as a retardation effect produced by the relative displacement between
air and structure. In the specific case of prismatic structures such as cables, moving in the wind direction and
subjected to a uniform flow, a formulation was proposed by Davenport [1] e Vickery [2] to quantify the

aerodynamic damping:
3 (CD) pad*\ [V (1
Saj = 4m)\ m J\f;d
where:

Ca]. is the aerodynamic damping, for the j-th mode;

Cp is the drag coefficient;

p, is the air density;

d is the cable diameter;

m is the mass per unit length of cable;

V is the wind speed;

f; is the natural frequency of the cable, for the j-th mode in Hz.

The procedure proposed by this work takes directly into account the aerodynamic damping by considering
the relative speeds between wind and cable, for the calculation of wind pressures. The basic formulation to obtain
the wind pressure and the relative speed are presented in Equations (2) to (5):

Ve = (V(t) = Veanie) 2
V() =V, +v(t) (€)
V, = Vi0(z/10)? “4)

Qwing = 0,613 . V2 5)

where:
Jwind 18 @ dynamic pressure of wind;
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VR is the relative velocity between the wind and the cable;

V(t) is the wind speed;

Veable 18 the cable speed;

v(t) is the fluctuating component of the longitudinal speed;

V, is the average longitudinal velocity component of the project, in 10 minutes;
V., is the average speed of project to 10 meters high, with a mean of 10 minutes;
z is the height from the ground point in the study, in meters;

p is the exponent coefficient on the roughness of the terrain.

With the formulation presented above, the procedure can be generalized and applied for any kind of
structure which develops high relative speeds when excited by the wind.

Non-deterministic modeling of wind

To perform a non-deterministic dynamic analysis in the time domain, it is necessary to generate time
functions to represent the fluctuant part of the wind longitudinal speed. In the present work, a random signal with
zero mean value is generated from a PSD (Power Spectral Density). Equation (6) shows the time-history of the
process variable v(t) generated according to Pfeil [5]:

N (6)
() = x/iz JSTORBS cos(2nfit + 6;)
i=1

where:
SY(f) is the spectral density function;
N is the number of frequency ranges Af considered in the spectrum;
f; is the frequency, in Hz;
t is the time, in seconds;
Af is the increased frequency, in Hz;
0; is the random phase angle between 0 and 2x.

The spectral density function employed, defined according to the studies of Kaimal (Blessmann [6]), is
presented in Equation (7):

fS'(zf) ~ 200x
uz (14 50x)5/3"°

()

xe =21

where:
f is the frequency, in Hz;
u, is the friction or tangential speed, in m/s;
z is the height from the ground point in the study, in meters;

For structures considered as big sized, several time series have to be generated. These series have to be
spatially correlated. Spatial correlation is performed based on statistical formulations. The cross spectral density
function and the cross correlation function employed are presented in equations (8) and (9), respectively:

®)

+00

Svl’vz(f) :f Cvl,vz(T)e—ianrdT
_foo

A L 9

Cv1.vz(1-) :f Sv(f)e—feﬂnfrdf ( )

RESULTS

Figure 1 presents both the temporal evolution of the cable central node displacements and temporal
evolution of the end support reaction in the wind direction (transversal to the cable). All the results are presented
using the method proposed at this work, the Davenport’s methodology and a simulation without the aecrodynamic
damping (with a wind gust of 32 m/s). The x-axis is longitudinal to the cable, the y-axis is horizontal and transversal
to the cable (direction of the wind) and the z-axis is the vertical axis.
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Figure 1. Temporal evolution of the cable’s central node displacements and temporal evolution of the central
support reaction in the wind direction for different methods

Table 1 presents the values of the cable’s maximal reaction for a wind gust speed of 50 m/s for both dynamic
and static analysis. The dynamic analysis is performed with the proposed procedure whereas the static analysis is
performed using the wind gust factor, described at NBR 6123:1988.

Table 1: Proposed dynamic analysis versus static analysis.

Reactions Proposed procedure Static analysis
Fx [kN] 55,51 48,52
Fy [kN] 7,82 7,34
Fz [kN] 1,26 1,35

Figure 2 presents the temporal evolution of the support reaction, in the wind direction, obtained by the
application of the proposed procedure model built according to Loredo-Souza (1996). Table 2 presents the
comparison between the results of the simulation and those obtained from wind tunnel tests.

-134-



‘ THE INTERNATIONAL CONFERENCE ON

\X/ N E F\) / 7 WIND ENERGY HARVESTING 2017
20-21 April 2017

Coimbra, Portugal

Paper 218

Supportreaction (Fy) [kN]
w

60 70 80 90 100 110 120
Time [s]

Figure 2. Temporal evolution of the support reaction obtained with proposed procedure.

Table 2: Proposed dynamic analysis versus experimental analysis.

Fy Experimental analysis — reduced Experimental analysis —real scale Dynamic Error
scale model Loredo-Souza [3] model Loredo-Souza [3] analysis [%]
Minimum [kN] 1,36 x 10-5 1,7 1,5 11,5
Average [kN] 2,40 x 10-5 3,0 2,6 13,0
Maximum [kN] 3,60 x 10-5 4,5 43 4,5
CONCLUSIONS

A method to take in to account the aerodynamic damping in cables subjected to wind dynamic effects was
proposed in this work. The proposed method consists in aerodynamic pressure calculations considering the relative
speed between cable and wind. The proposed method results were compared with those based on the formulation
proposed by Davenport (1988) and Vickery (1992). The results were also confronted with laboratory wind-tunnel
results issued by Loredo-Souza (1996). Both comparisons showed good agreement.

It was showed by the results that cable response is reduced considerably when aerodynamic damping is
considered. Even though cable response was reduced, maximal support reaction was above that obtained by the
application of the wind gust factor in a static analysis (Loredo-Souza, 1996). Therefore, the usual engineering
practice of using static analysis should be reconsidered and eventually substituted by a dynamic analysis of the
structural assembly of tower, isolators and cables.
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ABSTRACT

This paper intends to show the methodology used to perform a fatigue analysis in wind turbine
blades. Experimental results, obtained according to the standard IEC 61400-13, were used to develop
a Matlab software solution. The software uses rainflow algorithm to count the cycles for each strain
range, and calculate damage using Miner’s law.

NOMENCLATURE

DLR = German Aerospace Center

INTRODUCTION

Renewable energy market is growing, leading to a need of sound evaluation of the structural integrity of the wind
turbines blades. With this purpose good measurement campaigns should be performed in accordance with standard
IEC 61400-13 "Wind turbines - Part 13: Measurement of mechanical loads", that describes the measurement of
structural loads on wind turbines. [1]
Regarding wind turbines fatigue assessment, there are two main type of loads to consider:

e Flapwise direction due to aerodynamic loads (shear, drag, lift);

e Lead-lag directional due to inertial loads (gravity, blade dynamics).

These loads usually occur in orthogonal bending directions. Flapwise is the direction where highest loads occur.
These loads vary strongly in amplitude and mean value. Regarding lead-lag loads, they are mainly originated by
the own weight of the blade. Also the load direction changes twice during a single evolution and lead-lag loads are
more regular than fapwise loads. [2] These two type of loads are cyclic so they are the leading cause to fatigue in
wind turbine blades.

A Matlab code for the fatigue life analysis of wind turbine blades was developed. This software was developed
taking into account real data from sensitized blades and guidelines given by the standard IEC 61400-13. The
software is based on a rainflow algorithm to analyze the several loading cycles, and performs damage using
Miner’s law.

METHODOLOGY

1 Development Engineer, INEGI, University of Porto, Portugal, reteixeira@inegi.up.pt

2 Senior Researcher, INEGI, University of Porto, Portugal, pmoreira@inegi.up.pt

3 Senior Researcher, INEGI, University of Porto, Portugal, ptavares@inegi.up.pt

4 Assistant Researcher, INEGI, University of Porto, Portugal, jacorreia@inegi.up.pt

s Researcher, Gijon Faculty of Engineering, University of Oviedo, Spain, munizmiguel.uo@uniovi.es
6 Assistant Professor, INEGI/Faculty of Engineering, University of Porto, Portugal, ajesus@fe.up.pt

7 Emeritus Professor, Gijon Faculty of Engineering, University of Oviedo, Spain, afc@uniovi.es

-139 -



. THE INTERNATIONAL CONFERENCE ON
] 7 WIND ENERGY HARVESTING 2017
20-21 April 2017

Coimbra, Portugal

WINER

Paper 301

Fatigue is a local damage process caused by the application of cyclic loading even if the load is lower that
the yield stress. Usually, fatigue loads can be divided in two different groups: constant and variable amplitude. In
real load cases it is uncommon to have constant cyclic loads. The case of variable amplitude loads is named load
spectrum or load history.

During its service life, a turbine blade is subjected to cyclic loads that can have constant or variable
amplitude. For cases of constant amplitude loading the determination of the amplitude and the number of cycles
is easy to be performed. Although, if the amplitude of the load changes with time, further processing is needed.
Fatigue cycles can be counted using time histories of the loading parameter such as force, torque, stress, strain,
etc. Cycle counting methods are used to summarize irregular and long load histories giving the number of cycles
for different amplitudes. There are some counting methods of one parameter such as level-crossing, range-mean
and range-crossing, however these methods are not able to deal with local stress-strain hysteresis behavior, and
this has a lot of influence in fatigue failure. Two-parameter cycle counting methods like rainflow are widely used
nowadays.

After the cycle counting there is the need to obtain the damage induced by the cycles. For this purpose
Miner linear damage and accumulation rule can be used. [4]According to this law, a component stressed at g; has
a life of N; cycles and the damage after n, is given by n,/N;. This fraction of cycles n, creates a damage D; of
the total damage D,. Fatigue failures occurs when the total damage introduced by multi-level fatigue loading

reaches the critical damage,
n.
Diotar = Z D; = Zﬁz < D,

Mathematically, the Miners rule is given by,
n;
‘=1
N;
With the purpose of perform this analysis a matlab application was done. The main interface of the

application is shown in Figure 1.
Fatigue Analysis of Wind Turbines

@ mneq

Ren Program

Figure 1 - Main interface of the application.

This application counts the number of cycles in each variable range (strain, stress or torque). To run the
application the "load files" button should be pressed and a typical explorer window will open to allow the selection
of the files to analyze (At this stage of the application only .mat extension is supported). As soon as files are loaded
a message box appears confirming that the files were loaded successfully (Figure 2).

There is a parameter called delta that is the minimum range of cycles that matters for the analysis. Cycles
with lower range will be neglected. The units for this parameter in this stage of the application are micro-strain
because the analyzed data was in micro-strain. It is also possible to select the number of range intervals that we
pretend being that the standard suggests at least one hundred in order to have a good resolution. The speed bin is
only important if the option "Excel with statistical information" is selected because the name of the excel file will
be "Statistical information (Speed Bin)".
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Loading operation was successful

Figure 2 - Loading successful message box.

The software allows the analysis of more than one 10 minutes files and the outputs are:

plot of generic and filtered signals (Figure 3 and Figure 4) respectively;
plot of generic and filtered signal with peaks and valleys (Figure 5 and Figure 6 respectively);

2D and 3D histogram for generic and filtered signal (Figure 7, Figure 9, Figure 8 and Figure 10

respectively);
Excel file with statistical information.

Each output can be selected checking the respective check box.
2D histograms are represented in terms of strain range and 3D histograms are represented in terms of strain range

and mean value. The rainflow matrices shows the number of cycles for each strain range, as well as the average
value of the amplitude and mean of each strain range. The excel file that is generated shows the statistical data for
each bin, this is the maximum and minimum strain value for each file, as well as the minimum of the minimums
and the maximum of the maximums. It also prints the average amplitude and mean value for each file as well as
the average for all files. It also calculates the damage equivalent load and standard deviation.
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Figure 9- 3D histogram of generic signal. Figure 10 - 3D histogram of filtered signal.

RESULTS

The example shown in previous figures represents the analysis performed to one file corresponding to lead-
lag direction.

Concerning the plots, it is possible to see that a great amount of cycles in the original signal correspond to
noise, and for this reason the signal filtering is underlying as well as the definition of delta value.

In this particular case study the definition of the delta value was based in the € — N curve. The curve used
was the same given by German Aerospace Center (DLR).[5] In this document only curves for R = 0.1 and R =
—1 are given. For the case shown in Figure 3, R = —1 is the best approximation. The curve used is shown in figure
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6. To obtain the value of delta a large number of cycles was considered, in this case 1E30, so it was considered
that the strain values corresponding to this number of cycles did not contribute to fatigue. This approach leaded to
a delta value of 34 ue.

Comparing Figure 7 with Figure 8 (or Figure 9 with Figure 10) it is possible to notice that a big amount of
cycles with small strain range (approximately 4950 cycles) were neglected form generic signal to filtered signal.
This improves the results and allows a bigger resolution in the results.

=== Mean Curve
251 O Experimental Data | <

10° 10? 10* 10° 10°
Number of cycles
Figura 11- € — N curve.

CONCLUSIONS

As future works some tasks are defined,
e Perform fatigue tests to material specimens at different R values. This will allow to perform more
accurate analysis as well as a better definition of delta value;
e Apply a probabilistic approach to obtain the fatigue curves of the material,
e  Apply Miner's law to obtain the damage induced in the blades.
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ABSTRACT

In this paper we present a new integrated approach for assessing the structural health and life-cycle of wind
turbines. A major challenge in efficient condition assessment and residual life prediction for such systems lies in
their continual exposure to highly stochastic loadings due to non-stationary environmental conditions, gravity, and
inertial effects. Furthermore, wind turbines suffer from significant degree of interaction amongst their components
comprising a variety of materials, which bears a large influence on the measured condition/health monitoring data.
The challenge is compounded by the presence of advanced control systems trying to extract maximum power from
the wind while maintaining the operating loads within the design limits. The objective is thus to develop methods
and tools, which are able to account for the lack of precise loading information as well as operational,
environmental and modelling uncertainties, toward the structural health monitoring, damage detection and life-
cycle assessment for wind turbine components across two temporal scales, namely the short-term (gusts, extreme
turbulence, faults) and long-term (fatigue). To this end we propose a novel framework that combines a easily
deployed and relatively cheap sensor network, with state-of-the-art data processing methodologies and “near-real
time” Aero-elastic simulations, with the standard stream of condition monitoring data (SCADA). We present the
main thesis of this framework and illustrate one aspect of it, namely the data driven modelling part.

NOMENCLATURE
SHM = Structural Health Monitoring
CMS = Condition Monitoring Systems
WT = Wind Turbine
PCE = Polynomial Chaos Expansion
O&M = Operation and Maintenance
INTRODUCTION

There is a major challenge in efficient condition assessment and residual life prediction when wind turbine
components are subjected to strongly varying loads, both on the short-term scale (seconds) due to varying rotor
speed, gravitational, aerodynamic and inertial forces, and long-term scale (days, weeks) due to temperature, gusts,
turbulence and seasonal variations. Furthermore, due to the narrow gap amongst their natural frequencies, wind
turbines suffer from significant degree of interaction amongst their components, comprising a variety of materials,
which bears a large influence on the measured condition/health monitoring data. This challenge is to some level
compounded by the presence of advanced control systems aiming to extract maximum power from the wind, while
maintaining the operating loads within the design limits. The current practice of monitoring and diagnostics of the
health of wind turbine structures involves (1) Visual inspection which is subjective, labor-intensive, time-
consuming, and periodic, (2) Non-Destructive Evaluation which is costly, labor-intensive, time-consuming,
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periodic and requires trained personnel, and finally (3) Supervisory Control And Data Acquisition (SCADA)
and/or component specific Condition Monitoring Systems. The motivation of this work stems from the obvious
lack of decision making framework for O&M and lack of integration of SHM for both short-term damage detection
and long-term Life-Cycle Management. Furthermore, uncertainties in measurements, wind turbine operation and
environmental conditions are rarely considered in SHM, and finally “Near-real time” Aero-elastic simulations are
rarely integrated into an SHM framework. The ERC funded WINDMIL project aims to develop appropriate
performance assessment methodologies, which are able to account for the lack of precise input (loading)
information as well as environmental and modeling uncertainties, toward the assessment of structural performance,
damage detection and life-cycle assessment across two temporal scales, namely the short- and long-term one. The
former refers to the handling of sudden anomalies typically linked to extreme events (strong winds, waves,
earthquake), while the latter refers to deterioration processes that evolve across a lengthier time span and which
form an adverse factor for extending the life-cycle of these structural components, as fatigue damage. To this end,
we propose a novel framework that fuses multiple sources of information including: (1) a easily deployed and
relatively cheap sensor network to capture the structure response, (2) with state-of-the-art data processing
methodologies and “near-real time” Aero-elastic simulations, with (3) the standard existing stream of condition
monitoring data and SCADA. We present the main thesis of this framework and illustrate one aspect of it, namely
the data driven modelling part.

~

1. WT simulation models 2. Fatigue Estimation 3. Smart monitoring, inspection
( Physical based modeling Data-driven modeling ( Y\ & maintenance
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Figure 1. Integrated framework for Monitoring, inspection and life-cycle Assessment of wind turbines.

Figure 1 illustrates the integrated framework for Monitoring, inspection and life-cycle Assessment of wind

turbines, which is defined on the basis of two separate time scales, one short-term and one long-term. The short-
term assessment aims to provide early warning of the onset of damage or to register an extreme event (i.e. abnormal
operation). The long-term framework is linked to the prediction of fatigue accumulation and the evidence of
deterioration in the derived performance indicators.
The first level of the integrated approach is to establish the wind turbine simulation models, both physical
(simulations) and data driven. In the physical based modeling a refined representation of the wind turbine
components and their geometry and material properties is established. The refined model serves as a link between
the system’s characteristics (geometry, materials) and properties (stiffness, strength) and the resulting aero-servo-
hydro-elastic response, which is the quantity measured in the field via sensors. Data-driven modeling relies on
dynamic response measurements for extracting mathematical representations of the system. These representations
can be delivered in a modal, regression or wavelet based form. Since the model is inferred from measurements of
the response without necessarily a-priori knowledge of the system itself, this step comprises a task of inverse
engineering. When the WT is parked, the structure is excited by ambient wind loads. During power production,
the dynamics of the WT becomes non-stationary due to the rotation of the rotor, which induces a “periodic
variability”. This may be attributed to the effects of acrodynamic, gravitational and inertial forces [1], [2]. Time
Varying Auto Regressive (TVAR) models constitute a suitable tool for tracking the time evolution of the dynamics
using a compact parametric formulation:

ylt] + ailt]ylt — 1] + az[tly[t — 2]+ +an[tly[t —n] = e[t], e[t] ~NID(0,07[t])
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where t designates discrete time, y[t] the observed non-stationary signal, e[t] the residual sequence, that is the un-
modeled part of the signal, which is assumed to be normally identically distributed with zero mean and time-
varying variance 62 [t], and a;[t] the time-varying AR parameters.

The second level builds onto the physics and data driven models for the prediction of fatigue accumulation.
Toward this end, the physical and the data-driven models developed in Level 1 will be used in a synergistic way.
The data-driven models will be used for the loading estimation through very recently developed system
identification methods, which allow to infer the states of the system, i.e., its displacement and velocity time
histories, under an unknown dynamic excitation (unknown input) via a limited number of sensors. This is known
as a joint input-state estimation problem [3], [4], [5], [6] for fatigue prediction in civil structures. The extension of
this theory to WTs, although not straightforward due to once again the particular dynamics involved, is a crucial
task for treating the most commonly identified bottleneck for these systems, namely failure due to fatigue. In a
next stage, the predicted response quantities will be linked to physical properties of the system, via use of the
physics based models, leading to the estimation of strain time histories in hot-spot locations of the WT structures.
The use of a physics based model in this case is vital for transiting from vibrational response data into strain
information in unmeasured locations of the structure. The integration of appropriately adapted deterministic and
stochastic fatigue theories will generate fatigue damage accumulation maps based on actual operational conditions.
This in turn enables prediction of the residual fatigue lifetime and reliability of the structure minimizing down
time, lowering the frequency of sudden breakdowns and associated maintenance and logistic costs. A
subcomponent of this step necessarily entails the definition of suitable sensor configurations, able to monitor those
quantities that are critical for allowing fatigue estimation in absence of load information [7]. In this sense, a
successful sensor setup should ensure the realization of inference, numerical verification, and experimental
validation of the developed simulation models, as well as, damage detection and prediction of fatigue
accumulation. The measurement system delivered from this study should come as a complimentary low cost
solution to the information standard SCADA systems routinely provided for WTs.

The third level, Smart Monitoring, Inspection and Maintenance, relies on the treatment of the data collected from
the suggested monitoring system, which will inevitably deliver diverse information contaminated with a significant
amount of uncertainties. Indeed, due to reasons relating to material properties, ageing processes, loading
conditions, boundary conditions, and others, every structural system is characterized by uncertainty. As a result,
we may only have a limited degree of confidence in a WT physical model, when the latter has to be employed for
the assessment of the WT’s reliability and safety through its life-cycle. A fundamental question that therefore
arises is how does one deal with a system that is probabilistic in nature and continually changing? In this case we
refer to “macro-temporal variability” which pertains to the loading and environmental conditions which are
continually changing within the range of hours, or even minutes [8]: (i) non-periodic, stochastic loads caused by
wind gusts and turbulence (within the order of minutes), (ii) changes in the input wind flow profile (within the
order of minutes) and (iii) environmental conditions variation (temperature, humidity, solar radiation, wave
loading and others; within the order of hours). For modeling the evolution of the system as a function of changing
conditions, the parameters of the non-stationary representations obtained in Level 1 will be projected onto the
stochastic spaces of the recorded operational and environmental conditions of the WT [9], [10]. In this way, a
statistical model may be built, incorporating the effects of environmental and operational conditions and alleviating
the danger of misinterpreting these as damage. A Polynomial Chaos Expansion (PCE) method, coupled with the
TVAR models enables the transition from micro (structure on its own) to macro (structure in interaction with its
environment) delivering performance indicators that ensure enforcement of this scheme in a uniform and
repeatable manner. The formulation of performance indicators (indices) essentially requires a training period after
which these are able to predict performance within regular. Deviations of these indices from normal bounds,
indicate irregularity in the operation of the WT and serve as a warning/alarm. This “macro-temporal” stochastic
framework provides a means of quantifying the uncertainty pertaining to the evolution of the dynamic behaviour
of a WT during its complete operational spectrum. Once variability due to environmental conditions is quantified,
damage detection may be accomplished by identifying within the robust performance indices distinct patterns that
evidence different types of damage, from component failures to fatigue accumulation or material deterioration. A
feature extraction approach will be pursued to this end [11].

RESULTS

In the context of this framework we will present the data-driven result of the framework. The WT under
study is a V90 2MW Vestas generator of a wind farm in Liibbenau in northern Germany owned by Repower
Deutschland GmbH. The vibration response of the WT were measured by triaxial accelerometers at five distinct
locations of the WT tower. A 10-minute-long dataset was recorded every half hour for 29 days. The signals
recorded at 200 Hz were low pass filtered and down sampled to 12.5 Hz (cutoff frequency at 5 Hz). An example
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of the SCADA signals is shown in Figure 2. Figure 3 shows the non-stationary SP-TARMA model of the tower
accelerations tracks with good accuracy the evolution of the dynamics when compared to the spectrogram shown
in the background. Figure 5 shows how the PCE method, coupled with the SP-TARMA model, enables the
transition from short-term (structure on its own) to long-term (structure in interaction with its environment)
stochasticity delivering performance indicators of the structure [12].
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Figure 2. Example of long term 10-minute averaged SCADA data, and the list of available operational and
environmental conditions through the SCADA system and the plot of the four selected input variables.
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Figure 3. Dynamics of the WT under normal operation represented by a spectrogram of the accelerations
time series. The non-stationary SP-TARMA model tracks with good accuracy the evolution of the dynamics
when compared to the spectrogram shown in the background.

CONCLUSIONS

We presented an Integrated Approach for Smart Monitoring, Inspection and Life-Cycle Assessment of Wind
Turbines. The proposed approach fulfils a lack of integration of SHM for both short-term damage detection and
long-term Life-Cycle Management, addresses the uncertainties in measurements, wind turbine operation and
environmental conditions and finally integrates, seamlessly, “Near-real time” Aero-elastic and physics based
simulations into an SHM framework.
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Figure 4. Long-term monitoring. SP-TARMA model residual std as obtained from the modelling of each
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confidence intervals (calculated from the estimation set) are also shown.
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ABSTRACT

Wind energy has been used for more than 3000 years. Today, when global warming has become one of
the most serious environmental issues, the need for renewable energies is increasing. The high demand for wind
energy is leading the development of more powerful wind energy converters that demand higher towers to reach
zones of higher speed and less turbulent wind [1,2]. With the increase of the tower height also transportation,
assembly, erection and maintenance of the tower becomes more difficult and costly. On the other hand, increase
in height rises the generated energy. At the moment, the most commonly used type of tower for wind energy
conversion (WEC) is steel tubular tower. However, for the heights above 100 m, this type of tower requires
diameters at the tower base of more than 5 m which makes the usual assembling process unfeasible due to public
road transportation limitations [3,4,5]. Some producers have proposed lattice solution. Comparing to tubular tower,
lattice towers have many bolted connections that require frequent maintenance, do not provide protected area for
workers and are aesthetically less appealing, but they are not affected by transportation limitations [6,7].

Another type of tower construction that allows greater heights is the hybrid solution. This type of tower
is composed of three parts: the lower lattice part, tubular tower consisting of several parts bolted or welded together
as in typical tubular tower solution, and transition piece which ensures the connection and transmission of forces
between two main parts. The use of tubular tower for the upper portion beneficiates of all advantages of optimized
technology for tubular steel towers with the diameters within public road transportation limitations, while the
lattice portion enables the required extension of height [2,8]. Another advantage is that the lattice portion can be
used to facilitate installation of the upper tubular portion and the turbine, therefore avoiding the need for very high
cranes [3,8].

Lattice structures composed of hollow sections are widely used. They are used in buildings and halls,
bridges, barriers, offshore structures, towers and masts. One main problem is the connections that can be used for
tubular hollow sections. This has led to development of different types of welded and bolted connections between
the sections. Within European project SHOWTIME [9] new type of tubular elements and connections are under
development. These types of elements and connections (see Fig. 1) will allow improvements in the way of
construction as well as in the fatigue resistance and in the maintenance needs during service life. The materials to
be used are S355 and S690 steels [10].
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Fatigue life evaluation of structural details may be carried out using different approaches. The global S-
N approach was the first prediction technique developed [11]. This technique is generally used to predict the total
life of a component. It is supported by experimental results and directly relates a global definition of stress range,
Ao, with total number of cycles to failure, N. Local approaches are associated with local failure models and could
be described by strain-life and stress-life relations [12,13]. Strains and stresses are evaluated at a local hot spot.
This approach considers only crack initiation life phase.

a)

Figure 1. Steel half-pipes bolted connection: a) 3D view; b) Cross-section view.

A procedure for multiaxial fatigue assessment of a steel half-pipe bolted connection is to be proposed in
the SHOWTIME project and some ideas were explored in references [14,15]. The multiaxial fatigue life
evaluations can be made using several approaches, such as based on strains [16,17,18,19], stresses [20] and energy
[21,22,23]. There are a number of multiaxial damage parameters being proposed in the literature covering low-
cycle fatigue, high-cycle fatigue, proportional and non-proportional loading conditions.

Findley and Tracy [16,17] proposed a fatigue life equation in low-cycle fatigue regime about the influence
of normal stresses to the maximum shear stress plane, with the following form:

(k-0 + %)m = (N,)" )

where k is a material constant, A47/2 (=t,) is the alternating shear stress, o, max 1S the maximum normal stress, and
variable 7"/is determined using the torsional fatigue strength coefficient, 7', in the equation:

=T+ @

Brown and Miller [18] defined the damage critical plane and proposed the following equation:

2

where S is a Brown and Miller constant.
Fatemi and Socie [19] proposed a modified equation which was originated from Brown and Miller’s
relationship as follows:

A !
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(ZNf)b+c (4)

where n is an empirical constant, v, and v, are Poisson’s ratio in the elastic and plastic region, respectively.

Smith et al. [21] proposed a damage parameter, known as SWT parameter, to account for mean stress
effects updating existing strain-based fatigue models. In multiaxial fatigue conditions the SWT parameter is
determined for the critical plane which corresponds to the maximum principal stress and strain as follows:

N2
(of . (@N,)™" + (14 %) (20y)" + 2 (14 7,)
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SWT = max (an %) %)
2
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oy, % = _(ag) (2Nf)2b + a}s}(ZNf)bﬂ

where o, is the maximum principal stress during the cycle and 4¢,/2 is the principal strain amplitude. Socie [22]
modified the SWT parameter taking into account the parameters that control the damage, such as:

SWT = Ae™™ - Aoy + Ay*** - Aty, for tensile mode 7
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SWT = Ay - AT + Ag, - Aoy, for shear mode (®)

Ellyin [23] proposed a model based on the energy density associated to each cycle, AW, which is
composed by two parts: plastic strain energy, AW", and the positive elastic strain energy, AWE*. In the case of
proportional or biaxial non-proportional loading, the total energy density associated to a cycle may be computed
as:

t+T t+T
AW?E = AWP + AWE = j odef; + f H(o)H(def)odef ©)
t t

where o;; and &7 are the stress and plastic strain tensors, ; and €f are the principal stresses and the principal elastic
strains, T is the period of one cycle and H(x) is the Heaviside function. The fatigue failure criterion is defined
according to the following expression:
AWP a
P =AW! = 5t AWEY = k(2N;)" +C (10)

where x, o and C are material parameters to be determined from appropriate tests and 2N, is the number of reversals
to failure. The multiaxial constraint ratio, p, can be determined using the following expression:

A
gmax

p=0+v)2 (11)
ymax
with
Emax = max[eg, &] (12)
Pmax = max[lga — &l le — grl] (13)

where ¢, and ¢ are principal in-plane strain (axial and transversal) parallel to the free surface, ¢, is the radial strain
(perpendicular to the free surface), and v is an effective Poisson’s ratio.

The steel half-pipes bolted connections presented in Figure 1 are subjected to complex loads. In this sense,
the choice of a multiaxial damage criterion is required [14]. In order to apply a multiaxial/biaxial damage criterion
it is necessary to carry out experimental tests of small-scale specimens to characterize the cyclic elastoplastic
behavior under multiaxial/biaxial loading conditions of materials under study.

In this paper an experimental programme is designed (see Table 1) of multiaxial (axial+torsional) fatigue
tests in low-cycle fatigue (LCF) regime using smooth specimens (see Fig. 2 and 3) for the S355 and S690 steels.
These fatigue results are used to estimate the constants of local multiaxial criteria.
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Figure 2. Geometry of the specimen to be used in the multiaxial (axial+torsional) fatigue tests (in mm).
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b)

Figure 3. Multiaxial (axial+torsional) fatigue test: a) Overview of the test; b) Specimen with biaxial axial-
torsional extensometer. (colocar antes da tabela 1)

Table 1. Experimental programme to be used in multiaxial (axial+torsional) fatigue tests.

Ag (%) Ay (%) Number of Specimens Test Conditions
1.50 2
0.75 2 . _
0.50 - 5 Pure Axial, R=-1
0.30 2
1.50 2
0.75 2 . N
0.50 - 5 Pure Axial, R=0 or 0.05
0.30 2
1.50 2
1.00 2 . _
- 075 5 Pure Torsional, R=-1
0.50 2
1.50 2
1.00 2 . _
- 0.75 5 Pure Torsional, R=0 or 0.05
0.50 2
0.25 043 2
0.50 0.87 2 Proportional, R=0 or 0.05
0.90 1.56 2
0.25 0.43 2
0.50 0.87 2 Proportional, R=-1
0.90 1.56 2
0.40 0.70 2 . N
0.80 1.00 5 Non-proportional, R=0
0.40 0.60 2 . B
0.80 1.00 5 Non-proportional, R=-1

The connection presented in Fig. 1 that is to be used in the lattice part of a hybrid wind turbine tower, is
not covered by design codes. A typified connection for this type of structural detail has been established in the
SHOWTIME project, but an appropriate fatigue S-N curve is needed. A procedure for multiaxial fatigue
assessment based on local approaches was proposed by Jovasevic¢ et al. [15]. This proposed procedure needs the
the cyclic elastoplastic behavior under multiaxial/biaxial loading experimental tests to be performed. A local model
based on multiaxial fatigue criteria can be used to obtain the S-N curve prediction.
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ABSTRACT

This investigation develops an analysis methodology aiming the evaluation of the dynamic
structural response of a typical wind turbine supporting steel tower, based on a numerical
modelling, performed with the aid of the finite element program ANSYS. The study is initially
centred on the evaluation of the natural frequencies and vibration modes of the analysed
structural model. The numerical model calibration was made by comparisons to experimental
data related to an experimental modal analysis acquired in a full scale tower structure and
proved to be able to fully represent its structural dynamic performance. This way, with the
objective of evaluating the results obtained according to the proposed analysis methodology,
the wind tower dynamic structural response was investigated considering the rotor forces and
the nondeterministic wind dynamic excitation loads applied to the structure.

INTRODUCTION

Based on the increasing demand on renewable and clean energy, wind turbine design has advanced
significantly in terms of its size and type [1]. In Brazil, considering this advance, the conventional conical steel
tower is a predominant type of supporting structure [2]. However, it should be noted that wind farms, widely used
in Europe, still do not represent a significant parcel of the renewable energy sources utilized in Brazil and one of
these reasons for this trend can be attributed to the wind farm high implementation costs [3]. This way, an
optimization of the wind turbine supporting tower structure, see Figure 1, can contribute for the implementation
of new and cost-effective wind farms plants in Brazil. On the other hand, these aims can only be achieved with the
understanding of the static and dynamic behaviour of typical wind turbine supporting steel towers [2,3].

Having these thoughts in mind, on December 2014, around 1,800 megawatts (MW) were contracted with
energy from 71 wind power plants scheduled to be delivered beginning in July 2012. While focusing domestically
on wind-energy generation, Brazil is part of a larger international movement toward wind power as a primary
source of energy. In fact, wind power has seen the highest expansion rate of all available renewable energy sources,
with an average growth of 27% per year since 1990, according to the Global Wind Energy Council (GWEC) [4].
On the other hand, as a result of the efforts of PROINFA (Incentive Program for Alternative Energy Sources),
Brazil possesses an installed capacity of more than 6,5 GW, contributing to 4,7% of the national energy production
in Brazil, according to ABEEOlica, the Brazilian Association of Wind Power. In fact, wind was the third main
source of energy production in Brazil, trailing only to biomass with 9,1% and hydropower with 84,9%. The
estimates for the end of 2017 are that wind energy production in Brazil will be about of 8,7 GW. According to
CETESB, the State Environmental Company of the State of Sdo Paulo, the production of wind energy reduces the
emissions of CO2 in Brazil per year by more than 11.600.000 tons, which is good for the annual emission of 7
million vehicles [5].

Considering the relevance of this theme, this investigation aims to develop an analysis methodology to
evaluate the nondeterministic dynamic structural response of a typical wind turbine supporting steel tower (MM92
wind tower), located in Algarve, Portugal, based on a numerical modelling, performed with the aid of the finite
element computational program ANSYS [6]. The study is initially centred on the evaluation of the natural
frequencies and vibration modes of the analysed structural model. This way, the model calibration was made by

1 Associate Professor, DSc, State University of Rio de Janeiro, Rio de Janeiro/RJ, Brazil, jgss@uerj.br
2 DSc Student, State University of Rio de Janeiro, Rio de Janeiro/RJ, Brazil, engbrenoalmeida@yahoo.com.br

-155-



‘ THE INTERNATIONAL CONFERENCE ON

WINER 7 WIND ENERGY HARVESTING 2017
20-21 April 2017

Coimbra, Portugal

Paper 304

comparisons to experimental data related to an experimental modal analysis acquired in a full scale wind tower
structure [7], and proved to be able to fully represent its structural dynamic performance. In sequence, with the
objective of evaluating both quantitative and qualitatively the results obtained according to the proposed
methodology, the wind tower nondeterministic dynamic structural response was investigated considering the rotor
forces and the nondeterministic wind loads applied to the tower [2].

I

a) Osorio, Rio Grande do ul, Brazil b) Sevilha, Spain c) Algarve, Portugal (MM92)

Figure 1. Typical wind tower structures in many countries around the world [3]

NONDETERMINISTIC WIND DYNAMIC LOADS

One of the dynamic loads of great importance to be considered in the structural analysis of typical wind
turbine supporting steel tower is related to the wind forces. The towers wind-induced structural response consists
of along-wind response, across-wind response and torsion response. Initially, in this investigation the along-wind
response analysis was considered. In design practice, the flow of wind around typical wind turbine supporting steel
tower is a complex and random process, so the wind action is considered as a nondeterministic process and presents
unstable properties and also random characteristics, which indicate that the deterministic consideration should be
avoided [2].

This way, aiming to simulate the nondeterministic wind actions, this investigation presents a numerical
formulation based on the Monte Carlo’s method. The Monte Carlo numerical procedure is then used to compute
the power spectral density associated to the wind actions and to derive the statistics of the dynamic response,
considering the uncertainty of the wind loadings [2]. The fluctuating parcel of the wind is decomposed into a finite
number of harmonic functions proportional to the structure resonant frequencies with phase angles randomly
determined. Thus, the present study assumed a frequency range of 0.01 to 5.791 Hz, which corresponds to the first
five vibration modes of the investigated wind turbine supporting steel tower and 81 harmonics were used in the
numerical analysis, with an increment frequency equal to 0.0728 Hz (A® = 0.0728 Hz). The fifth harmonic
coincides with the fundamental frequency of the structure (resonant harmonic), while the remaining harmonics are
multiples and submultiples of the resonant harmonic. The amplitude of each harmonic is obtained using an existing
wind power spectrum density function, based on the Kaimal spectrum. The Kaimal spectrum was adopted due to
the consideration of the tower height z in its formulation. The power spectrum is given by Egs. (1) and (2) and the
friction velocity is determined by Eq. (3).
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Uy = ——
IH(Z/ZO) (3)

Considering the Egs. (1) to (3), frepresents the frequency, S”(f) is related to the wind power spectral density
in the frequency f, x is the dimensionless frequency, Vz is the velocity at height z and & is the Karman constant.
Firstly, based on a single harmonic function, the fluctuating parcel of the wind can be represented by Eq. (4), with
vo representing the basic wind speed. In sequence, assuming that the fluctuating parcel of the wind is associated to
a second order ergodic stationary random process with mean equal to zero and also considering a superposition of
the harmonic waves, the fluctuations can be expressed as in Eq. (5), where N is the total number of frequency
increments in the power spectrum density, f; is the frequency related to the harmonic 7, Af7is the frequency increment
and 01 is the random phase angle normally distributed in the interval [0-2xt]. The amplitude of the functions in time
domain is given by Eq. (6). Finally, based on the use of the developed mathematical formulation, see Egs. (1) to
(6), the nondeterministic wind-induced response in along-wind direction can be calculated through the sum of a
static parcel (along-wind translation) and a dynamic part (along-wind random vibration) [2]. It must be emphasized
that the along-wind translation is mainly caused by the wind steady flow. The along-wind vibration is caused by
the turbulent flow. The along-wind random vibration includes a quasi-steady background turbulence response to
low frequency component and a narrow-band resonant response.

v(t) = v, cos(2nft)

v(t) = D 28" (f; )Af cos(2xfit+6,)
i=1

“)

Q)
a; =+ 28" (HAf (6)

WIND TURBINE SUPPORTING STEEL TOWER MODELLING

Based on previous investigations [2,3], an actual MM92 wind turbine tower of 2 MW capacity (Repower
model), with 78.1 m height (Hub height: Huw, = 78.1 m), characterised by a free standing steel tube varying its
diameter and thickness throughout the height was modelled in the present work. The tower was divided in three
parts to enable transportation and assembly at the construction site. These parts are depicted in Figure 2(a), where
two doors, provided to enable ventilation and access for maintenance, can be observed near to the tower base plate,
Figure 2(e). The connection between these parts was made by bolted connections, see Figure 2(b). Flange plates
were considered in the numerical model to simulate this effect. The tube thickness varied along the wind tower
height. The adopted thicknesses in the tower first, second and third segments varied from 30 to 21 mm, 20 to 16
mm and 15 to 12 mm, respectively [3].

A finite element model for the studied supporting steel tower wind tower was developed using four-nodes
thick shell elements (SHELL181 [6]), that considers bending, shear and membrane deformations. The mesh was
refined along the tower using well-proportioned finite elements to avoid numerical problems, as illustrated in
Figure 2(c) to 2(e). The model was composed by 16625 shell finite elements with 16667 nodes. The tower main
structure was made with a S355 steel grade with a bilinear constitutive law considering a 5% strain hardening
young modulus [2,3]. The response of the nacelle and the turbine was considered as linear elastic. The adopted
Young’s Modulus and density was equal to 210000 N/mm? and 7850 kg/m3. This strategy enabled an easy
evaluation of the tower self-weight load. The adopted boundary conditions simulated a cantilever model with a
fixed support at the tower base plate [2,3].

DYNAMIC STRUCTURAL ANALYSIS

Initially, the wind tower natural frequencies and vibration modes were determined with the aid of numerical
simulations as presented in Figure 3 and Table 1. It can be clearly noticed from Table 1 results [2,3], that there is
a good agreement between the structural model natural frequencies calculated using finite element simulations and
the experimental results measured by Rebelo and Silva [7]. Such fact validates the numerical model here presented,
as well as the results and conclusions obtained throughout this work. In sequence, the wind tower dynamic
structural response under the action of the rotor forces and the nondeterministic wind loadings was calculated. The
Newmark algorithm [2] was used to evaluate the structural system dynamic response and a time step equal to 2x10°
3s (At=2x107 s) was considered in the numerical analysis. It is also considered that the modal damping coefficient
adopted in this investigation was equal to 1.5% (&= 1.5%) [2,3].
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Based on work developed by Umut ef al. [1], the rotor forces acting on the structure are produced due to
rotating machinery and should be given by the manufacturer of the wind turbine according to each specific wind
turbine tower design. A literature review also has indicated only one paper [1,8], which includes the rotor forces
values for a wind turbine tower with a 450 kW capacity and 38 m height. This way, in this paper the rotor forces
for a wind turbine of 450 kW capacity and 38 m height are used for the analysed wind turbine tower [1,2,8]. Thus,
the rotor forces are increased linearly with increasing wind turbine power and these forces (Fx, Fy, F,, My, My and
M) are applied to the tower for the operational design situation [1,2]. The wind loads are applied longitudinally
and the wind steel tower MM92 is analysed under gravity + rotor forces + wind dynamic loadings.

Rotor load application point

Bolted connection (flange)
considered through stiffened
elements

d) Nacelle and turbine

B —
VNN

§—+-—-————-—--

26.62 m
|

-

Steel tube wall

S
nrm ]

0

a) Steel tower b) Bolted connection details  ¢) Finite element model

—

¢) Opening details
Figure 2. Structural model and finite element model of the investigated wind steel tower MM92 [3]
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Figure 3. First and second vibration modes of the investigated wind turbine tower
Table 1. Experimental and numerical natural frequencies for the MM92 wind tower
Mode Experimental [7] Numerical [2,3] Vibration Modes
Mode 1 for =0.340 Hz fo1 =0.364 Hz 1% Bending: Nacell direction (X-X)
Mode 2 fo» =0.343 Hz fo» =0.366 Hz 1% Bending: Transversal to Nacell direction (Y-Y)

Figure 4 presents the horizontal translational displacements in time and frequency domain at the top of the
investigated structural model (Huwp, = 78.1m). The horizontal displacements indicated that the wind tower dynamic
response was gradually attenuated along the time due to the influence of the structural system damping. As
expected, the maximum displacement [umx = 68 mm: steady state response] is less than approximately one-
hundredth of the total height and appears at the top of the tower. The wind turbine first vibration mode [fy; = 0.364
Hz: bending effects] represents the main peak of energy transfer in the dynamic response, see Figure 4.
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Figure 4. Dynamic structural response of the wind turbine steel tower MM92 (v =40 m/s)
CONCLUSIONS

In this work, a wind turbine steel tower is analysed under gravity + rotor forces + nondeterministic wind
dynamic loads. The developed nondeterministic mathematical model proved to be an efficient solution method for
the evaluation of the dynamic structural response of wind turbine towers. The present analysis has shown that the
maximum displacement is less than approximately one-hundredth of the total height of the tower and there is no
plastic hinge formation in the tower sections. The author’s intention is to proceed the study, based on the
development of fatigue and buckling analyses and also the vortex dynamic loads needs to be investigated.
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ABSTRACT

S355 and 42CrMo4 structural steels are commonly used in “green power energy” sector. S355 steel is commonly
used for wind towers structures. The 42CrMo4 steel is widely used as a material for rotors and highly stressed
component subjected to fatigue loading. The knowledge about the mechanical response and behavior of the
cracked components is a crucial point in “safe life” strategy procedures. The initial aim of the experiments (and
numerical analysis) was the examination of the effect of the length and orientation of fatigue cracks on the character
and the natural frequencies of the object. 3PBs (three-point bending) beams were used with an initial crack length
a = 8.7mm. These samples were subjected to cyclic loading, thereby causing the incremental (controlled) crack
growth, respectively - 10.1 mm, and 12.2 mm. For three lengths of the obtained crack (smaller increments
according to a first mode of rupture), experimental modal analysis was conducted. In addition to research on the
real object also numerical analysis using the environment Abaqus 6.14 was performed. Based on Lanczos
algorithm natural frequencies was evaluated, then set system response in the frequency domain (for harmonics
function of loading). Analyzes were carried out in a linear manner. Exemplary results are shown in Fig. 1 which
compares numerical and experimental results. The next step of the experimental works was to investigate a new
energy model (introduced in. [1], [2]) usefulness in description of the FCGR (fatigue crack growth rate) diagram
for 42CrMo4 steel — Figure 2. On the dynamic response (as frequency vibrations), the system can affect local,
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plastic zones and the possible effect of the fatigue crack closure. During the experiments, the plastic zones were
monitored using DIC (Digital Image Correlation) method - Figure 3. All calculations were performed with GOM
DIC environment. As a conclusion should be underlined, that both, numerical analysis and experimental modal
analysis, may be in the future used to assess the length and orientation of the imperfections in the material. The
results encourage further analysis due to the large potential application of the presented method.
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Figure 1. Experimental and numerical resonant frequencies obtained for fatigue cracked beam (W=20mm
B=10mm), S355 steel.
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Figure 2. Fatigue fracture diagram based on energy parameter for the closure free (R=0.75) condition, 42CrMo4
steel with different heat treatment parameters.
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Figure 3. 3PB specimen (42CrMo4 steel) during test —ex strain distribution and plastic zone size evaluation
during fatigue fracture and fracture toughness tests.
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EXTREME STEELS: A HIGH PERFORMANCE SOLUTION FOR WIND
FASTENERS EXPOSED TO ADVERSE WEATHER CONDITIONS

Diego Herrero: Jacinto Albarran:
Sidenor I+D S.A. Sidenor [+D S.A.
Basauri, Basque Country, Spain Basauri, Basque Country, Spain

ABSTRACT

The EXTREME technology was developed by Sidenor in order to allow the use of low-alloyed steels
in the manufacturing of large wind fasteners and, at the same time, improve the performance of these
components minimizing thus the risk of failure.

The extensive characterization study carried out on a 32CrB4 grade, manufactured through the
EXTREME technology, shows that not only larger fasteners can be manufactured fulfilling the
mechanical requirements (@ > 50 mm vs @ 36 mm for the conventional 32CrB4), but also an
improvement of the mechanical properties is achieved with regards to the standard 32CrB4.

The fatigue performance of conventional steels is also improved with the EXTREME technology
(the fatigue limit increases more than 10%). This improvement minimizes the risk of fatigue failures
during the in-service life of the wind fasteners.

The application of the EXTREME technology in wind fasteners exposed to adverse climatological
conditions will lead to a safer functioning of wind towers and to a reduction of the maintenance

needs.
NOMENCLATURE
7] = Diameter (mm)
o&T = Quench and tempering
HYV = Hardness in Vickers
UTS = Ultimate Tensile Stress (MPa)
YSo,.29 = Yield Stress at 0,2 % (MPa)
El = Elongation (%)
RoA = Reduction of Area (%)
KV = Toughness of V-notched specimens (J)
or = Fatigue limit (MPa)
INTRODUCTION

In order to optimize the wind turbine performance, wind farms are built in the most windy regions
of the World, which usually coincide with extreme weather areas (where besides the hard winds,
very low temperatures and/or corrosive environments, as in the case of off-shore wind farms, are
common) [1].

That exposure to extreme weather conditions and the difficult accessibility to the places where wind
towers are located increase the maintenance costs. The main way to reduce these costs is minimizing

1 Researcher, Product Department, Sidenor I+D S.A., B® Ugarte S/N, 48970, Basauri (Spain).
diego.herrero@sidenor.com. T: +34 944871891; F: +34 944871844
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the number of interventions. In the case of wind fasteners, the three main causes of maintenance
needs are: the low temperatures, the fatigue failures and the exposure to corrosive environments:

—  Low temperatures: Low temperatures make the steel more brittle increasing the risk of
failure caused by an impact [1]. In order to assure the correct functioning of the steel at low
temperature, the standard ISO 898-1 [2] established all the requirements that the steels used
in wind tower fasteners and foundations must fulfill. The most common steel class used in
these applications is class 10.9 whose main requirements are shown in Table 1.

Table 1. Requirements for the steel class 10.9 established by ISO 898-1 [2].

Class 10.9
Min. UTS (MPa) 1040
Min. YSo)z% (MPa) 940
Min. El (%) 9
Min. RoA (%) 48
Min. KV at -40 °C (J) 27
Hardness range (HV) 320 - 380

—  Fatigue failures: Fatigue damage is defined as a progressive damage that appears when the
material is subjected to cyclic loads. The stress values that cause such damage are much
lower than the material UTS or YS.

The fatigue performance is not mentioned in the standard ISO 898-1. So, given that wind
fasteners are subjected to cyclic loads, a fatigue failure could take place even having
reached all the requirements established in the standard. The fatigue failure of the wind
fasteners could lead to the collapse of the whole wind tower [3]. An improvement of the
steel fatigue performance would directly lead to a safer tower operation.

—  Exposure to corrosive environments: The exposure of the fasteners to corrosive
environments drastically decreases their in-service life [4][5]. The way to face this
question, contrary to the two previous cases, is focused on the use of protective coatings
and not on the improvement of the steel properties. This is the reason why this problem
will not be considered in this paper.

Figure 1. Accident in the Taikoyama wind power plant caused by a fatigue failure [3].

The previously described aspects lead to unexpected failures of the components increasing the
maintenance needs. This paper is focused on the steel properties optimization (paying special
attention to its fatigue performance) in order to improve the wind tower fasteners and foundations
in-service performance, minimizing thus the maintenance interventions and the risk of accidents
similar to the one occurred in the Taikoyama wind power plant [3].

The actual trend of building wind turbines of bigger and bigger power (> 5 MW) [6] leads to a
considerable increase of the tower dimensions. Subsequently, to ensure the correct fastening of the
different parts of the tower, the fasteners diameter must be also increased. This dimensional increase
makes even more difficult the obtaining of the required mechanical properties.
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Nowadays, to reach the previously mentioned mechanical properties with small fasteners (@ < 36
mm) low alloyed steels (i.e. 32CrB4 or 33MnCrB6) are used. However, if bigger fasteners (0 > 36
mm) want to be manufactured, the use of high alloyed steel grades (i.e. 30CrNiMo8) is needed in
order to assure the required mechanical properties, mainly the combination of high strength and very
high toughness at low temperatures. The main drawback of these alloyed grades is the high price of
alloying elements (i.e. Ni, Mo...).

Sidenor developed the EXTREME technology which, thanks to the optimization of the steel
manufacturing process, allows:

1. A maximization of the steel mechanical properties and fatigue performance.
2. To fulfill all the requirements established in the standard using low-alloyed steels in large
diameter bars.

So, the application of the EXTREME technology will lead to a safer in-service performance of
screws and studs exposed to very adverse climatological conditions. This technology will allow the
use of low-alloyed steels in the manufacturing of fasteners in a wide range of diameters.

This paper is focused on the application of the EXTREME technology in the 32CrB4 steel grade,
the most commonly used grade in small size fasteners, in order to establish the improvements
provided by this technology with regards to the standard material.

METHODOLOGY

The basis of the EXTREME technology is the optimization of the chemical composition and the
steel manufacturing process:

—  Chemical composition: EXTREME steels are Cr-B grades with a possible Ni addition
which allows the achievement of the desired mechanical properties in large diameters. The
S and P content is controlled in order to maximize the toughness at low temperature.

—  Steel manufacturing process: The improvement of the manufacturing process is focused on
the optimization of the main parameters of the secondary metallurgy, the continuous casting
and the heat treatment.

In the secondary metallurgy, different stirring types and vacuum levels were considered to
obtain the desired chemical composition.

In the continuous casting of 185x185 mm billets, different electromagnetic stirring (EMS)
levels and continuous casting speeds were tested to find those leading to the most
homogeneous material.

Finally, after the bars hot rolling, the corresponding heat treatment was carried out (Q&T
in gas furnace for bolts, and induction hardening for studs). The main parameters of each
heat treatment (austenization temperature and time and tempering temperature and time)
were optimizeds.

The specimens needed to carry out the mechanical and fatigue tests were machined at 12,5 mm from
the bar surface. The specimens extraction and preparation were carried out following the standard
ISO 377 [7].

The tensile tests, performed on @ 9 mm specimens, followed the standard ISO 6892-1 [8]. The
Charpy impact tests were carried out at different temperatures (following the standard ISO 148-1
[9]) on V-notched specimens. Three repetitions of each mechanical test were carried out. Finally,
tension-compression axial fatigue tests (R = -1) were performed on @ 8 mm specimens, these tests
were conducted following the ISO 12106 [10] using a testing frequency of 25 Hz and a run-out
criteria of 10.000.000 cycles.

3 Although both heat treatments were optimized, in the case of bolts the steel is supplied in as-rolled condition.
Sidenor could share the most adequate values for the Q&T parameters with the bolts manufacturer in order to
obtain the desired mechanical properties.
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RESULTS

Among the different bar diameters tested for the 32CrB4 EXTREME steel, the results obtained with
the diameters 56 mm (for Q&T) and 64 mm (for induction hardening) are shown below:

—  Chemical composition and microstructural assessment: The chemical composition of the
studied steel is shown in Table 2.

Table 2. Chemical composition of the 32CrB4 EXTREME steel (% in weight).

C Cr P S B
0,31 1,03 0,011 0,003 0,0021

The obtained microstructure for both cases is tempered martensite with some traces of
tempered bainite at mid radius and at the center of the bars (as shown in Figure 2 and Figure
3). These microstructures perfectly fit the requirements established in the standard ISO
898-1.

; F S - Fea ¥ £ |
100 T 7 A TR - 5 b L 2, -

Figure 2. Microstructures (100X) from the surface to the center of the bar, 32CrB4 EXTREME Q&T @ 56 mm.

Figure 3. Microstructures (100X) from the surface to the center of the bar, 32CrB4 EXTREME Induction
Hardened @ 64 mm.

—  Mechanical properties: The average hardness profiles (shown in Table 3) were obtained
after three repetitions performed each 5 mm from the bar surface to the core. The material
is quite homogencous from the hardness point of view. The requirements stated by the
standard ISO 898-1 are reached.

Table 3. Hardness profile (HV3oke) for the 32CrB4 EXTREME Q&T and induction hardened.

Distance from bar 32CrB4 EXTREME 32CrB4 EXTREME
surface (mm) Q&T @ 56 mm Ind. Hard. @ 65 mm

5 335 347

10 332 349

15 330 355

20 325 353

25 321 331

30 - 329

Figure 4 compares the results obtained in the tensile and impact tests for the 32CrB4
EXTREME steels (Q&T and induction hardened) with the minimum values demanded by
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the ISO 898-1. Although in all the cases those minimum values are clearly reached, all the
properties of the induction hardened steel are notably better than the Q&T one, especially
considering its higher diameter (64 mm vs 56 mm).

The very high toughness at -40 °C of the induction hardened 32CrB4 EXTREME steel
assures an excellent response in case of impact during the in-service life of the fastener.
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— — — Minimum value established in the standard 1SO 898-1:2015

Figure 4. Mechanical properties of the 32CrB4 Q&T (@ 56 mm) and induction hardened (@ 64 mm).

—  Fatigue performance: To evaluate the fatigue performance, tension-compression tests were
carried out with 32CrB4 EXTREME Q&T and induction hardened steels. The obtained
results were compared with the fatigue performance of the conventional 32CrB4.

In Figure 5 the S-N curves for the Q&T 32CrB4 EXTREME and conventional variants are
represented. In the case of the conventional steel the fatigue specimens were machined
from @ 30 mm bars, while for the EXTREME steel @ 56 mm bars were used. It is clearly
seen that, even with a considerably higher bar diameter, the fatigue limit of the 32CrB4
EXTREME is about 15% higher than the one of the conventional 32CrB4. So, if similar
diameters were compared, the fatigue improvement obtained with the EXTREME steel
would be even higher.

mem= gf of 32CrB4 EXTREME Q&T @56 mm

Maximum stress (MPa)

of of conventional 32CrB4 Q&T @30 mm

1,0E+04 1,0E+05 1,0E+06 1,0E+07 1,0E+08
Life (cycles)

Figure 5. S-N curves for the 32CrB4 EXTREME and conventional Q&T grades.
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Figure 6 also shows S-N curves, but in this case they correspond to the induction hardened
EXTREME and conventional variants. The bar diameters used to make this comparison of
the fatigue performance are 64 mm for the EXTREME steel and 30 mm for the
conventional one. The fatigue performance of the conventional steel is improved in a 10%
when the 32CrB4 EXTREME is used, even when the difference of the bar diameters is so
high as the considered ones. As in the case of the Q&T steels, if similar diameters were
considered, the improvement of the fatigue performance achieved with the EXTREME
steel would be considerably higher.

of of 32CrB4 EXTREME Ind. Hard. @64 mm
©
o
= [
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o s
@ Vew
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E ) ) ﬁ
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E T a e wmma wmm e wm a —
of of conventional 32CrB4 Ind. Hard. @30 mm
1,0E+04 1,0E+05 1,0E+06 1,0E+07 1,0E+08

Life (cycles)
Figure 6. S-N curves for the 32CrB4 EXTREME and conventional induction hardened grades.

In summary, the EXTREME technology notably improves the steel fatigue performance
and, consequently, the fasteners one. This will lead to a minimization of the risk of fatigue
failures of these fasteners and will contribute to a safer operation of the wind tower.

—  Future work: This extensive study of the EXTREME steels will be completed thanks to the
participation of Sidenor in the SHOWTIME project, a European project developed in the
frame of the RFCS (Research Fund for Coal and Steel) in which real connections,
consisting in two pre-tensioned bolts (manufactured with EXTREME steels) connecting
three steel plates, will be fatigue tested. In order to reproduce the in-service performance
of these connections, besides non-corroded connections, two different corrosion levels will
be considered.

These fatigue tests, to be performed in the SHOWTIME project, will provide very valuable
information regarding the in-service performance of the EXTREME steels.

CONCLUSIONS

The use of EXTREME steels leads to a safer in-service performance of the fasteners and reduces the
maintenance needs:

—  The very high toughness at -40 °C reached with the induction hardened 32CrB4 EXTREME
steel assures an excellent response in case of impact.

— The large improvement of the fatigue performance achieved with the EXTREME steels
minimizes the risk of fatigue failure of the fasteners.

The EXTREME technology developed by Sidenor allows the use of low-alloyed steels in large
fasteners in which, up to now, the required mechanical properties only could be reached using high-
alloyed steels:
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—  Forbolts (Q&T) the 32CrB4 EXTREME can be used up to @ 56 mm when the conventional

32CrB4 can be only used up to @ 36 mm.

—  For studs (induction hardened) the 32CrB4 EXTREME can be used up to @ 64 mm when

the conventional 32CrB4 can be only used up to @ 36 mm.
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FATIGUE LIFE ASSESSMENT OF A VERTICAL AXIS WIND TURBINE

Maria Pia Repettp1 Luisa Pagnini2
Univ. of Genova Univ. of Genova
Genova, Italy Genova, Italy

ABSTRACT

Starting from the experience gained in an experimental campaign over a vertical axis wind
turbine, and availing of a numerical model of the structural details, this paper investigates
possible critical conditions of wind induced fatigue, considering the operational conditions and
the actual wind speed.

The wind turbine is located in the experimental facility of the Savona Harbor. Wind field is
described using an advanced measuring network. Power production is recorded by the control
system of the turbine. Structural response is acquired by servo-accelerometers and strain
gages positioned on the supporting pole. After having identified the dynamic parameters of
the system, the detailed numerical model of a limited portion of the structure allows to
determine the suitable SN curve to be used in the fatigue life assessment.

INTRODUCTION

The study of wind actions and effects on wind turbines is usually carried out according to two different
approaches. The former approach uses advanced computational models that integrate finite element analyses and
Computational Fluid Dynamics. In this case, the analysis needs very advanced computer procedures. The latter
approach recalls simplified models that can be found also in specific codes on wind turbines [1] and that apply
only for horizontal axis technologies and in a limited number of simple situations. Wind tunnel assessments using
scale models are very promising, but, at the current state of research, appears not fully mature from a technical
viewpoint.

Small size wind turbines play a marginal role on the energy production and the economic return often does not
pay back the use of very expensive and complicated calculations. Due to the small dimensions of the rotor and
supporting structure, they are often designed using simplified procedures that do not reproduce the actual dynamic
phenomena involved nor the turbulent action of the wind. As a matter of fact, their behavior is as much complex
as the behavior of the large size turbines, and major shortcomings may affect both the power production and the
structural safety. The structural response is very sensitive to turbulent and gusty wind; the variable wind speed
mechanism may cause resonant conditions with the structural frequencies that cause frequent damage and may
give rise to fatigue collapse both to the blades and to the supporting structure (Figure 1). Therefore, there is the
need, from the one hand, to provide reliable characterizations of the power curve in the operating conditions and,
from the other, to validate and improve analytical calculation models of structural response. Improvements on
these aspects could make them more attractive for an extensive use in urban environment.

Starting from the experience gained in an experimental monitoring campaign over a vertical axis wind turbine
located over the dam in the Savona Harbour (Northern Italy), the power production in this urban environment has
been investigated, pointing out the detrimental effect of turbulence and gusty wind [2]. This paper carries out
structural analysis and fatigue assessment considering the operational conditions of the turbine, availing of
measures of the structural response and of the actual wind speed.

1 Associate Professor, Department of Civil, Chemical and Environmental, University of Genova, Via Montallegro
1, Genova, Italy. E-mail: repetto@dicca.unige.it
2 Assistant Professor, Department of Civil, Chemical and Environmental, University of Genova, Via Montallegro
1, Genova, Italy. E-mail: luisa.pagnini@unige.it
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Figure 1. Fatigue damage to the steel supporting pole of a 20kW horizontal axis wind turbine
EXPERIMENTAL FACILITY AND MONITORING EQUIPMENT

The investigated wind turbine is a 20 kW H-rotor turbine, having 8 m diameter and 5.8 m height; it is
provided with 5 aluminum, steel and fiberglass blades. The control system provides a regenerative braking; the
rotor is slowed by a hydraulic and electrical brakes too. It is supported by a 10.5 m high steel pole, placed upon
the dam, at 4.5 m above the ground. Figure 2 shows the location (upon the dam of the Savona Harbour) and the
wind rose.
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Figure 2. Wind turbine location (a) and wind rose (b).

The monitoring system registers the wind field, power production and the rotating speed of the rotor; two
couples of servo-accelerometers continuously record the structural response within an operating range of £ 2 g.
Two sensors are positioned at the top of the steel pole acquiring the two horizontal acceleration components; two
sensors are positioned at an intermediate level to acquire the motion amplitudes related to the second vibration
mode. Two couples of uni-axial strain-gages are placed at two different levels of the pole, measuring the nominal
strain in the lower part of the structure in both directions. Moreover, one tri-axial strain gage measures a control
point in the part of the tower characterized by local structural details. Figure 3a, b shows the wind turbine and the
position of the sensors. Major details are given in [3].

With the support of a finite element model and referring to the record in Figure 4 (turbine rotating at the rated
power, rotational speed is 48 rpm), we can identify the frequency of the first vibration mode, which involves the
sole oscillations of supporting pole, nj=1.47 Hz. The vibration mode at n,=2.53 Hz originates from the vertical
oscillations of the horizontal beams that support the blades. The vibration mode at n;=7.28 Hz originates from a
torsional vibration mode of the structure. Damping ratio of the first vibration mode has been estimated as &;=0.7%.
Due to the aerodynamic dissipation of the rotating blades, damping ratio grows up to 1.5% at the rotating velocity
48 rpm. Straight lines in Figure 4 highlight the harmonic rotor loads that occur at multiple of the rotor speed
according to the number of the blades; lines are labeled as 1P (one-per-revolution), 5P (five-per-revolution), 10P
(ten-per-revolution). A number of further resonant frequencies are assignable to turbine components.
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Figure 3. Monitored wind turbine (a) and tower scheme with positions of accelerometers and strain-gages (b).
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Figure 4. Power spectrum of the top acceleration and base strain of the turbine operating at the rated power.
FATIGUE ASSESMENT

Fatigue analysis requires, from one hand, the estimation of the stress time-histories due to the wind-induced
dynamic response of the structure representatives of the loading conditions of the turbine during its structural life;
from the other hand, the definition of the fatigue resistance of the critical points that can be potentially affected by
fatigue damage. Both these aspects are very critical and can induce relevant uncertainties on the fatigue estimation
[4]. The fatigue resistance based on nominal stress values using the classified S-N curves may yield to unrealistic
estimation of the load effects when technical standards do not classify details to be compared with. Therefore,
finite element solid models of the shaft are developed suitable to identify the critical parts subject to the
phenomenon of fatigue and to define the S-N curve for the evaluation of fatigue resistance of the related details.
Figure 5a shows the finite element model of the lower part of the supporting pole subjected to a wind loading that
engages the fairlead openings, Figure 5b shows the base detail, highlighting possible critical stress levels around
the openings, the base stiffener and the base joint. According to the Hot Spot procedure [5], the S-N curve is based
on the evaluation of the geometric stress, inclusive of local effects due to the geometry of the joint, excluding the
effects of the welding itself. Availing of the data recorded by the monitoring network, this approach will be
carefully validated case by case, since the two stress fields, local and structural, are overlapped in real situations,
making its definition and evaluation a very critical issue.
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Figure 5. Fem model of the lower part of the supporting pole (a) and of the base detail (b)
CONCLUDING REMARKS

This paper uses results from the experimental activity carried out over a vertical axis small wind turbine.
Detailed information concerning the wind field are available; long term monitoring collects power production,
rotating wind speed and structural response.

The study investigates the effect of the turbulent wind on the structural behavior, pointing out possible critical
situations of fatigue. Availing of accurate finite element models of the structural details, and of the experimental
measures of stress and strain, this paper outlines the procedure for the fatigue life assessment in these structural
typology.
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ABSTRACT

The influence of foundation damping in soil geotech model for the offshore wind turbines is not well
investigated. The offshore wind turbines are highly dynamically loaded and they operate in a narrow range
of frequency close to the excitation frequency. Therefore, the foundation stiffness and damping is very
important in order to have a reliable estimation of the dynamic behavior and cost effective design of the
wind turbines.

However, there is several models such as static condensation methods, spatial reduction methods, cone
models or lumped-parameter models, few of them have been developed in aeroelastic tools to consider the
soil stiffness and damping in the simulations. In addition, design guidelines for offshore structures usually
ignore any structural damping.

This paper is devoted to the development of simple geotech model in ASHES which is a servo-hydro-
aeroelastic analysis software for the wind turbine simulation. In order to investigate the model and the
significance of foundation damping, two monopile-supported and jacket offshore wind turbines were
considered as the case studies. The offshore wind turbines were subjected to extreme wind and wave loading
and were calculated using a linear elastic two-dimensional finite element model. The 5 MW reference wind
turbine with monopile and jacket substructure were simulated in ASHES and the loads and dynamic
response of the wind turbine supporting structure were obtained. The monopile and jacket structure were
designed for 20 m mean sea level depth and deep sea application with 60 m height respectively. The mudline
fore-aft moment was calculated for turbine shutdown and idling wind turbine. Furthermore, rain flow
counting results estimate the fatigue life with and without considering the soil damping.

It is expected that the soil damping increases the lifetime of the supporting structure and also decreases
the loads on the structure. Moreover, improved dynamic response of the supporting structure due to the
foundation damping can be observed.
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NOMENCLATURE
OWT = Offshore wind turbine
NREL = National Renewable Energy Laboratory
k = Stiffness coefficient
c = Damping coefficient (Ns/m)
z = Local angle of attack (rad)
Go = Initial Shear Modulus (MPa)
Sy = Undrained shear strength (kPa)
Vv = Poisson ratio
INTRODUCTION

Offshore wind energy has two main impediments, economics and deep waters. The offshore farms can
provide more renewable energy than onshore parks due to higher and more consistent wind speeds. However, the
cost of design, maintenance, operation, installation, and the material is much more than the onshore parks [1]. The
monopile with 80% of the market is the most common supporting structure for the average water depth of 27 m.
As more deep waters are pursued, jacket structures as alternatives are getting more attractive in the market [2], [3].

The wave loads govern the design for the monopile structures in deeper water, therefore, the soil and
structural stiffness and the damping play a sensitive role in the design. The foundation and supporting structure
has almost 20% of the overall cost of the offshore wind turbine. Therefore, considering the soil and material
damping in the design as they might lead to less estimated loads and consequently less material for the same life
time, is crucial.

There is different source of damping in the wind turbine analysis including aerodynamic damping,
hydrodynamic damping, soil and structural damping. Furthermore, the tuned mass dampers are often installed
under the generator in the nacelle. Aerodynamic damping happens when the tower top is in a motion. As it moves
fore and aft, the relative wind speed changes which leads to less total tower top excursion [4], [5]. Nevertheless,
other source of damping platy more significant roles on the design of the structure. The International
Electromechanical Commission stated that the soil damping modelling is the most complex parameter to
investigate[6] and Germanischer Lloyd noted the uncertainty of the soil damping contribution to the wind turbine
damping[7].

There is two radiation damping and the material damping which the first one comes from geometric
dissipation of the waves and the second one is to hysteretic material. The radiation damping effect is negligible
due to low loads frequencies (<1 Hz)[5], [8]. Several researchers have used the experimental data from wind
turbine special events like emergency shutdown or overspeed stops to estimate the OWT natural frequency.
Moreover, they concluded that 0.25 to 1.5% of the overall damping relates to the foundation damping[5], [9], [10].

Previous analytical and numerical methods have estimated the foundation damping using Rayleigh damping
function, loading and unloading p-y curves and two dimensional finite element model which included the added
hydrodynamic mass, Rayleigh structural damping and foundation damping[5], [11], [12]. In this paper, foundation
damping is introduced for all bottom-fixed offshore foundations and other types of damping is neglected as the
influence of the foundation damping was the main interest.

The primary objective of this study is to determine the influence of OWT foundation damping and stiffness
on lifetime and dynamic response. Section 2 describes the methodology and how the damping is implemented in
the ASHES software[13], Section 3 describes the monopile, jacket structures and the design load cases, and Section
4 describes the fatigue and dynamic response for case studies and the influence of the foundation damping is
determined.

METHODOLOGY

The p-y model with linear springs and dampers is used in ASHES to model the stiffness and the damping of the
foundation. For every node along a pile (monopile of jacket leg pile) two horizontal springs - normal to each other
- and two horizontal dampers - normal to each other - are applied. At the bottom node a vertical spring is applied.
This means that the stiffness coefficient k and the damping coefficient c are needed to be calculated or known from
experiments. Figure 1 shows a pile with the springs and dampers configuration.
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Furthermore, 10 minutes time domain simulation should be performed to study the effect of the stiffness and the
damping of the foundation. Then, the rainflow counting method and miner rule are applied to calculate the number
of cycles and supporting structures lifetime respectively.

MODEL DESCRIPTION

The NREL 5 MW reference wind turbine is used for the analysis[14], supported by two monopile and jacket
structures for 20 and 50 m of water depth.(Table 1)

Table 1: The tower and the supporting structures properties

Property Value
Hub Height 90 m
Rotor Diameter 126 m
Diameter of Tower Base, Top 6,3.87m
Thickness of Tower Base, Top 0.035,0.025 m
Tower Mass 348 t
Monopile Supporting Structure
Pile Diameter, Wall thickness 6,0.07 m
Pile Embedment Depth 34m
Tower Natural Frequency 0.3 Hz
Jacket Supporting Structure
Column Diameter, Thickness 0.92,0.032 m
Max., Min. Brace Diameter 0.57,0.36 m
Max., Min. Brace Thickness 0.018,0.014 m
Base, Top Circumcircle Diameter 30,8 m
Jacket Mass 900t

The ASHES software uses a combination of rigid and flexible bodies to perform time domain analysis for
the wind turbine. Moreover, it is able to model the offshore foundation as fixed or flexible with and without
damping. However, it does not consider the material nonlinearity as the computational costs greatly increase due
to complexity. In this paper, ASHES is used to model both case studies under 50-year extreme wind and wave
loading and Normal shutdown using feathering. Table 2 shows the environmental site condition for the simulation.

Table 2: The site condition for monopile and jacket supporting structure

Conditions Value

Water Depth 20,50 m

10-min Average Hub Height Wind Speeds 25,34 m/s
Significant Wave Height 85m
Peak spectral Wave period 10.3 s
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The wind and wave loads were consider directionally applied on the structure. Figure 2 shows the jacket
model for 50 m of water depth with directionally applied wind and wave regimes.

Figure 2: The jacket model under wave and wind loading in ASHES

The three layer soil profile is used in this paper which has different shear modulus, undrained shear resistance, and
the Poisson’s ratio as Table 3.[8]

Table 3: Site’s Soil Properties

z(m) U, (MFa) S, (KFa) 1%

0-14 20 33 0.498

14-24 100 125 0.490

24-28 600 500 0.470
RESULTS

Figure 3Figure 2 shows the bending moment for the monopile structure with simple fixed flexible ground.
As it can be seen, the moment for the flexible mudline with lower stiffness has higher moment. In addition based
on rain flow counting method and using amplitude of the moments the number of cycles are calculated and
illustrated in Figure 4. The model with lower soil stiffness has more cycles and therefore less lifetime than the

higher stifness model.
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Figure 3: Moment at mudline for a parked turbine under loading
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It is expected that the damping model has even more effect in the mudline moment reduction which leads
to higher lifetime. Consequently, less material can be used for the same lifetime which means lower cost.
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Figure 4: Number of cycles versus (a) Amplitude and (b) mean value for mudline moment

CONCLUSIONS

The main purpose of this paper was to investigate the effect of mudline foundation stiffness and damping
in aeroelastic time history analysis and fatigue life time. Offshore wind turbines (OWTs) are typically designed
and analyzed using aeroelastic programs which can efficiently analyze OWT response to stochastic wind and wave
loads in the time domain. Because time history analysis is computationally demanding, OWTs are typically
modeled with linear material properties and reduced-order foundations. The simplest and most common reduced-
order foundation for aeroelastic programs is the mudline stiffness matrix, which condenses soil-structure
interaction to a single node. Currently there are no methods recommended by design guidelines for calculating the
contribution of foundation damping to OWTs. In this paper, a simplified approach was implemented in ASHES
software to the mudline stiffness matrix and damping associated with the NREL SMW Reference Turbine [14]
supported by a 6 m-diameter monopile embedded in 34 m of clay and a jacket supporting structure for 50 m deep
water. The mudline stiffness and damping for the NREL SMW was taken from [8]. The aeroelastic tool ASHES
[13] was used for stochastic OWT time history analysis of IEC design load case 6.1a, considering two different
supporting structures and various mudline condition including soil stiffness and damping. Mean mudline shear and
moment from the fixed mudline ASHES results were used to determine the fatigue lift time and the dynamic
responses. Significant influence of damping and stiffness is expected in the simulation and optimized design of
the supporting structures.
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ABSTRACT

This article deals with the magneto-mechanical sizing of magnetic gear pole pieces for wind
turbine applications. Magnetic gears are subjected to be integrated in a wind turbine
conversion chain. However, magnetic gear pole pieces seem to have weaknesses in terms of
mechanical strength. To ensure the mechanical strength, we propose a definition of a support
bar geometry which does not lessen magnetic properties and which correctly maintain the
laminated pole pieces. An example is made with this support bar design and with this sizing
methodology for a 3.9MW magnetic gear for wind turbine conversion chain.

INTRODUCTION

Mechanical gearboxes, currently used in indirect drive electro mechanical conversion chain (Fig.1a),
provide a lower capital expenditure and a lower masses than the direct drive conversion chain [1] (Fig.1b). In
return, mechanical gearboxes induce production interruptions and repairs, which increase operating costs [2]. In
this context, an interesting solution is to develop a conversion chain with a semi-fast generator and a magnetic
gear [3] (with non-contact power transmission) (fig.1c). The most attractive topology of magnetic gears has been
proposed by Martin [4] and was the subject of different behaviour studies proposed by Atallah [5].

Mechanical Indirect Drive

High speed
Generator

i Mechanical
L) Gear
(N

Direct Drive

AC Dc busi AC DC bus
e g N /- g
/ DG— [\ i /" D(

(@) (b)

() {Low speed Generator

Magnetic Indirect Drive

0 1 AC DC bus:
/g

Magnetic High speed
Gear Generator (c):

Figure 1. Wind power conversion chains which contain (a) mechanical indirect drive, (b) direct drive, and (c)

magnetic indirect drive
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This magnetic gear shown in Fig.2 includes an internal ring of permanent magnets, an external ring of
permanent magnets and a ring of ferromagnetic laminated pole pieces between the permanent magnets rings. This
topology potentially offers high performance with an high torque density and an high reliability than mechanical
gearboxes [6] and even more for high torque application like high power wind turbine (of the order of a few MN.m
and a few MW) with only magnetic part consideration [7]. However, no magneto-mechanical sizing has been done
on this magnetic gear (with an approach similar than [8] for a wind turbine generator) and it seems to have
weaknesses in terms of mechanical strength which are subjected to radial and tangential loads from the magnetic
field. Indeed, ferromagnetic pole pieces are very elongated structures, laminated perpendicular to the axis of
rotation (to minimize iron losses and conserve a high efficiency of the system) and then subjected to magneto-
mechanical loads. The weaknesses of the poles pieces raises the question of the possibility to maintain
mechanically this laminated pole pieces without lessening the magnetic properties (therefore without increasing
air gaps and modifying magnetic field) in high power wind turbine applications (i.e high dimensions of the
magnetic gear). This is shown in Fig 3 which represents a part of the magnetic gear developed in a wind turbine
context [3].

Yoke of the external ring

N

Permanent magnets of the

external ring \

Laminated ferromagnetic
pole pieces ring

Yoke of the
internal ring

Permanent magnets of the
internal ring

Figure 2. Magnetic gear architecture in an exploded drawing with low pole numbers (in this example: pi, = 2,
Pext =7 and Q =9).

Figure 3. Dimension of the magnetic part of the 3.9 MW 15 rpm magnetic gear with pj,; = 20, Pexe = 131 and Q
=151, an external diameter of 3.8 m and a length of 2 m.

The major contribution of this work is a global static analysis of the variable radial and tangential loads

supported by the laminated pole pieces. This static analysis includes the definition of the geometry of dedicated
bars which support the pole pieces without lessening magnetic properties.

-182 -



P THE INTERNATIONAL CONFERENCE ON
] 7 WIND ENERGY HARVESTING 2017
20-21 April 2017

Coimbra, Portugal

WINER

Paper 309

SUPPORT BAR GEOMETRY OF THE LAMINATED FERROMAGNETIC POLE
PIECES

The magnetic gear topology is composed of three rings:

e An internal ring with p;,,; pole pairs of permanent magnets and a ferromagnetic yoke,

e An external ring with p,,; pole pairs of permanent magnets and a ferromagnetic yoke,

e A ring with Q ferromagnetic laminated poles between both permanent magnets ring (an example is given
in Fig. 2 with low pole numbers, to improve readability: pi,: = 2, Pext = 7 and Q =9).

Each permanent magnets rings generates in air gaps a wave of magnetomotive force. Ring with ferromagnetic
pole pieces aims to modulate the magnetic field in the two air gaps to obtain common harmonics. The result is a
magneto-mechanical torque with an average different from zero and a transmission of power with a synchronism
between fundamental magnetic field frequencies in both air gap. To achieve this power transmission, three rings
pole numbers must respect equation (1). Then, it is possible to define the ratio A (2) and the Willis relation for a
magnetic gear (3) like a planetary gear where wint /0, Wext/0 and W /o are the speed rotation of the internal ring,
the external ring and the pole pieces ring respectively. In function of the fixed ring, the gear ratio G,, is given by
(4). For high power applications (for instance wind turbine), the number of pole increases with the diameter. A
consequence can be a decrease of their rigidity.

int ext =
Pine T D Q (1)
Wing/o — W
g = Lint/o ~ Dojo __ Pext o
Wext/o ~ Wo/o Dint
(l)int/o - A,. wext/o + (A - 1). (‘)Q/O = O (3)

wext/o — (/1 - 1)

(wint/o =0- Gy =

wQ/O A
w.
Wopp = 0= Gy = —2L2 = 3 )
wext/o
Wint /o
lwext/o =0-Gp = a;n// =-(1-1
0/0

- Laminated pole pieces
- Support bar

Figure 4. Presentation of the geometry of the supporting bars

To support the laminated pole pieces of the magnetic gear, the support bar geometry shown in Fig.4 is
proposed. The support bar is composed of a massive magnetic insulator steel and a magnetic and electrical insulator
skin. These support bars do not lessen the magnetic properties; they also do not modify the magnetic field and air
gaps. Support bar will then transmit to the structural parts the magneto-mechanical load of the laminated pole
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pieces. Support bars are thus subjected to variable radial and tangential magneto-mechanic pole pieces loads; their
induced stresses must be then taken into account for their sizing (see [9]). Considering a 1D model of the support
bar with fixed ends, it is possible to determine a first approximation of deformations and stresses of the support
bars depending on the static magneto-mechanical load. To determine the support bar displacement, it is necessary
to evaluate preliminary the radial and tangential pole pieces loads (shown in Fig. 5 for the magnetic gear [3]). The
model (hypothesis and constraints) will be presented in the final paper. This paper will also present the sizing
example with the 3.9MW magnetic gear [3] for wind turbine conversion chain (dimensions are given in appendix).

151

—O— Radial load evolution
Average radial load
—O— Tangential load evolution
Average tangential load

10Q

0 5 10 15 20
Internal ring mechanical angle ( °)

Figure 5. Evolution of the static magneto mechanical radial and the tangential load of laminated pole pieces

CONCLUSIONS

The study is underway. Our first results show that this simplified model is able to evaluate displacements
and stresses of the supporting bars. For the 3.9W magnetic gear case study, it is possible to maintain mechanically
the laminated pole pieces with air gaps variations lower than 5%.

APPENDIX
Table 1. Wind turbine conversion chain dimension
Symbol Quantity Value
Prated Rated power of wind turbine 3.9 MW
Nrated Rated speed of wind turbine 15 rpm
Trated Rated torque of the wind turbine 2.5 MNm
T Gmax Maximal gear torque of the first stage of magnetic gear | 2.7 MNm
D External diameter of the magnetic part of the two stage 4 m
magnetic gear
Oint Internal airgap of the magnetic gear 5 mm
Oext External airgap of the magnetic gear 5 mm
Gm Gear ratio 6.5
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ABSTRACT

In recent years, wind energy becomes more competitive with fossil fuels and lots of researches
have been done to develop alternatives for supporting structures, controllers and new
concepts. In this paper, the focus is the use of a state-of-the-art technology for lifting a very
high (over 180 m) hybrid wind turbines. The lower part is the lattice part and the upper part
is the tubular part. The connection of these two is the transition piece, which has to be designed
very mindful. In this work, the lifting process and the calculation of the loads and different
steps for designing the lifting process and the transition piece are presented.

NOMENCLATURE
TP = Transition piece
D = Drag force (N)
r = Radius of the rotor (m)
a = Local angle of attack (rad)
p = Density of air (kg/m?)
INTRODUCTION

In recent years, wind energy becomes more competitive with fossil fuels and lots of researches have been
done to develop alternatives for supporting structures, controllers and new concepts. The offshore wind energy is
more economic than onshore, however, it cannot be a solution in many countries. Moreover, several onshore wind
turbines already have been installed since the 1980’s or even before. Therefore, European countries have been
started repowering the onshore wind farms since 2002 [1]. For repowering new wind turbines with higher power
capacity are needed. These turbines have to be installed in higher altitudes or in places with high wind velocities.
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Since increasing the height of the tower needs higher and heavier cranes and lifting accessories, the cost of a single
turbine via cranes increases. The cost of using cranes is compared with two other ideas, introduced in the following,
in Figure 1.

120

100

o L B M ]

40 1

Erection Cost ($/kW)

20 —

750 1500 2500 3500 5000
Turbine Size

‘D Bambhart Lifting Frame B Barnhart Climbing Frame O Conventional Erecti0n|

Figure 1: Cost analysis of erecting options for different turbine sizes[7]

Nevertheless, previous self-erection mechanism design, load and cost analysis has documented in industrial and
academic reports and patents. An extensive research was done by NREL on several self-erecting concepts in 2001
[2]. Several industries already started to develop a self-erecting concepts mentioned in the NREL report since
1981. The German’s Growian wind turbine was constructed and pulled-up the tower with winch. The WTS-3 a
large Swedish wind turbine was erected with pair of lifting columns besides the tower and the blade and the nacelle
were assembled separately. The Aeolus 11 used a set of tracks into the tower and nacelle to utilize the lifting process.
The Wind Eagle was assembled on the ground and tilted up [3].

More research has been done by T&T engineering as an expert in the drilling and the oil industries. They
recommended four concepts using their experiences which might be applicable in the field of wind energy. The
concepts can be summarized as, Tilted-Up Method with Self-Supporting Frame, Jack-Up with Offshore Platform
Towers for Lifting, Slip-Form Approach, and Telescoping Tower [2].

Barnhart Crane & Lifting is an active company in heavy lifting and transport sector. As they have expertise in
lifting, their lifting frame for the chimneys can be adaptable for the wind turbine towers, however, the SMW wind
turbine tower is much heavier than a chimney. Lifting frame has a tower which is mounted to chimney’s straddle.
The chimney is lifted up with trunnions and raised with a set of strand jacks.

Moreover, they developed methods to erect the wind turbine towers specifically. They proposed several methods
which can be listed as, A Slip Form for Non-Tapered Towers, Climbing Frame with The Boom and Mast, Climbing
Frame with Boom, Mast, and Counterweight, and Climbing Frame with Lifting Tower and Strand Jacks.

Ederer proposed a new self-erecting mechanism with telescopic lifting tower. Moreover, they used two
telescopic tower in the opposite sides of the tower to tilt it up. However, they stopped developing their mechanism
further evaluation due to some changes in their company.

In this paper, the installations problem of the high rise wind turbine is addressed. In order to ensure
reliability for land-based wind farms, new lifting process for a hybrid supporting structure is designed. The hybrid
concept consists of a lattice structure and a tubular part which are connected by a transition piece. The lattice
structure was utilized to be a support for a new lifting process. Moreover, the design of the transition piece varies
according to the specifications for each project including loading conditions, connections, material properties and
the lifting process especially in this research.

METHODOLOGY

There are some common design assumptions which should be taken into account for designing the lifting
process and the transition piece. Design assumptions are important for the outcome assessment. Furthermore,
possible further discussion highly depends on the initial and boundary conditions of the analysis.

The common assumptions relate to geometry and topology of the supporting structure and the aeroelastic
simulation and inertia loads in transition piece level. Therefore, the following tower properties are chosen:

* SMW NREL reference wind turbine

* 6-legged lattice structure
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* Polygon cold-form cross section of legs

* Height of Lattice part 120m

* Height of Tubular Part 65 meters (slightly larger than the blade used in calculations 63 meters)
* Lattice height to spread ration of 4/1 without secondary bracings

+ Constant diameter for tubular part with 4.3 m

The structural weight of the burden, the number and location of pivots used for the heave, the angle between each
sling and the vertical axis on pivot and the environmental conditions under which the lift is performed characterise
the lifting loads. Therefore, every single lifting should be planned individually with considering hazards and the
risks. Moreover, all members and connections of a lifted component must be designed corresponding the static
equilibrium of the lifted weight and the sling tensions.

Based on DNV-Os-H102, there are different permanent, variable functional, deformation, environmental, and
accidental load categories. They are used for different limit state analysis of the lifting process. Error! Reference
source not found. shows the factor approach for the lifting load calculation based on API standard. Several
dynamic amplification, skew effect, centroid shift and others should be considered and multiply to the calculated
weight to find out the design loads. On the other hand, the numerical method can be applied to calculate and
estimate the lifting loads.

Calculated Weight including slings and shackle

Dynamic
Amplification

Skew Effect

Centroid Shift Design Load

Other Effects
(Yaw, Tilt, and
Environmental)

Figure 2: Factor approach for lifting load calculation

The two lifting loads were calculated for two stages of the new lifting process. The first stage is the lifting of the
whole tubular tower, then, lifting of the tubular tower with assembled RNA.

RESULTS

The building steps for the new lifting process is as follows based on existing mechanism [4]: the 120 m high lattice
tower is separated into six units. First of all unit one of the lattice is mounted and fixed to the foundation by means
of a mobile crane. Besides the final construction side, unit-six of the lattice structure is set up and the transition
piece is fixed to this last unit, cf. Figure 3 (a). Afterwards, the other sections of the lattice part are assembled one
above the other next to the real construction site, cf. Figure 3 (b). A bottom plate for the tubular tower has to be
positioned in the middle of the lattice tower. Probably there has to be a foundation arranged beneath the tubular
erection place. Then the tubular tower can be temporarily attached to the foundation to provide an overturning
during its mounting. The lower segment of the tubular tower is transported to the construction side and is lifted
inside the first lattice unit. It is fixed to the bottom plate and a flange is welded to the tubular segment in a certain
distance to the bottom plate, cf. Figure 3 (c). Then the second lattice unit is lifted by mobile crane and is mounted
to the first unit, see Figure 3 (d). Alternating lattice and tubular segments are lifted and fixed until unit-three of
lattice and the third and last part of tubular are on its position, Figure 3 (e)-(g). Unit-four and after that unit-five
are mounted to the lattice tower. Before the sixth unit is lifted, the strand jacks and strand guidance are installed to
the transition piece, Figure 3 (h). After the last unit is connected to the lattice tower, the strands are arranged to the
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strand jacks and guidance and led down to the ground. The strands are connected to the bottom plate. A strand
carrousel is established on the ground into the inner hexagon of the lattice to wind up the strands while they are
led down, cf. Figure 4.

Depending on the chosen connection type for the tubular segments, there are different possible connections
to the mobile crane. If the tubular segments are connected with flange connections the mobile crane can lift them
by means of the pre-cut bolt holes and a lifting tool used for the assembly of tubular steel towers

(c) (d)

q'_/‘..' e

e

BV — v r — -

—

(8) (h)
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Figure 3: Alternating erection process
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Figure 4: Alternating erection process: complete mounting of single parts and installation of strands

The building steps will be completed with the RNA assembly steps.

CONCLUSIONS

The alternating erection of tubular and lattice part is chosen because it leads to lower loads applied to the
transition piece and following smaller dimensions and material costs. For the inserting erection procedure, lots of
problems had shown up which are not solved completely. Furthermore, the alternating erection is based on a state
of the art technique and is according to the feasibility of the procedure. Therefore, a foundation for the tubular part
during assembly has to be arranged. The above-mentioned horizontal support during the lifting process is necessary
and has to be chosen and designed further. For the erection and lifting process a large mobile crane, strand jacks,
strand guidance and strand carrousels are needed. This erection process outlines also requirements for the transition
piece.

At the top of the transition piece a support area for the strand jacks is necessary. In this support area holes
has to be arranged beneath the strand jacks. In the inside of the transition piece has to be enough free space for the
strands. The top plate has to be large enough to carry the strand guidance also. The transition piece serves also as
connection element to the lattice tower.

In conclusion, the new installation process shows promising results so far for the lifting of the tubular tower
through the transition piece with the support of the lattice structure. The proposing concept will be fully developed,
however, it showed a feasibility from construction and load analysis point of view.
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Susanne Hohler: Hossein Karbasianz
Salzgitter Mannesmann Forschung GmbH Salzgitter Mannesmann Forschung GmbH
Duisburg, Germany Duisburg, Germany
Georg Michels3

Salzgitter Mannesmann Renewables
Gladbeck, Germany

ABSTRACT

With the increasing demand to use wind energy new challenges are set to wind energy plants,
offshore and onshore. Having to deliver more output, wind energy turbines need to be of
greater sizes, have greater hub heights and —in case of offshore turbines- in greater water
depths. This sets clear tasks for the structural design of the tower and its foundation.
Conventional monopiles are successively substituted by jacket structures, which still have
many challenges to face in terms of manufacture and assembly.

Economic jacket solutions take into account material and weight reduction, limiting
production and installation costs by still guaranteeing integrity performance for high loads.
Targeting this, a modern jacket structure for offshore wind energy towers has been developed
that is suitable for serial standardized production. The octagonal jacket structure of tubular
legs and braces has then, in a second step, been modified and re-designed for onshore
application. This paper presents both layouts and their characteristic features.

INTRODUCTION

Wind energy will play a decisive role in the turnaround of energy supplies for years to come. In Europe the
main share in the market (approx. 85 %) is held by offshore wind farms. By 2020, more than 5,000 wind turbines
are planned in the North Sea and the Baltic Sea alone. One of the special challenges in such projects is the
construction of offshore foundations. Up to now, monopiles hold the largest market share by far. This will very
probably change over the next few years. Especially at greater water depths, innovative and economically viable
solutions are needed that can withstand the harsh offshore conditions and the loads involved as turbine outputs rise
to 10 MW and rotor diameters to 200 m.

For the foundation of offshore wind turbines lattice towers have increasingly been used. These jacket
structures have become the state of the art besides tripods and monopiles. A jacket is a truss tower which in general
is assembled by legs and braces from circular hollow sections. The connections are welded nodes in different
configurations, e.g. X-node or K node. The top of the jacket consists of a transition piece to allow the connection
with the turbine tower. Designing a jacket various aspects must be considered, such as material costs and material
availability, manufacture, transport and installation, as well as structural integrity and durability over its lifetime.
In order to achieve a competitive solution one approach is to use series-produced standard steel products and
components, since serial production generates significant cost savings, as can be seen for example in the
automotive industry.

The following report presents a jacket design concept which is based on standard components and which
shall be suitable for serial production. The concept targets offshore wind energy foundation. Subsequently, since
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the demand for higher performance and increased hub heights also becomes relevant for onshore application and
jackets therefore are an alternative to monopiles also onshore, the concept is redesigned for an onshore jacket as
well.

DESIGN FOR STANDARDIZED JACKET STRUCTURE - OFFSHORE

Following the idea of a standardized jacket production Salzgitter Mannesmann Forschung (SZMF) has
developed a jacket design for offshore wind turbines. While the general jacket layout was developed at SZMF, the
detailed design calculations were carried out by SKI Ingenieurgesellschaft mbH, Hannover, Germany. Some basic
design assumptions are made:

Basic Design Assumptions

e Thejacketis planned for a fictive reference position in the offshore-field “Alpha Ventus” in the German
North Sea. Accordingly, wind data and wave data are defined as well as water levels. The water depth
with reference to the lowest astronomical tide (LAT) results to 28 m.

e Lifetime of the jacket and wind tower is 20 years.

e A5 MW wind turbine is considered of type NREL. Technical data is taken from [1], providing speeds
and weights, and a hub height of +90.4 mLAT.

e Design Standards and regulations are mainly EN 1990 and EN 1991 for load actions and load
combinations, EN 1993 for steel structures, NORSOK Standard N-00 and common DNV Guidelines.

General Layout

The jacket outline is octagonal, comprising eight tubular legs stiffened by four horizontal levels of braces
also tubular, see Fig. 1. The upper section of the jacket structure is connected with a tubular tower. Due to torsional
stiffness and fatigue requirements the layout is revised and additional diagonal stiffeners are inserted. The diagonal
tubes are installed in every other jacket section in a helical arrangement around the structure from the top to the
bottom level. Fig. 2 displays the revised design along with characteristic features.

_~ Tower

Braces
L
7
. Legs
// ¢
o
Piles
Sy

Figure 1 First outline of octagonal offshore jacket with tubular legs and braces

The advantages of this jacket design are that, at first, standardized semi-finished products can be applied.
Tubes have uniform dimensions and only a small variety of tube dimensions must be made available. High
reproducibility and close tolerances can be guaranteed. The welding of joints, which is a main cost driver for the
assembly, can be realized automated, especially since only a limited number of diagonal braces and connections
exist. The design concept has been filed for patent and published in a laying open application [2].
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Tower Turbine capacity 2-6 MW
Tower head 150 — 350
mass
Hub height upto 140 m

Legs — & tubes 700 — 1000mm

_ Transition piece ; ) Turbine capacity 2-6 MW
/ II = Jacket height variable
- Braces .
s A ) T Steeltube length  variable
Braces — @ tubes 500 — 700mm

Jacket weight upto 250t

Steel grade S$355 (variable)

Figure 2 Final outline of the octagonal offshore jacket and features

FROM OFFSHORE TO ONSHORE JACKET

Next to coastal areas also average mountain areas are predestined for wind farms. Despite the significant
contribution of onshore wind energy to a sustainable energy mix, its potential is far from being exhausted. All
scenarios of future energy supplies forecast a continued expansion of onshore energy capacities. This makes it
clear that, for some time to come, wind may be the driving force as an energy source in the turnaround to
sustainable energy production. In the further development of onshore wind power plants with greater heights and
higher turbine outputs, onshore jacket solutions become an alternative compared to conventional monopiles.
Substitution of monopiles of steel or concrete will entail advantages concerning weight and transport costs,
manufacture and installation.

Starting from the offshore jacket as shown in Fig. 2, this concept is redesigned for an onshore wind tower.
Evidently the load actions are revised for onshore jackets, leading to a much more slender structure with significant
mass reduction. Other aspects for the redesign are transport and assembly possibilities for the components. The
jacket must be very “easy” to install, therefore a modular system of segments is envisaged. The segments
themselves have limit sizes for transport reasons. Their connection via cables or slim rods is considered to avoid
field welding and weight.

The final paper presents an onshore jacket design that is based on the offshore layout described above. It is
designed for a 2 — 3 MW turbine for an onshore reference position.

CONCLUSIONS AND OUTLOOK

A design concept of a jacket structure for a wind turbine for offshore application has been presented. The
octagonal layout has eight tubular legs and horizontal tube braces stiffened by diagonal braces. The solution
developed fulfills the demand of possible standardized serial production. Following this approach the structural
design has been re-evaluated and modified for onshore application, fitted to onshore scenarios. Thus, two
promising concepts are available for offshore and onshore wind turbines.

Future work is focused on the standardized serial fabrication of welded hollow section nodes for offshore
and onshore jackets. It requires the application of innovative technologies, such as automated welding via high
performance welding processes, intelligent weld preparation and non destructive testing methods. The challenges
are the fabrication of the very complex geometries (K-nodes, X-nodes) and the verification of dimensional
accuracy. The potential cost reduction by using prefabricated components is estimated as 18% in comparison to
the conventional state of the art.
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ABSTRACT

One of the most important acceptance issues regarding implementation of the small-scale wind
turbines in urban environments is related to the people’s quality of life. Human perception of
vibrations is very sensitive and therefore turbine induced vibrations can have big influence on
the implementation of urban wind harvesting by small-scale turbines at the top of buildings.
The aim of this work is to investigate increase of vibrations in a steel building after installation
of small-scale turbine at the roof. Comparison is made between floor vibrations influenced by
wind action on the building only and together with the roof mounted turbine. Five storey steel
building with regular shape is analysed with horizontal axis wind turbine (HAWT) on top with
rotor diameter of 5 m. Turbulent wind profile is generated and used in time-history analysis
of the building. Results of the analysis in terms of accelerations are compared to the
requirements in relevant design codes.

INTRODUCTION

Demands for higher energy efficiency and use of renewable energy resources are constantly increasing.
Harvesting of wind energy as a renewable energy resource tends to installation of small-scale wind turbines in
urban environments. Installation of small-scale wind turbines in urban regions can gain higher energy efficiency,
considering that energy production takes place at the place of its consumption.

Implementation of wind turbines in urban environments has often been compromised by public resistance.
Some of the most important issues regarding implementation of wind turbines in urban environments are related
to the noise pollution and increased vibrations in buildings. Due to the lack of open free areas in urban regions,
installation of wind turbines at buildings is the most possible solution. In case of installation of small-scale wind
turbines on existing facilities the increase of floor vibrations can compromise their installation. Human perception
of floor vibrations and uncompromised serviceability of equipment in buildings are the two most important
acceptability criteria considering increased floor vibrations. Human response to floor motion is very complex
phenomenon and it is often related to the combination of factors such as: magnitude of motion, the surrounding
environment and the type of human activity which takes place at that moment.

Analysis of relative increase of floor vibrations in a steel building after installation of a small-scale wind
turbine on the building’s roof is presented in this paper. Five storey steel building with steel-concrete composite
floor deck structure is analysed with and without 5 m rotor diameter HAWT considering turbulent wind profile
with mean flow speed of 7 m/s. Also, possible increase of floor vibrations is compared with current design
requirements for floor vibrations, given in ISO 10137:2007 [4].
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METHODOLOGY

The time-history response of the building to the dynamic load excitation by the wind action is analysed in
Sofistik FE software. Dimensions of the building’s base are 24x40 m and the height of the building is 18 m, as
shown in Figure 1. Steel-concrete decks are composed by 330 mm high steel I beams connected by shear
connectors to the 160 mm thick concrete deck. Horizontal stability of the building in longitudinal and transversal
direction is achieved by moment resisting frames and vertical bracing, respectively, as shown in Figure 1. Design
of the case study building is performed according to requirements given in EN1994:2004 [1] and EN1993:2005
[2] in order to provide a real case design and mass vs. stiffness properties of the structure.
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Figure 1. Dimensions of steel building and arrangement of constructive elements

Turbulent wind profile and aerodynamic loads analysis of the turbine is done in a multi-body analysis

software package Ashes, see Figure 2. Ashes software integrates finite element analysis (FEA) and blade element
momentum (BEM) theory.

Figure 2. Model of the turbine and the tower in Ashes software.
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Figure 3. Turbulent wind time history loading generated by TurboSim in Ashes software.

The wind action on the building in two orthogonal directions shown in Figure 1 is applied as a time-
history loading of uniform wind pressures corresponding to wind speed shown in Figure 3. External and internal
pressure coefficients for building’s walls and roof are adopted according to the recommendations given in
EN1991:2005 [3], as shown in Figure 4. Loads arising from operation of the turbine are applied as time-histories
of forces and bending moments calculated in time-history analysis of the tower and the turbine in Ashes software
using spatial wind profile as loading having the mean wind flow identical as shown in Figure 3.
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Figure 4. External and internal pressure coefficients for wind actions
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RESULTS

Analysis of vibrations for each floor induced by wind action is performed through time-history analysis
and extreme accelerations and displacements are obtained. Frequencies of oscillations of each floor are also
obtained, which is very important for comparison with design requirements for floor vibrations, e.g. ISO 10137:
2007 [4].

CONCLUSIONS

Increasing demands for installation of wind turbines on the building’s roof in urban regions can be
compromised due to increase of floor vibrations in buildings. Because of very sensitive human perception of floor
vibrations, a detailed analysis of floor vibrations increase caused by installation of wind turbines for urban wind
harvesting is required. The level of increase of floor vibrations after installation of small-scale wind turbines at the
building’s roof is determined in this paper and compared to design code requirements.
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ABSTRACT

In the present paper a smart cantilever beam and two vertical beams of different dimensions
with embedded piezoelectric componentsare used for energy harvesting. The mechanical
models of the composite smart structure with bonded piezoelectric materials are tested in
order to investigate the maximum amount of energy that can be produced. Consequently,
piezoelectric elements placed at selected positions of a submerged offshore construction are
used. External forces vibrate the system, resulting in energy harvesting. Both beams are
modelled by using finite element methods and modal analysis tools. The investigation reveals
the feasibility of the proposed harvester, as well as hints for their optimal design.

NOMENCLATURE

= Inertia force (N)

= Drag force (N)

Beam length (m)

= Cross-sectional area (m?)

= Mass density of the beam(kg/m?)
= Elastic Modulus

= Volume of the beam (m?)

<~ ~ UM
I

INTRODUCTION

Piezoelectric materials have the ability to produce electric charge when subjected to mechanical stresses.
These materials can be both natural and synthetic, usually ceramics and are widely used for the formation of
sensors and actuators in smart composite structures [1]-[3] as well as for mechanical energy harvesting from
vibrations [4]-[5]. The behavior of the interface between the different layers of a laminate composite structure in
order to transfer energy from the structure body to the energy harvester is an object of study. The design of the
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harvester, which is based on the usage of piezoelectric elements, is performed in such a way as to be able to obtain
the maximum amount of energy [6].

For the same reason, the piezoelectric elements are placed in the locations that present the maximum
strain for given vibrations. It is obvious that bond points should be avoided, due to the fact that no information is
given at such positions.Furthermore, the ability of the proposed models to provide satisfactory results, for a large
width of different frequencies that described various phenomena i.e. wind excitations, random vibrations, ocean
waves etc. is investigated. The design of an energy harvester, in order to exploit wave energy, requires the full
knowledge of the wave and the piezoelectric phenomenon. The main purpose of this study is to obtain electric
potential by converting the mechanical energy into electricity using piezoelectric elements.

METHODOLOGY

Let us consider a smart beam, which has been used in various investigations of our group [7]-[8], with total length
(L) is 0.8m with cross-sectional area (4) of the beam 0.02x0.02 m?. The elastic modulus (Y) of structure is 73x10°
N/m? and the shear modulus (G) is 40x10° N/m?. The mass density (p) of the beam is 2700 kg/m?. In the present
example the beam is discretized into 32 elements yielding to a system with 64 degrees of freedom. The beam is a
cantilever, which means that it is fixed at the left end. In the finite element model, the degrees of freedom of the
system are quite large therefore it is required to model the system in modal form.

Therefore the governing system dynamics equation is expressed in modal space by introducing a new variable

derived by modal transformation (1 al
f= 2 :ch.nl. (¢)=[@]{n}
()

Where [q)] is the modal matrix and {77} is the modal coordinate vector. The final equation reads:

i +[@ )in) =[0] {F,) -[o] (£} @

Tv Tre F } is the globaSmechamcal force and {F.;}=-[K.,]V is the electrical force vector due to the actuation and
iag (@, @,.. with “i the undamped natural frequency of the i-th mode.

The amount of energy produced from every plelzoe ectric element in each eigenvector is given by:
E=_y| 22 Voo
The quantity AP s given by the following equation: ,
Ap=(p/ -0l,)=
2 (4)

Wheregaij is the i"element of the j" eigenvector and / is the height of the beam.

For the design of the offshore energy harvester let us consider a beam vertically positioned and fixed at the bottom
end [9]. The total height (H) is 3.0m and width (/) is 0.30m placed on submerged structure at 3.0m depth. The
piezoelectric materials have the form of thin plates that are placed longwisel. The piezoelectric material selected is
PZT-4 with the following properties:Crystal symmetry class, uniaxial and density7500 kg/m3. More specifically,
for the first model piezoelectric material is placed on the outer side of the beam[10]-[11], while for the second
model inside the beam.The force applied along the surface of the beam f{z, t), by the wave phenomenon is given
by the Morison equation:

fEY=fiz 9 +[oz 1) ©)
where f; is the inertia force and fp is the drag force, see e.g. [12].

RESULTS

For the first structure Table 1 showns the finite element where the extra mass is placed, along with the amount of
the maximum energy produced and the node where this amount is produced. Note 1 is the fixed (left) end of the
cantilever, while node 32 is the free end. The energy is given in Joules. The value of the maximum energy that
produced by the structure without the extra mass is 1562.6 J and it appeares at the fixed end of the beam. From the
results of Table 1, one can observe that the total energy is not transferred to other elements of the structure when
the extra mass is placed. This means that in any case the maximum energy is given at the fixed end of the beam.
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In addition, we observe a slight increase when the extra mass is placed at the 9" node. Namely, this amount is
1640.8 J., instead of 1562.6 J, which means that a 5% increase was achieved.

Table 1. Numerical results for the 1% eigenvector

Element of | Node of max | Amount of max Element of | Node of max | Amount of max

extra mass energy energy (J) extra mass energy energy (J)
1 1 1562.80 17 1 1149.20
2 1 1562.80 18 1 1052.10
3 1 1571.60 19 1 957.84
4 1 1582.10 20 1 868.25
5 1 1596.20 21 1 784.51
6 1 1612.30 22 1 707.24
7 1 1627.50 23 1 636.60
8 1 1638.40 24 1 572.49
9 1 1640.80 25 1 514.61
10 1 1630.80 26 1 462.56
11 1 1605.00 27 1 415.89
12 1 1561.90 28 1 374.10
13 1 1501.80 29 1 336.75
14 1 1426.70 30 1 303.39
15 1 1340.20 31 1 273.59
16 1 1246.40 32 1 246.98

In figure 1 the energy at each element before (blue line) and after (red line) addition of the extra mass are shown.
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Figure 1. Total energy at each node when extra mass placed at elements land 9
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Figure 1. Total energy at each node when extra mass placed at elements 22 and 32

In figure 2 one can observe that the measure of the force (V) increases accordingly to the value of ‘Z’, which
represents the depth. Higher amounts of force applied on the free end. Figure 3 illustrates the models during the
meshing procedure. The elements used for the mesh follow 3D symmetry. Finally in figure 4 the vertical
displacement and the total electric potential of each beam separately, is presented by the colour variations.
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Figure 2. Force along the submerged beam

Figure.3 Meshing for both models
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Figure 4. Vertical displacement and electric potential for both models

One may propose different configurations of piezocomposites suitable for energy harvesting. For example a smart
layerwise plate with piezoelectric patches can also be used. The structure consists of three discrete layers, that is,
the elastic core in the middle, along with two piezoelectric layers at the upper and the lower side of the host
structure respectively. Twelve-node rectangular bilinear isoparametric elements, i.e. 4 nodes per element for each
of the three layers, with five degrees of freedom per node can be used. See figure 5.

_Piezoelectric layer
71" {Actuator)
-

L B - \
. “} "~ Adhesive
T, material

. -
Elastic core -

T-._Piezoelectric layer
(Sensor)

Figure 5. Isoparametric finite element with 4 nodes for each of the three layers of a smart layerwise plate

Eigenvectors of plates in bending, like the one shown in figure 6 can be used in a similar way.

5

oo rniddle plate third eigenvector

Figure 6. Third eigenmode of the elastic core of a layerwise plate
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CONCLUSIONS

The criteria of the harvester, that is, the location, the shape and the size of the piezoelectric components,
could be properly quantified within an optimization process for the fine tuning of the properties of the harvesters.
Structural optimization for dynamic problems, involving modal characteristics, is a challenging task. Optimization
algorithms inspired by nature and especially Evolutionary Algorithms (EAs) can provide very powerful tools for
this purpose. Moreover, the ability of the proposed model to provide satisfactory results for a large width of
different frequencies that described various phenomena i.e. wind excitations, random vibrations, ocean waves etc.
may be part of future investigations.
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STATIC ANALYSIS OF DIFFERENT TYPE OF WIND TURBINE TOWERS
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ABSTRACT

In this paper, behavior of three different types of wind turbine towers under effect of static loads is
presented. It is well known that renewable energy requirements over the world increase. The wind is one of
the cleanest and economical energy sources. In order to produce larger amount of energy by using wind
turbines, the length of the turbine blades is increased. By increasing length of blades, weight of the turbine
is increased, so does effect of turbine as static load to the turbine tower. Thus, it becomes necessary to
optimize types of turbine towers and dimensions as well as the materials. In this paper, three different wind
turbine towers: steel, reinforced concrete and hybrid (reinforced concrete and steel) turbine towers are
analyzed using finite element analysis. The finite element model of towers with 10m height is completed and
analyzed by using ABAQUS. The deformations and stresses are gathered and compared for different types
of towers. Analysis indicates that reinforced concrete tower has lowest displacement, the effect of torsion is
dominant in steel tower, and the hybrid tower is vulnerable in connection concrete and steel parts.

INTRODUCTION

The world population has increased exponentially in the last few centuries. Due to this rapid growing in
population, the energy demand is also increased. In recent years researches about sustainable, renewable and
environmentally friendly energy sources have priority in order to meet the energy demand in the world. Recent
years, a significant amount of research has been conducted to formulate the design of various tower structures as
optimization problems. Optimization strategies were studied according to minimization of the tower’s mass,
maximization of the tower’s stiffness, minimization of vibrations and maximization of the system natural
frequency [1]. In addition to the modal parameters, geometrical properties are also considered optimization
parameters. Especially, diameter of the pole is an important parameter [2]. On the other hand, using geometrically
nonlinear analysis vs. linear analysis differed very little due to other design constraints, the towers analyzed stay
in the elastic range at the final design analyzing method [3-4].

In presented study, linear analysis of geometrically identical three different types of tower is performed.
Results are compared regarding deformations and stress distributions.

TYPES OF WIND TURBINE TOWERS

Wind turbine towers are constructed with different materials and different construction systems: Steel lattice
towers, steel cylinder towers, reinforced concrete towers and hybrid towers. For example, Fuhrlinder Wind
Turbine Laasow, built in 2006, in Laasow, Brandenburg, Germany is the world's tallest lattice tower wind turbine
with a length of 160 meters. Wind towers intentionally built taller, because, increased production capacity in wind
turbine systems has been achieved by achieving higher wind speeds [5], so higher wind speed is gathered at higher
levels.

Steel frame type towers: Today, the most preferred type of tower is steel cylinders. Buildings towers in this way
show light and high strength properties [6]. It is also preferred because it provides a safer climbing area and lower
maintenance costs compared to other tower types.
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Reinforced concrete towers: The most widely used methods in the world construction industry are reinforced
concrete systems. Reinforced concrete systems are most widely used methods in the world construction industry.
These systems are used extensively in almost every country. Likewise, this system is used in wind turbine tower
constructions. The resonance tendency in other turbine towers with increasing tower heights leads to the design of
reinforced concrete towers [7]. The greatest advantage of this type of towers is the prevention of local buckling.

Hybrid towers: Hybrid towers are used together with steel and reinforced concrete construction systems. Wind
turbine towers are required to be light and extremely durable. In some high tower designs, the reinforced concrete
system come out to be advantageous, resulting in the formation of aesthetically unstable structures made very
heavy and difficult to maintain. Hybrid towers also benefit from the advantages of the two construction systems.
In addition to these advantages, it will also reduce the earthquake loads on the tower.

DESIGN AND ANALYSIS OF AN INDUSTRIAL WIND TURBINE TOWERS

In this section; reinforced concrete, steel and hybrid (reinforced concrete and steel) wind turbine towers
with a cylindrical form and with a diameter of 45 cm and of 10 m high are designed. The thickness of steel tower
is 5 mm. The steel type is S-335. The compressive strength and density of concrete mixture were 35 MPa and 2400
kg/m? respectively and the ratio of poisson of concrete is 0.3. 16016 reinforcement was used in design reinforced
concrete tower. These designs is selected because of their costs are very close to each other. Analysis of the wind
turbine towers is performed using ABAQUS [8]. Then the deformations and strains that will occur in the wind
turbine tower will be examined.

Wind turbine tower designs: The reason to choose the industrial wind turbine tower is due to large demand of
smaller power plants. Because, smaller power plants are enough to provide energy necessary to be use small towns
or establishment. The greatest advantage of this type of production is that it is realized at the moment of
consumption, the transmission and storage losses are almost reduced to zero. The details of the designs of the
towers are given in Fig. 1.

1000 cm

1000 cm

Fig. 2 The section and model of the columns of steel tower

-207 -



‘ THE INTERNATIONAL CONFERENCE ON

\X/ N ER ] 7 WIND ENERGY HARVESTING 2017
20-21 April 2017

Coimbra, Portugal

Paper 314

600 cm

400¢em

L

Fig. 3 The section and model of the columns of hybrid tower

Loading Conditions: Loads to be applied to wind turbine towers are made according to TIA/EIA-222-F [9] code
calculation methods. The loads and load combinations are given in Table 1 and 2. These loads were applied and
analyzed in the same way as the same points in all types of towers presented in this study. Kocaeli earthquake
records were taken as earthquake loads.

Table 1. Loads on the tower

L TIA/EIA-222-F
oad
Direction Load Type Load
X-X Wind Load (Turbine) 12890.81 N
y-y Turbine Weight 456.16 N
y-y Ice Load (Tower) 2302.6 N
X-X Wind Load (Tower) 2909.64 N/m
Table 2. Load Combinations
Load Dead Ice Wind | Quake
Combination Load Load | Load | Load
1 1 0 1 0
2 1 1 0.75 0
3 1 1 0.75 0.1

The load distributions for Reinforced Concrete, Steel and Hybrid Tower are shown in Fig. 4, on the
deformed model of the tower.

¥
¥ . ¥ .
o I R
*® . x o T
Reinforced Stell Tower N ome
Concrete
Tower

Fig. 4 Load distributions
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RESULTS

Displacement: The maximum displacements for reinforced concrete, steel and hybrid towers are shown in Fig. 5.
The regions shown in red indicate the largest displacements. According to the displacement contours, the maximum
displacement at the tip of the tower is 0.120 cm.

Max: 0.058 . Max: P.067
Max: p.120 z
U, Magnitude U, Magnitude U, Magnitude r
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sl 25t
0.030 0.011
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0.000 | 0.010 0,000
Max: 0.058 0.000 Max: 0.067
* Max: 0,120 £ ¥

ke L

Stell Tower

Reinforced
Concrete
Tower

Hybrid Tower

Fig. 5 Displacement of the towers under loading

Stresses: The maximum stresses for reinforced concrete, steel and hybrid towers are shown in Fig. 6. The regions
shown in red indicate the largest stresses. According to the stresses contours, the maximum principal stress is 168

MPa, at the bottom of the tower.

Max: 72029.055
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Fig. 6 Stresses of the towers under loading

CONCLUSIONS

Based on the ABAQUS analysis results, it was found that all types of towers perform reasonable well under loads
given in Table 1 and 2. None of the towers exhibit damage.

It is seen that the largest stress in reinforced concrete tower design is formed in the lower-outer periphery of the
tower. In the steel tower design, the torsion effect was dominant. Torsion effect is a consideration in steel tower
design. In the case of hybrid tower design, it is seen from the analysis that the connection of reinforced concrete
and steel parts is subjected to the greatest stress.

Maximum stresses and displacement are observed on steel tower design. As it can be seen from analysis results,
compared to the steel tower design, the displacement of reinforced concrete tower design decreased 51.6%.
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However, the decreasing displacement value for hybrid tower design was recorded as 44.16% compared to the
steel tower design.
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THE USE OF WIND DESIGN SPECTRA FOR ESTIMATING STRUCTURAL
PERFORMANCE OF WIND TURBINE TOWERS

P Martinez-Vazquezi
School of Civil Engineering, The University of Birmingham
Birmingham, United Kingdom

ABSTRACT

The dynamic performance of wind turbine towers is calculated by using wind design spectra
in order to critically evaluate the suitability of this newly developed tool for structural analysis.
Wind design spectra are analogous to those used in seismic engineering applications. They are
formed based on the response acceleration of single oscillators characterised by their mass,
stiffness, damping, and areas exposed to wind, and are suitable for modal analyses. In this
paper, results from spectral analyses are compared with those determined through generalised
loading acting on the towers that is derived from a simulated wind field. The overall results
show consistency between the spectral approach and classical theory and therefore is suggested
that wind design spectra can be used to cover wider range of engineering applications.

NOMENCLATURE
A = Area exposed to wind m = Structural mass
Cp = Drag coefficient n = Gustfrequency
Cy = Decay constant in the w-direction np = Fundamental frequency
F" = Generalized force pr = k-th force for num. integration
H) = Transfer function (Displacement) q = Force factor
Jn) = Transfer function (Acceleration) z- = Reference height
K = Structural stiffness
M = Generalized mass 4,, = Distance in the w-direction
S4ij(n) = Cross-spectrum of acceleration P = Density of air
See m) = Generalised input acceleration o, = Rms ofacceleration
Sr(n) = Force spectrum wyp = Fundamental (circular) frequency
Sy (n) = Wind power spectrum wp = Damped frequency
U = Average wind velocity ¢ = Structural damping
X n) = Aerodynamic admittance

INTRODUCTION

Classical theory enables to calculate wind forces and their effects on structures through time or frequency
domain analyses. The former can be done for example through wind tunnel simulations or numerical modelling in
which the wind flow is represented by real or synthetic wind fields reflecting the spatio-temporal nature of wind
gusts. Examples of those are given in [1-4]. On the other hand, frequency domain analyses are typically based on
the transformation of the wind power spectrum into a force spectrum which once filtered through a suitable transfer
function allows to estimate dynamic effects on structures as in [5-6] although these can also lead to the estimation
of equivalent static load as demonstrated in [7-8]. All these methods would be consistent with the Gust Load Factor
proposed around four decades ago in [12]. The use of wind response spectra would be more suitable to use in the
modal domain where the decomposition of the displaced configuration of multiple degrees of freedom systems
can take place. The spectral approach is thus compatible with modal analyses and it has the advantage of reducing
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the computational effort that is often associated to the estimation of wind dynamic response of structures. The idea
of generating wind response spectra was first introduced in [9]. The purpose was to establish a formulation which
enabled addressing the implications of the uncorrelated nature of wind to the dynamic motion of single and
multiple-degree of freedom systems through the use of differential equations. This resulted in the so-called
Equivalent Wind Spectrum Technique (EWST). Although wind design spectra were not actually realised in [9] the
discussion highlighted the possibility of calculating response spectra analogous to those used in seismic
engineering. The present research builds on those ideas although it does not follow the EWST. It maintains cross-
correlation functions such as those proposed in [10-11] to describe the structure of turbulent wind and to formulate
equations to calculate the response acceleration of single degree of freedom systems. In this way the wind design
spectra i.e. charts containing pseudo-spectral acceleration associated to a range of natural frequencies or periods
of vibrations, are inferred. In this paper wind design spectra are used to calculate the response of cylindrical towers
that resemble those used to support wind turbines. These structures are also subjected to a simulated wind field
through the use of generalised forces. The results of both approaches are then compared whilst suitable conclusions
are drawn.

METHODOLOGY

The objectives of the research are fulfilled through the following steps: (i) Estimation of wind design
spectra; (b) Derivation of generalised forces from a simulated wind field acting along the height of the towers; (c)
Identification of steel towers with prismatic shape and estimation of their dynamical properties; (d) Application of
spectral and generalised load to the towers; (¢) Analysis of results and formulation of conclusions. The following
sections address each one of these steps in the order given.

Wind Design Spectra: General Formulation
The wind forces acting on a point-like structure can be generated by using Eq. (1) where Sr (1) represents
the force spectrum, » is the gust frequency, ¢ is a force factor, m is the mass excited by the wind, and S, (n) is the
wind power spectrum. The force factor is given by ¢ = % p Cp A4 (1+2U) - where Cp represents the drag coefficient,
A, p, and U are the area exposed to wind, air density, and the average along-wind velocity component. A
mathematical definition of the factor ¢ is given in [13].

Sp(n) = 425, (W) (1
q 2

Sam) = (L) S,(m) )

H) = e G)

Jm) = W “)

The force spectrum is translated into input acceleration for the system through Eq. (2) whereas the square modulus
of Eq. (3)-(4) transform Sr (n) and S4 (n) into response displacement and acceleration, respectively. In these
equations 7 represents the ratio n / ny where ny is the fundamental frequency of the structure, K represents the
structural stiffness and ¢ represents the fraction of critical damping defined as & = ¢ / 4man, — being ¢ the viscous
damping. For loaded surfaces it is required to consider the acrodynamic admittance, X (n), that reflects the cross-
correlation of wind gusts. This scheme is given by Eq. (6)

a2 = [J2(n)X?(n)S,(n) dn (6a)

IX()| = ——7 (6b)
()

Seu(n) = ﬂA ¢(Zi)¢(zj)SAij(Z’ n)dy;dy;dz;dz; (7a)

S, (2m) =S40 ) () e (7)

azp = [J*(M)Sq(n)dn (8)
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For multiple-degree of freedom systems Eq. (6) can be expressed in terms of the cross power spectrum, S4;j (7) in
order to determine the spectral density of the generalised input acceleration S, (1) as in Eq. (7). In this set of
equations y (z) accounts for the variation of turbulence with height, 4, and 4. give the horizontal and vertical
distances between the points i, j located at coordinates {y;, z;} and {y;, z;}, @(z) stands for the modal ordinate at the
height z, and Ci represent a decay constant in the k-direction. Eq. (7) can be applied to a collection of single
oscillator with fundamental frequency 7y in order to obtain the mean square background (O'ib) and resonant (62 ,)
response accelerations given by Eq. (8) and (9) respectively. The design spectra are assembled by combining o7,
and oZ, to form a graph with pairs {7, S, (7)} where S, (T) = 64 + 0ar and T = 1/ny represents the fundamental
period oscillation.

Generalised Forces and Simulated Wind Field
A simulated wind field covering a height up to 250 m above the ground was generated by using the algorithm

suggested in [14]. The details of the simulation have been provided elsewhere - see for example [13-16], therefore
only statistics of the simulated time series and cross-correlation results are provided in Tables 1-2.

Table 1. Calculated statistics of simulated wind time series
Stats \ z (m) 10 40 75 100 140 170 200 210 220 240 250

U 20.00 30.21 36.21 39.79 4295 4539 47777 4853 49.15 50.18 50.87
Us 19.86  29.88 35.14 38.62 41.69 44.05 4632 47.08 47.69 48.69 49.35
Lu 0.295 0270 0.244 0.221 0.195 0.172 0.146 0.137 0.129 0.116  0.107
Lus 0.295 0206 0.173 0.153 0.135 0.122 0.108 0.103  0.099 0.093 0.088

Table 2. Cross correlation results
1 2 3 4 5 6 7 8 9 10 11

1 1.0000 0.4737 0.4100 0.2255 0.2134 -0.0052 | -0.0591 | -0.1249 | -0.1843 | -0.1688 | -0.0237
2 0.4237 1.0000 0.6224 0.3814 0.2928 0.1594 0.0892 0.0231 -0.0493 | -0.0151 | 0.0716
3 0.2090 0.4767 1.0000 0.6510 0.5322 0.2694 0.2860 0.2238 0.1078 0.1387 0.2322
4 0.1176 0.2605 0.5419 1.0000 0.7333 0.4118 0.4189 0.3157 0.2204 0.2723 0.2803
5 0.0653 0.1408 0.2895 0.5322 1.0000 0.6122 0.5377 0.4465 0.3681 0.3842 0.3309
6 0.0394 0.0831 0.1690 0.3092 0.5798 1.0000 0.5934 0.5431 0.5346 0.4584 0.3253
7 0.0231 0.0479 0.0961 0.1748 0.3265 0.5625 1.0000 0.8046 0.7388 0.6270 0.5227
8 0.0192 0.0394 0.0788 0.1429 0.2665 0.4588 0.8155 1.0000 0.8113 0.6355 0.5248
9 0.0164 0.0336 0.0669 0.1210 0.2255 0.3879 0.6893 0.8453 1.0000 0.7276 0.5858
10 0.0127 0.0257 0.0508 0.0917 0.1705 0.2929 0.5200 0.6376 0.7543 1.0000 0.7524
11 0.0106 0.0213 0.0420 0.0756 0.1403 0.2408 0.4274 0.5240 0.6198 0.8217 1.0000

Table 1 shows the variation of target (U,) and simulated wind speed (Uj) along a vertical coordinate z together with
the corresponding turbulence intensity which is defined as / = g,/ U — where o, is the rms of the fluctuating wind
speed. The average ratio U, / U; is of 1.028 whereas the mean square error associated to the simulated turbulence
intensity is of 0.002. Table 2 shows the target and calculated cross-correlation in the lower and upper triangular
matrices respectively whilst Point 1 corresponds to that located at z = 10 m. It can be seen in the table that the
accuracy of the simulation increases with the proximity between points — see for example the values around the
main diagonal. The overall mean square error across cross-correlation results is of 0.0073 which was considered
acceptable for the purpose of this research.

Geeralised force (F*) and mass (M") — were calculated by using Eq. (10) - where Y (z) represents force or mass

per unit length and ¢ is the fundamental modal shape which was approximated by ¢ (z) = (z/H)’ — with = 1.5.
The generalised stiffness was obtained with K*=47 ny’ M".
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Y = [ ¢(2)%Y(2) dz (10)

The static displacement was derived from the relationship 4 = F"/K"* whereas the dynamic response was estimated
via numerical integration of Eq. (12), which gives the solution to Eq. (11). The latter representing the dynamic
equilibrium of one underdamped oscillator subjected to random load. The numerical integration is done over each
time step At where the initial and end forces - p; and p;+,, define the gradient s. The natural and damped frequencies
are g and oy - where o, = o V (1-€2).

md + cd + kd = p(t) (11)
. . . 2 i .

d(e) = e~fwost(a(0) — B + Z—j{) cos(wpat) + (d(0) + d(0)§w, — P20 + 2 2) %} Dyl

f’% (12)

Wind Turbine Towers
The characteristics of three wind turbine towers under study are presented in Table 3. These include
generalized properties inferred by using the generalized static load F* defined in Eq. (10). In this table D; is the
diameter of the tower’s section, #, the thickness of the walls, and m, is the volumetric mass.

Table 3. Geometry and natural frequencies of the towers

250 25 0.075 94.2 7.32x10°  3.22x10° 0.24
150 15 0.044 92.1 5.57x10°  8.83x10° 0.40
100 10 0.032 100.5 4.06x10°  2.85x10° 0.60

These structures were subjected to static and dynamic load corresponding to a mean velocity U;p = 20 ms’!
measured at a height of 10 m above the ground and assuming these are located in a suburb. The dynamic actions
considered synthetic load and the spectral approach described above. In both cases generalised actions were
considered thus assuming that the total response of the towers is based on the fundamental mode of vibration.

RESULTS

The static and dynamic displacements calculated at the top of the towers is shown in Table 4. In this table
the spectral ordinate S, (7) associated to the response acceleration of each tower is provided. The values of S, (7)
are different for the three structures because the overall area exposed to wind is taken into account when estimating
the wind design spectra, as shown in Eq. (7)

Table 4. Static and dynamic displacements

Tower \ A Static Wind Spectral Total Total Spectral
(m) 0) Simulation Method ) +(1) 0)+(@2) Ordinate
(1) (2) Sa (T) in ms™
H=100m 0.095 0.030 0.041 0.125 0.136 0.397
H=150m 0.195 0.103 0.081 0.298 0.276 0.349
H=250m 0.441 0.131 0.137 0.572 0.578 0.213

The results of the dynamic analyses report difference of 0.011 m, 0.022 m, and 0.006 m, for the towers of
height 100, 150, and 250 m, respectively. This represents a ratio between columns (1) and (2) in Table 4 of 0.73,
1.27, and 0.96, in the same order. However note that, since the physical difference in these displacements is small,
such a ratio should be interpreted with care. The differences obtained could also be referred to the total height of
the towers in order to obtain a qualitative measure of the differences. In that case the relative differences between
columns (1) and (2) in Table 4 represent 0.011% (H=100m), 0.015% (H=150m), and 0.002% (H=250m) of the
height of the towers. Thus the higher and lower accuracy corresponds to the towers of height 250 m and 150 m,
respectively. In any case the relative differences encountered in these analyses are encouraging however the two
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approaches used are rather different, one is based on the direct application of wind load histories on the structures
whereas the other is based on spectral response accelerations i.e. the load been indirectly applied to the towers -
yet the results obtained seem fairly consistent. Also note that #7ue displacement responses are considered to be
those derived from the wind simulation. However a different set of values - for example obtained through full-
scale or wind tunnel measurements, would have been preferred. Such sets of values were not available for the
present investigation.

CONCLUSIONS

This paper presents a recently developed tool for structural analysis which is currently being tested. The
method considers variations in damping levels and types of terrain as well as changes in the width and height to
width ratio of structures. Those variations can lead to spectral ordinates which vary from one structure to the other
however these were located in the same place. A limitation that derives from this is that the design spectra have to
be tailored to specific geometric characteristics. Geometry and aerodynamic properties define the attenuation of
the input energy which is applied to the oscillators used to assemble the design spectra. In this investigation it was
therefore necessary to calculate the spectra that is related to each of the cases studies. This suggests the need to
develop a methodology for non-dimensionalising the parameters that are involved in producing the wind design
spectra.
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