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WINERCOST Training School “Advances in Wind Energy Technology ill”, Naples, 23-28 April 2017

TU1304 WINERCOST ACTION
3" TRAINING SCHOOL

“ADVANCES IN WIND ENERGY TECHNOLOGY 1I”

Charalampos Baniotopoulos*® and Claudio Borrid

2 School of Civil Engineering, University of Birmingham, ® WINERCOST Chair
¢ Department of Civil and Environmental Engineering, University of Florence, ¢ WINERCOST Vice Chair

Abstract: The 3™ WINERCOST Training School on the Advances in Wind Energy
Technology 11 is the third Training School organised within the framework of the activities of
the COST TU1304 WINERCOST Action “Wind energy technology reconsideration to
enhance the concept of smart future cities”. The state-of-the-art of the wind characteristics in
disturbed and non-disturbed environment, the state-of-the-art of the wind energy structures
and emerging applications, as well as the society acceptance of wind energy technology and
related topics are issues that are presented by the lecturers and discussed in details with the
trainees during the days of the present Training School.

1. Introduction to the WINERCOST COST TU1304 Action

1.1 Aims and objectives

The WINERCOST Action (TU1304) aims to merge the efforts of the European research
groups working on the wind energy technology and find the pathways to introduce it by
means of robust applications to the urban and suburban built environment and thus, to
enhance the concept of smart future cities.

WINERCOST Action revisits safe, cost-effective, sustainable and societally accepted wind
energy technology for consideration in the design and development of the future urban and
suburban habitat.

To this end, the principal objectives of the WINERCOST activity are to (i) collect the
existing expertise on the built environment wind energy technology recently developed as a
follow-up of the onshore and offshore wind energy technology and (ii) investigate effective
adoption methods for enabling the concept of smart future cities. In addition, the utmost
important issue of the social acceptance strategy is scrutinized in close collaboration with
municipality authorities, industry, manufacturers, as well as the international wind energy
organisations and platforms.



1.2 Background

The objective of future smart cities of EU HORIZON 2020 aims at 20% of renewable energy
in terms of produced electricity by renewable sources. Nowadays, the major contributors to
locally produced renewable energy are photovoltaic systems, solar panels, combined heat
power systems, and wind energy systems where a significant potential from small and
medium scale (15kW-100kW) wind turbines is still to complement them. As a matter of fact,
the upper limit of 100kW is the maximum power that can be connected directly to the low
voltage grid in most European countries. During the last years, a significant growth in the
sector of small and medium turbines has been observed and a further increase is expected in
the next years. According to the Kyoto Protocol and Rio+20 Declaration wind energy
technology provides a robust and mature technology to meet the increasing energy demand
without compromising the environment. As Europe is one of the leaders in on- and offshore
wind energy technology with respect to size, expansion trends and innovation applications
like the Built Environment Wind Energy Technology, it becomes mandatory for all COST
countries stakeholders to:

¢ intensively collaborate in order to exchange expertise,

e discuss any open problem (like noise, integrity, societal acceptance, etc.),

e disseminate the respective outcomes to engineers/designers/researchers (in particular
Early Stage Investigators) by means of Training Schools, Seminars and Conferences
educational material in digital and hard copy versions.

It is noteworthy that municipal authorities and decision-makers have been already attracted to
the discussion on the societal acceptance of wind energy technology applications in built
environment. This way, WINERCOST strongly contributes to the benefit of the future smart
cities concept by:

. identifying prerequisites and conditions for the adoption of wind energy
technology into the urban and suburban built fabric,

o supporting relevant measures and actions,

o promoting its capability and trying to motivate city and municipal authorities,

decision-making groups and in particular local society itself about the assets of the
application of the built environment wind energy technology exploitation in Smart
Cities.
Besides the obvious positive issues of wind energy technology (CO2 zero emission, job
creation, etc.), the respective heavy economic social load, the social acceptance with reference
to the aesthetics, the noise etc. of the built environment wind energy technology are still open
problems which started been systematically collected, discussed and thoroughly analysed
within the WINERCOST framework.

1.3 Current state of knowledge

Nowadays three types of integration of wind energy generation systems into urban
environments are used: a) sitting stand-alone wind turbines in urban locations; b) retrofitting
wind turbines onto existing buildings and c) wind turbines fully incorporated into the
architecture. They are either Horizontal Axis Wind Turbines (HAWT) or Vertical Axis Wind
Turbine (VAWT) mounted on the top of masts in fairly open areas. The performance of these
systems has been reported to be very site-specific and in many cases the proximity to
buildings has decreased the performance; they take advantage of augmented airflow around
buildings, addressing both the two Ilater categories applications, the former
including traditional or newly developed wind turbines fitted onto either existing buildings or
new buildings without modifying the building form. The last category consists of modified
building forms for full integration of wind turbines. Well-known examples of high-rise
buildings designed having integrated large-scale wind turbines are the Bahrain World
Trade Centre, the Strata Tower in London and the Pearl River Tower in Guangzhou.



Computational and laboratory investigations on the last category applications were focused on
“twin-tower” configurations where the HAWTs are placed in between the two towers. These
efforts performed in the framework of the European project WEB (“Wind Energy for the
Built environment”), found “kidney” or “boomerang” shapes to be the best shapes.
Substantial power enhancement was found for effective angles of wind incidence up to 60°,
and satisfactory power output (i.e. > 50%) when the wind is effectively coming at right angles
to the building/turbine. It is noteworthy that recently the first principles for the effective
design of built environment wind energy technology systems have been proposed. Although
several valuable earlier research efforts have focused on BWT and its application in urban
areas, these efforts are so far fragmented and often not combined with social acceptance
strategies. The latter issues are addressed by WINERCOST and constitute and strengthen its
innovative character.

During this first period the existing expertise on onshore, offshore and any other
application of wind energy structures, as well as relevant non-technical and society
acceptance issues started been scrutinized, where a vivid exchange of the accumulated
scientific and technological knowledge among the partners started aiming to lead to the cross-
fertilisation of the involved research group efforts.

This way, following the discussions of the yet open problems (e.g. noise,
production/installation costs, logistics, reliability, integrity, system robustness, aesthetic and
societal acceptance problems), the forthcoming WINERCOST vyears will mainly focus on
developing a strategy to enhance the smart city concept by extensively introducing BWT
applications to the built environment. In this framework, a wealth of expertise on the previous
wind energy technology topics has already started been collected, critically analysed and
worked out by the WINERCOST partners.

2. Scientific programme and work plan
2.1 Scientific programme

Having as ultimate objective the implementation of the concept of Smart Future Cities,
WINERCOST Action started motivating wind energy research groups to put all their efforts
into the advancement of the wind energy technology at the urban and suburban built
environment. The rich existing expertise on the well-established onshore and offshore wind
energy technology started been collected and used as a robust background towards a safe,
cost-effective and socially accepted built environment wind energy technology for
consideration in the planning, design and development of the future urban and suburban
habitat.

To this purpose, the principal research tasks of the WINERCOST Action as established are
to:

e collect any available data of existing small, medium and large wind turbines and wind
turbine supporting structures for urban and suburban areas. In a first step, existing data
on wind conditions and installed capacities of small and medium wind technology
systems in the urban environment are collected and evaluated with reference to
different turbines sizes, installation capacities, and grid integration. Aim of this task is
to collect actual knowledge, assess relevant wind energy technology applications and
evaluate assets and weaknesses.

o transfer of knowledge from on- and offshore wind energy projects. A review of the
installation process of on- and offshore wind energy technology applications since the
decade of ‘80s will show the development of well-established wind energy markets. It
is necessary to check, if gained experiences and knowledge of the “large scale” wind
energy could be effectively downscaled to small and medium size wind energy
technology.

« evaluate regional differences including energy policies, design requirements and



building rules for small and medium wind energy technology in urban areas. Due to
the differences in installation capacities of small and medium size wind energy
technology in urban areas, a review of policy-based factors like energy harvesting is
discussed. Political-based installation and design requirements reveals local needs for
possible improvements in actual design guidelines. Furthermore, differences in fixed
price purchase is also taken into account.

« assess wind conditions in urban and suburban environment, wind maps/roses quality
and wind comfort problems in neighbouring areas. Compared to large on- and
offshore wind turbines, small and medium wind energy technology is comparably
small, a fact that can be traced back to wind conditions and site-specific wind fields. A
review on existing wind data for urban areas shows the challenges for small and
medium wind energy technology in the built environment.

« determine societal acceptance criteria: in fact, the installation of small and medium
wind energy technology in urban areas is influenced significantly by the acceptance by
the local communities. A European catalogue of criteria for social acceptance does not
yet exist, although some preliminary effort has been done recently in international
renewable energy fora. This results from a different understanding and acceptance of
the small and medium wind energy technology. Nevertheless, to seek for required
research needs, a thorough investigation of the social acceptance criteria is to be
performed. By this, necessary research in the different countries of the participants and
also for Europe can be used for future research needs and activities.

o discuss European energy policies and strategy for advancement of the small and
medium wind energy technology with consumers, municipalities, industry (mainly
turbine manufacturers) and network providers. As a result, a new research field for the
investigation of optimized central or de-central grid-integration may be implemented.

2.2 Work plan

TU1304 Action consists of several work packages in order to cover all the important aspects
of the WINERCOST concept.

During the first half of the WINERCOST Action, the existing expertise on
onshore/offshore wind energy structures, Aeolian parks and any other application like
Building-Integrated Wind-Energy Technology applications started been studied, and the
relevant scientific and technological knowledge achieved among the partners started been
exchanged, aiming to lead to the cross-fertilization of the research activities.

During the second half of the Action, the activities will be focused on the development of a
strategy to enhance the Smart Cities Concept by effectively introducing small and medium
size wind energy technology projects into the built fabric. The Action will also work on the
technological implementation difficulties, possible non-technical negative effects as are e.g.
noise, production and installation costs, logistics, reliability, integrity, system robustness,
aesthetic and societal acceptance problems, as well as the European energy policy as well as
societal acceptance issues.

In this sense, the WINERCOST network that includes all relevant built environment wind
energy technology stakeholders will soon develop an overall view on the research needs and
the respective necessary actions for the future. This way, incorporating all partners' relevant
expertise, WINERCOST Action will develop an extensive database of the existing knowledge
showing the opportunities for the built environment wind energy technology in urban and
suburban environment. Note that for the time being research groups from 29 countries
(Austria, Belgium, Bosnia and Herzegovina, Croatia, Cyprus, Czech Republic, Denmark,
Finland, FYR of Macedonia, Germany, Greece, Hungary, Ireland, Israel, Italy, Lithuania,
Malta, Netherlands, Norway, Poland, Portugal, Serbia, Slovakia, Slovenia, Spain, Sweden,



Switzerland, Turkey and United Kingdom) collaborate and contribute towards the successful
completion of the WINERCOST aims and objectives.

3. Dissemination activities

WINERCOST has as scopes to:

i) open dialogue with and incorporate decision making administrative structures like
municipalities, technical chambers, urban design bodies or offices and
International organization or European level and government policy makers to the
WINERCOST activities,

i) coordinate relevant activities of the academia and research centres working with wind
energy technology, built environment wind energy technology and future smart
cities (both participating and outside WINERCOST groups),

iii) convince industry (WET manufacturers and WET/BWT service providers) to invest to
this sector by communicating to them all the wealth of findings and outcomes of
WINERCOST

iv) motivate general public in the sense of city/municipality citizens to enthusiastically
support the implementation of built environment wind energy technology for
future smart cities and

v) train Early Stage Investigators in wind energy harvesting technology so that a new
generation of scientists and engineers is ready to lead the challenge of the built
energy wind energy harvesting to materialise the concept of intelligent smart
cities.

The perception of the importance to integrate wind energy infrastructures into the fabric of
the urban networks in the future started been studied; decision-makers started discussing first-
hand the relevant technologies if they are mature enough and ready to hit the market and if
they can make a real difference. Academia, i.e. research groups in universities and research
centres, has been already joined WINERCOST. This has been easily achieved as the channels
of information dissemination (scientific journals, proceedings, relevant websites) are already
in place. The 1st International WINERCOST Conference organised in Ankara, 21-22 April
2016,as well as the WINERCOST website (www.winercost.com) being both broad
international fora for the presentation and discussion of different aspects of wind energy and
wind energy technologies in urban and suburban built environment in order to enhance the
concept of smart future cities, are of utmost importance for the success of the Action. In the
meantime, strong efforts were invested to attract industry and convince it for investing in an
emerging field being traditionally considered as a high risk venture. However, putting people
from industry in touch with their potential clients (decision making authorities) and the
human capital with the know-how (academia) will generate potential for steps forward. Last
but not least: the general public started been communicated the assets of using built
environment wind energy technology as a factor of the smart future cities concept and CO;
zero emission policy via the collaborating municipality authorities with the WINERCOST
members working with the hot issue of societal acceptance.

As described in details in the Memorandum of Understanding of WINERCOST, the
research outcome is to be disseminated by means of a robust and meticulously designed
dissemination strategy.

The Strategic Workshop on the trends and challenges for wind energy harvesting that took
place in Coimbra, 30-31 March 2015 was the first open forum within the lines of the
previously described dissemination framework. Within these two days, three cycles of
discussions corresponding to the activities of the three WINERCOST Working Groups were
organised.

The first one concerned the state-of-the-art of the wind characteristics in disturbed and
undisturbed environment. In particular, several topics on the wind flow in built environment,
the urban electricity networks for smart cities and the wind fields and dispersion patterns were


http://www.winercost.com/

presented and in depth discussed. The second cycle of presentations refers to the state-of-the-
art of the wind energy structures and the emerging applications. Among others, topics on
onshore and offshore wind energy structures and monitoring of their response were discussed.
The last part of the Strategic Workshop considers the importance of the society acceptance of
the wind energy technology and related non-technical issues as is e.g. the relevant strategies
in municipality level. The previous topics correspond to the presentations delivered by 23
scientists collaborating within the WINERCOST Action and the respective papers have been
included to the Workshop Proceedings.

The 1 WINERCOST Training School “Advances in Wind Energy Technology” that took
place in Malta, 26-31 May 2015, that is followed by the 2"¥ WINERCOST Training School
“Advances in Wind Energy Technology II”” organised in Chania, 4-8 April 2016 aim to train
Early Stage Investigators on the advances of wind energy technology and the related topics.

4. Future steps

According to the Action general plan, two more Training Schools have been planned for
the next three years of WINERCOST aiming to train as many Early Stage Investigators as
possible on relevant built environment wind energy topics. In the selection of the trainees and
trainers a gender balance policy is in all cases adopted.

Eventually, in 2018 the 2"¥ WINERCOST International Conference will be organised to
provide a broad international forum for the presentation and discussion of the final output of
the WINERCOST Action where different aspects of wind energy technologies in the built
environment will be presented aiming to enhance the concept of intelligent future cities.
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COST OVERVIEW -Egﬁi
¢ What is COST?

* Founded in 1971, COST is the oldest and widest European intergovernmental
framework for transnational Cooperation in Science and Technology.

¢ COST has been supporting networking of research activities across
all 35 Member countries and beyond for more than 45 years.

* COST is open to all disciplines, to all novel and ground-breaking
S&T ideas, to all categories of partners where mutual benefit is

real.
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COST Mission Statement
COST enables

breakthrough scientific and technological
developments

leading to new concepts and products. o
8a.0
teChmlog@i:Eun%e .
It thereby contributes to strengthening future ™~ZC0NCEP
Europe’s research and innovation capacities -
innovation
through trans-European networking of
nationally funded research activities.
TU 1304 | WINERCOST | Napoli (Italy), 23-28 April2017 -
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COST Key Principles

o Bottom-up

o Pan-European

u  Openness

o Capacity-building

o Provide equal opportunities

o Spreading of knowledge — dissemination of results
o Output and impact oriented

o Leverage nationally funded research

o Light structure and administration

TU 1304 | WINERCOST | Napoli (Italy), 23-28 April2017
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COST POLICIES

lgeographic:
coverage

excellence
&
inclusiveness

SME
' international &
cooperation industry
cooperation
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Inclusiveness Target Countries

Originated from:

o Horizon 2020
o COST Member Countries

with the aim to:

0 encourage and enable researchers from
less research-intensive countries across
the COST Member Countries to set up or
join COST Actions and get more
intensively involved in all COST activities

TU 1304 | WINERCOST | Napoli (Italy), 23-28 April2017
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COST Inclusiveness Target Countries

® Eu1x:
Bulgaria
Croatia
Cyprus
Czech Republic
Estonia
Hungary
Latvia
Lithuania
Malia
Poland
Romania
Slovakia
Slovenia
EU Candidates:
YR Macedonia
Republic of Serbia
Turkay
EU Potential Candidate:
Bosnia and Herzegovina

EU Countries targeted by EC:
Lunembourg
Portugal

. amsmes ™ - ]
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Excellence and Inclusiveness

Implementation Strategy

The Action should have a plan towards inclusiveness
Geographical Coverage

Early Career Investigator involvement

Gender Balance

Examples

O Leadership roles

0 Organising and locating Action meetings and events
0 Benefiting from COST networking tools

0 Promoting STSMs

0 Action ThinkTank for Early Career Investigators

ECI = PhD + up to 8 years

TU 1304 | WINERCOST | Napoli (Italy), 23-28 April2017
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SME and Industry Cooperation

Implementation Strategy by the MC

Aiming to facilitate/ encourage industry participation

SOME EXAMPLES:

o Session dedicated to industrial participation at Action events
o Roundtable discussions with industrial partners at Action events

o STSMs with industry acting as home/ host institution

TU 1304 | WINERCOST | Napoli (Italy), 23-28 April2017
C. Baniotopoulos — Wind energy technology reconsideration to enhance the concept of smartcities

12




COST STRUCTURE

COST Association organisation
and relation with other actors

Ministerial Conferences (every five years)

| Committee Senior Officials (General Assembly)

U

|‘ﬂ_lmwﬁve Boerd | scentifc Commitee |
D ] (COST National Coordinators

COST Actions

See:http://www.cost.eu/about_cost/who
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COST Budget in H2020

EUR 300 million for 7 years from two H2020 work
programmes:

0 Challenge 6 “Europe in a changing world — inclusive,innovative
and reflective Societies”

0 “Spreading Excellence and Widening Participation”

European
peal - cosT
Commission e
. Accncriation
Horizon 2020
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COST Countries

@® Eu28 -
@ EU Candidates and
Potential Candidates:
Bosnia and Herzegovina
fYR Macedonia
Iceland

Serbia ¢
Turkey

@ Other Countries:
Norway and Switzerland

@ COST Cooperating State:
Israel

=y O
T
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COST Country participation

Luxembourg  —
Bosnia and Herzegovina e
L —
Lithuania ——
e ——
Bulgaria ——————————————
167

Romania

Turkey

Serbia

Croatia

Israel

Norway

Sweden

Poland

Belgium

France

Spain

UnitedKingdom
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COST Near Neighbour Countries

231 participations in running COST Actions across 17 countries

= Albania (19)

= Algeria (6) v

= Armenia (10)

= Azerbaijan (5)

= Belarus (5) .

= Egypt (10) f

= Georgia (4) )
« Jordan (2) @ COST Countries

= Lebanon (4) @ Near N_eighbour
= Moldova (5) Countries

= Montenegro (15)

= Morocco (16)

= Palestinian Authority
= Syrian Arab Republi
= Russia(58)

= Tunisia (16)

= Ukraine (50)
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International Partner Countries

519 29

Canada (38)

USA (133)

China (26

Prkstan (2}

W pungladesh

daxice | L]
W Burking Frso india Hor
L
. A e (B}
Brazd (12}
o
i, s Ausiaia (112)

Ay 3 bbdi
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COST ACTIONS

o A network of researchers with nationally funded

research

o pursuing the fulfilment of the objectives and

deliverables described in the approved proposal

(MoU)

0 based on a joint work programme for 4 years

O in areas that are of interest to at least 5
COST Countries (average 21-22

countries)

o selected via a COST Open Call
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GRANT HOLDER
(GH)

Action Structure

MANAGEMENT
COMMITTEE

(MC)
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COST
Association
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Management Committee

DECISION MAKING BODY

Coordination,Implementation,and Management of anAction
Supervising the appropriate allocation and use of funds Achieving
the Action’s MoU objectives

COMPOSED OF

Delegates nominated by their respective COST National
Coordinator (CNC)

Up to 2 representatives per Participating COST Country
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Management Committee

KEY ROLES in order to ORGANISETHEWORK

AcTIoNCHAIR

AcTIoNVicE cHAIR

WaLEADERS
CORE GROUP:

GRANT HOLDER Scientific Representative

And other horizontal activities

Prepare MC decisions

CORE GROUP MEETINGS
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Management Committee

IMAINTASKSTO BE PERFORMED by the MC

Action Strategy Work

& Budget Plan

Dissemination & Exploitation Strategy
Memberships

Implementation of COST Policies
Approval of new Countries and Organizations

Reporting

Supervising the appropriate use of funds
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Working Groups

PRODUCTION & EXCHANGE OF RESEARCH

Achieving the scientific objectives as defined in the MoU

WG Leaders must be MC Members

COMPOSED OF

Researchers from Participating COST Countries
MC members (all MC members should become members of WGs)
MC Observers from approved NNC, IPC, Specific Organisations
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COST Networking Tools

MC & CORE GROUP
MEETINGS
WG
SHORTTERM SEEEL]

SCIENTIFIC

MISSIONS

WORKSHOPS
&

CONFERENCES

DISSEMINATION
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COST Networking Tools:

| TRAINING SCHOOLS |

Provide intensive training on a subject that
contributes to the aim of the Action
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SETTING THEFRAMEWORK

. Sustainable energy is energy obtained from
non- exhaustible resources.

By definition, sustainable energy serves the needs of the
present without compromising the ability of future generations to
meet their needs.

Technologies that promote sustainable energy include
renewable energy sources, such as wind energy, and also
technologies designed to improve energy efficiency.
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Sustainable technologies are currently economically
competitive (or close to).

Sustainable energy costs have fallen in recent years,and
continue to fall.

Increasingly, effective government policies support
investor confidence and these markets are expanding.

Considerable progress is being made in the energy
transition from fossil fuels to ecologically sustainable
systems, to the point where projects support 100%

renewable energy.
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EUTARGETS

2020: 20% reduction in CO2 (ref 1990) and
use of 20% renewable energies

NnEN. 80-95% reduction in CO2
INTERMIDATETARGET

2030: Reduction of greenhouse gases by 40%

Increasing the share of renewable energy at least 27%

Continue improvements in sustainable energy

Focus on the Built Environment
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To reach these TARGETS, it is critical to

e accelerate the transition of low carbon
technology into practice to meet policy related
to CO2 emission reduction

e remove any obstacles that inhibit the transition
to a low energy built environment

e Support new innovative

technologies/research/industries into the market
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WIND ENERGY HARVESTING
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30,000 MW

25,000

20,000

15,000

10,000
o __[—— A& I 2

hSIA AFRICA & MEDDLE EAST EUROPE

LATIN AMERICA MORTH AMERICA

Significant potential from small and medium size
wind turbines
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Denmark did it again: Wind power generation
surpassed national demand, 6th nightina !
row: 100.6% at 23:17
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WIND POWER GENERATES 140% OF
DENMARK’S ELECTRICITY DEMANDS
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Wind farms outstrip nuclear power

The UK's wind farms generated more power than its nuclear
power stations onTuesday, the National Grid says.

Wind made up 14.2% of all generation and nuclear offered 13.2%.

It follows another milestone on Saturday, when wind generated a record
amount of power - 6,372 MW,according to National Grid.

This formed nearly 20% of the the UK's electricity
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Wind energy harvested by large onshore and offshore
Aeolian parks is nowadays thriving,

however,

Sustainability Features of Smart Cities
could be enhanced by revisiting

Wind Energy Technology to be used in the built fabric.

There, SMALL WIND ENERGY is dominating the area!
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Several definitions of small wind turbines:
The most important international standardisation

body, International Electrotechnical Commission

(IEC) defines SWTs in standard IEC 61400-2 as
having a rotor swept area of less than 200 m2,
equating to a rated power of approximately 50 kW.

The discrepancy of the upper capacity limit of
small wind ranges between 15 kW to 100 kW for
the five largest small wind countries.

| 5kW-100kW
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Our Action (TU1304 COST Action)

\W/INER
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TU1304 WINERCOSTACTION

COST Participants
Couenry
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.
Aim

* Tomerge the efforts of the European research
groups working on WT and find the pathwaysto
introduce it

* by means of robust applications to the urban and
suburban built environment, thus enhancing the
concept of Smart Future Cities.
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* WINERCOST

collects the existing expertise on the WET &
Built environmentWind energyTechnology
(BWT)

and

investigates effective adoption methods for
enabling the concept of Smart Future Cities.

Social acceptance strategy
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The objective of Future
Smart Cities (HORIZON

20% of renewable energy

Significant potential
small and medium size (15kW-100kW) wind turbines
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Objectives

I.WET as a source of knowledge for BWT
|. Foster and enhance BWT applications

|. Society acceptance strategy and other non-technical
issues to accelerate the use of BWT

4. Disseminate the outcomes
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WINERCOST Objectives

will be obtained by

(D)evaluating assets and disadvantages of the
existing variety of ON- and OFF-WT systems

(2)widely and thoroughly working on innovative
methods of adaptation of BWT in the urban
environment

(3)initiating a social debate on the use of BWT
with municipality authorities in the presence of
stakeholders
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Impact of the WINERCOST Action

(1)Solve technical and non-technical problems by using the existing
experience from onshore/offshore WT systems

(2) Promote the BWT good practice applications

(3)Thoroughly discuss the strategy to obtain social acceptance and
therefore, accelerate its implementation

(4)Educate and specialize early stage researchers and engineers on
BWT and

(5)Start a fruitful dialogue with municipality authorities and the rest
of the stakeholders on the use of BWT
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First half of the WINERCOST (existing expertise)

Second half of the WINERCOST Action (development of a strategy to enhance
the Smart Cities Concept by effectively introducing BWT projects into the built
fabric)

Key issues

*« Technological implementation difficulties

. Non-technical negative effects (e.g. noise, production/installation costs,
logistics, reliability, integrity, system robustness, aesthetic problems)

. European energy policy

. Society acceptance issues
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3 Working Groups

WG1A: Wind simulation, characterization etc. issues (CFD, Maps, etc) with
reference to theoretical, experimental and numerical research approaches
WG2A: ON- and OFFSHORE WT projects and the respective accumulated
expertise

WG3A: Non-technical issues of WT including social acceptance,

European energy policy and municipalities-researchers-industries
dialogue

WG1B: Built environment Wind Energy Technology (BWT) advances

WG2B: Built environment Wind energy (BWT) pilot projects and good
practice examples

WG3B: Social acceptance, European BWT policy

and other
non-technical BWT issues.
TU 1304 | WINERCOST | Napoli (Italy), 23-28 April2017
C. Baniotopoulos — Wind energy technology reconsideration to enhance the concept of smartcities

Urban scale approach
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Building scale
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3 Working Groups

expertise

WG1A: Wind simulation, characterization etc. issues (CFD, Maps, etc) with
reference to theoretical, experimental and numerical research approaches
WG2A: ON- and OFFSHORE WT projects and the respective accumulated

WG3A: Non-technical issues of WT including social acceptance,

European energy policy and municipalities-researchers-industries

dialogue

.
practice examples

WG3B: Social acceptance, European BWT policy
non-technical BWT issues.
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WG1B: Built environment Wind Energy Technology (BWT) advances
WG2B: Built environment Wind energy (BWT) pilot projects and good

and other
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=
RFPOWFR 5M assembled in 2004. Germanv
proposal
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+Turbine
+Blades
«Tower
+Foundation
+Grid connection

+Design & Management

+Total cost per MW +€1.5 - 2 million +€2.5 - 3.5 million
+300-400 k€ 325-455 k€
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Innovative wind harvesting projects

Experimental setup on Venice link motorway tr

s i b i el
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3 Working Groups

WG1A: Wind simulation, characterization etc. issues (CFD, Maps, etc) with
reference to theoretical, experimental and numerical research approaches
WG2A: ON- and OFFSHORE WT projects and the respective accumulated
expertise

WG3A: Non-technical issues of WT including social acceptance,

European energy policy and municipalities-researchers-industries
dialogue

WG1B: Built environment Wind Energy Technology (BWT) advances

WG2B: Built environment Wind energy (BWT) pilot projects and good
practice examples

WG3B: Social acceptance, European BWT policy

and other
non-technical BWT issues.
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Society acceptance

The International Energy Agency

Implementing Agreement for Co-operation in the Research,

Development, and Deployment of Wind Energy Systems
iea wind

Projacts inranat pages

Task 28, Soclal Acceptance of Wind Energy Projects @7
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Dissemination plan

4 Major Axes

) To approach, open dialogue with and incorporate decision
making administrative structures

(2) To coordinate relevant activities of the academia and research centers

[€)) To convince industry (WET manufacturers and WET/BWT service
providers) to invest

“4) To motivate general public (citizens to support
the implementation of BWT for Smart Future
Cities) .
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Training Policy

STSMs Training

Training Schools (Malta 2015, Chania 2016, Napoli 2017)

Gender Balance Strategy
(Encouregement to female participation)

Early Stage Investigators

TU 1304 | WINERCOST | Napoli (Italy), 23-28 April2017
C. Baniotopoulos — Wind energy technology reconsideration to enhance the concept of smartcities

/ WINERCOST website \\

www.winercost.com

«Scientific books and Proceedings

«Papers in scientific/technical journals or proceedings of Intern. Conferences
*Teaching material

«Articles to non-technical journals, newspapers

and interviews to national and local television
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Lambis Baniotopoulos
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Thanl yiai vrarvy miich

for your attention!
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COST ACTION TU1304: WINERCOST

International Training School, Naples

Advances in Wind Energy Technology Il

Wind Imaginaries Workshop The Challenge of
Societal Acceptance of Urban Wind Energy

Ruben Paul Borg, Neveen Hamza
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The Challenge of Societal Acceptance of
UrbanWind Energy

Ruben Paul Borg* and Neveen Hamza®

2 University of Malta

 Newcastle University
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Case Studies

1. Valletta Grand Harbour Malta: Marsa Area.

2. Jesmond Dene, Newcastle upon Tyne, England.

References:

Google Earth
TU 1304 | WINERCOST | Napoli (Italy), 23-28 April 2017
Hassan Hemida — Introduction to Turbulence and CFD

40




Attributes for assessment:

1. Environment
2. Planning

3. Social

4. Economic
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1. Environment

* Prevailing Wind and wind resource

* Surface roughness

* Exposure

* Vibration

* Noise level

* Flicker

* Ecological assessment — natural habitats, birds etc.
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2.Planning

* Land use

* Historical value of site

* Accessibility

* Visual considertaions

* Noise

* Ease of construction, marshland / forest — river etc.
* Access to Grid and impact on electricity grid
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3.Social

* Social Engagement
* Visual impact and landscape value
* Historic setting and memory of site
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4. Economic

e Life time

* Maintenance

* Asset management

* Efficiency

¢ End of life considerations.
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Barriers and Opportunities

Alternative settings:

* Degraded Area / Industrial Area requiring regeneration
* Existing industrial facilities

* Historic / Cultural setting

* Park setting
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Case Study 1

Valletta

? G(und Harbpur, Marsa Area

e D

Valletta Grand Harbour
Malta: Marsa Area.
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History of Wind Energy in Malta

= Windmill on the outskirts of villages with surrounding open space.
Windmills Perched on the high Bastions of Valletta
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Ref. Busuttil A. et al., 2008, Energy scenarios in Malta, International Journal of Hydrogen Energy, 33

TU 1304 | WINERCOST | Napoli (Italy), 23-28 April 2017
Hassan Hemida — Introduction to Turbulence and CFD

47




Case Study 2

Tyne and Wear Newcasile upion Tyne

Jesmond T e
Dene,
Newcastle
upon Tyne,
England.

TU 1304 | WINERCOST | Napoli (Italy), 23-28 April 2017
Hassan Hemida — Introduction to Turbulence and CFD

TU 1304 | WINERCOST | Napoli (Italy), 23-28 April 2017
Hassan Hemida — Introduction to Turbulence and CFD

48



TU 1304 | WINERCOST | Napoli (Italy), 23-28 April 2017
Hassan Hemida — Introduction to Turbulence and CFD

TU 1304 | WINERCOST | Napoli (Italy), 23-28 April 2017
Hassan Hemida — Introduction to Turbulence and CFD

49




TU 1304 | WINERCOST | Napoli (Italy), 23-28 April 2017

Hassan Hemida — Introduction to Turbulence and CFD

. Google Earth
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Case Studies WINERCOST Training School - Naples

Ruben Paul Borg
University of Malta
ruben.p.borg@um.edu.mt

Neveen Hamza
Newcastle University
neveen.hamza@newcastle.co.uk
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COST ACTION TU1304: WINERCOST

International Training School, Naples

Advances in Wind Energy Technology Il

Small Wind Good Practice: Small Wind
Turbines Case Study Integrated in a Smart Grid

Luisa Pagnini
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small wind good practice:
small wind turbines case study
integrated in a smart grid

Luisa Pagnini
Polytechnic School, University of Genova, [taly
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Wind energy exploitation is growing rapidly
Wind turbines have larger and larger size

Small Size Wind Turbines
are less competitive: construction and operating costs are often high

with respect to the power production

BUT are attractive from many points of view:

» small instabilities in the power network v appropriate technology

» low environmental impact to develop the strategic
don’t need large power storage capability aim of small-scale
suitable for distributed energy generation distributed generation

energy systems in smart
grid and smart city
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OVERVIEW

There are two forces in play: Lift and Drag. The Lift Force is
perpendicular to the wind direction. It is caused by a pressure
difference between the air on either side of the blade. The Drag Force
is in the same direction as the wind. The ratio between lift and drag
largely depends on the shape of the blade and the angle of the main line
of the blade (chord line) and the main wind direction - the angle of
attack.

stream flow pressures

'

T
|| { |;
Vi IJafff;
TIEpptteres
Depending on the design of the turbine, either drag or lift moves the blades.
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OVERVIEW

Horizontal Axis Wind Turbines (HAWTS)

Main degrees of freedom
*Azimuth
—rotation of rotor about its shaft due to the torque
*Yaw
—rotation of nacelle about the vertical lengthwise axis of the tower
*Pitch
—rotation of blades about their lengthwise axis due to pitch control

Turbines based on lift force:
the wind is flowing on both sides of the
blade, which has different geometrical

profiles, thus creating at the upper surface : ;}:;T
a low pressure area with respect to the ' “ft/
pressure on the lower face. This produces drag
a lift force on the blade which rotates A
around the hub.
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OVERVIEW

Horizontal Axis Wind Turbines (HAWTS)

Ll is the most common technology in use for large wind turbines

Lineed to be aligned with the direction of the wind, allowing the
wind to flow parallel to the axis of rotation

B the rotor should always be perpendicular to the wind:
a wind vane is mounted to measure the direction.
This signal is coupled with a yaw motor, which continuously turns

the nacelle into the wind

TU 1304 | WINERCOST | Napoli (Italy), 23-28 April 2017 5
Luisa Pagnini — Small wind turbines case study integrated in a smart grid

Vertical Axis Wind Turbines (VAWTs) . S

Savonius Rotor
based on drag force

Darreus Rotor H-type Darreus

‘ based on lift force

TU 1304 | WINERCOST | Napoli (ltaly), 23-28 April 2017
Luisa Pagnini — Small wind turbines case study integrated in a smart grid

56



OVERVIEW
Vertical Axis Wind Turbines (VAWTS)

‘. designed to act correspondingly towards air

- , : . :
fﬁ;do not require any Yyaw mechanism, pitch regulation:
few movable parts and lower maintenance costs.

o

iﬁgquite low rotating speed and thus producing low noise

have received less financial support

BUT
attractive for smaller size applications, especially in complex contexts
like urban areas
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OVERVIEW
VAWTs versus HAWTs
HAWT VAWT
Advantages Advantages
U Lower cut-in wind speed dno yaw mechanism
U Higher efficiency U no pitch regulation
U Lower cost /power O few movable parts =
O Ability to furl rotor out of lower maintenance costs
wind O low rotating speed >
. roduce low noise
Disadvantages P
% Active yaw drive Disadvantages
. . D .
++ Difficult maintenance % Low wind speed
. 0 1
«% Many moving parts ¢ Low efficiency
+ Difficult over speed control
+¢ Difficult starting
TU 1304 | WINERCOST | Napoli (Italy), 23-28 April 2017 n
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WIND TURBINES IN SMART CITIES AND SMART GRIDS

ISSUES

v power curve
Which is the actual behavior and power production?

v" optimal planning of the mix of power production units
competitive with other renewable sources? (e.g. PV solar)

v’ structural response and safety:

their behavior is as much complex as the behavior of the large size
turbines.Which are major shortcomings that may concern structural
safety?
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POWER CURVE

Rated output power and wind speed

1 Cut-in wind speed Cut-out wind speed

power, P(kW)

L L R R
wind velocity, v (m/s)

Cut-in_wind speed - this is the minimum wind speed at which the turbine blades
overcome friction and begin to rotate

Cut-out speed - This is the speed at which the turbine blades are brought to rest to avoid
damage from high winds. Not all turbines have a well-defined cut-out speed.
Power curve - this is the steady power delivered by the turbine as a function of steady
wind speed between the cut-in and cut-out speeds.
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POWER CURVE

25 A
25 7 - 3 ] b +
] VAWT : -
& 20 4 - - manufacturer -1 ¢ e
it 2 5 | -'i N
= 15 | .
R & |
g 105 !
e I
[=] gl T
o2, |
2] |
| 1
N | —
0+ ?ki"“‘__
0 5 10 15 20

T
0051152 3 4 L] 6 7 8 9

wind velocity, v,, (m/s) M{mis)
International Electrotechnical Commission, IEC 61400-12 V= 1 ZN" v
| -y i n,1,j
The measured power curve is determined by the Ni £j=1
method of bins calculating the mean values of the P, zizNi P
wind speed and power output for each wind speed bin TN L MY
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POWER CURVE

Method of bins
(International Electrotechnical Commission, IEC 61400-12)

25
20 3 = measurcd
| ol a5 @ = by the manufacturer
<15 =
A 2
B :
& . £
53
0 e Y ST T
0 5 10 15 20 0 5 10 15 20
wind speed (nvs) wind speed (m/s)
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POWER CURVE

prevision of the yearly power production of a specific wind turbine

We can evaluate the energy production by combining the power curve with the
histogram of the wind data.

either the experimental power

N
(6]

year record ] ~” curve or supplied by manufacturer
v averaged over 1 / °
10 minutes % Pt B =
1 |8
1 ol , 2
I
i 15 —:j v K | g
> / g E=XnP(v)At
2104 ! !
o 4 / | 8— i
2 3 b / | - i
P 5 ) g [KW x10min]
i ,1 T N :
0 L 1 5 e E:ZHP(V)At/6
0 5 410 15 20 . !
wind $peed (m/s) :
[KWh]
Vi
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The wind speed is a random variable we can represent by a Weibull distribution.
By combining the power curve with the wind distribution, the actual energy
production is yielded, often expressed in terms of the annual energy production:
Eyear
25
20 _— 5
- )71
$is RN .
5 / (= E= N, fo Pw) f(v)-dv
2 104 ! 783,
g8 / &
/ e [KW h]
| =
53/ PMV® 1[2
7z | .
o A I P(u) power curve function [kW]
0 5 10 15 20 ftu)  wind distribution function
wind speed (m/s) Viare  cut-in wind speed
Viep  cut-out wind speed
Ny = 8765 hours/year
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POWER CURVE

experimental activity with Port Authority of Savona

: ‘Go | - S Two small size wind turbines
‘ b S A 20 kW HAWT
20 kW VAWT (de-rated

installed in 2012

renewed in 2014

e —
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POWER CURVE

power to net and blade rotation speed monitoring
power, rpm, wind speed (cup anemom.), direction
integrated power control system — sampling rate: 0.1 Hz
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POWER CURVE

wind monitoring
cup anemometer
sampling rate: 0.1 Hz

sonic anemometer
sampling rate: 10 Hz

As
I
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data base and transfer to the turbine hub

(sonic anemometer)
I° step:

Check of the wrong data

qQ

. b
e 011 mr-]‘ I Tra 1 % ez f b1
% % 100 w0 ‘20 ) 300 3%

= velocita venic potenza sogha venis — + - sogta potenze veocta meda

3° step:
Transfering wind to the turbine
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2° step:
Average over |0-minutes power,

velocity, direction, turbulence intensity
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POWER CURVE

3° step:
’( Transfering wind to the turbine

’)

HAWT, &,

f\ As " rOUghneSS model of the surroundings
VAWT, Ay (ES D U)

time series recorded by
transfer coefficients the sonic anemometer are |
~ky 0 transferred to the rotor by
' simulating the roughness §

~ku - the surroundings for each
; direction of the incoming |\

270 90 wind
1/ 42

Wawt(0)=ky(a)xvs(a)

180 ViawT(0) =k (0L) xvs(ar)
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wind field

characterization
: ——

POWER CURVE

This is a mistake
one can still find in
the field of small
turbines

the shaft shields

the cup anemometer
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Pagnini, Burlando and Repetto (2015) Experimental power curve of small-size wind
turbines in turbulent urban environment, Applied Energy, 154
1
Sector ground [225° 457
+ |, measured
08
08 by land
04 2 5 T
1 vAwWT ;o
02 20 3 La<40% |
% - Te<20% I
L e e e e e e Q1]£+I‘,<1ﬂ%“ :
3 10 13 20 ;" 10 | |
A(m's — |
v{m's) 3 3 |
1 g 7 !
Sector sea [45° 250°] 3 7 1
1, measured 3 |
08 i |
n,. o 0 i T T T
o Jh. - by sea 0 5 10 15 2
— VT wind velocity, v, (m/s)
04
02
OII\\\‘II\\III\\III\\II
0 5 10 15 20
v(m/s)
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Dataset 2016 25 5 <
] !
VAWT 21 A

S 15
g -
a 104 ezl
1 T
o-"_'_"l T T

0 5 10 15 20
v (m/s)

O performance is almost in line with expectations
when wind is blowing from sea sectors

O detrimental effect of high turbulence when wind
is blowing from land

U unfortunately, it is the prevalent condition

180
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Experimental power curve Dataset 2016 VAWT
» 25 7

— sonic anem.

— sonicanem.
===- cup manemom.

==+ cupanem.

—— manufacturer

—— manufacturer

S 15 15
: :
a 10 a 10
5 5
0 0
0 5 10 I5 20 0 5 10 I5 20
v (m/s) v (m/s)

U The power curve derived from the cup
anemometer is completely misleading.

O A better positioning of the anemometer, exposed
to the prevailing wind directions, would have
enabled to capture the most significant data.

O This makes us reflect on some common mistakes
in the field of small turbines
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POWER CURVE

cost and production
E = 8760 [ P(v) f(v)dv

2016

2
Q ]

e 2

15 o 9]
g S £
= 2 =]
a 10 9 3
o o

> >

0
0 5 10 15 20
v (m/s)
VAWT [(2016) |  |HAWT |[(2014)
produced  expected produced  expected
8MWh I5MWh Il MWh 24 MWh

many out of use - dismantled in 2015
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SMALL SIZE WTS: MIX PLANNING

in smart cities it is necessary to optimally manage energy sources and end-user needs
considering: distributed generation / intermittent renewables / storage / grid constraints
and: the daily and seasonal variation of the renewable source and of the electrical demand

The Savona Campus - University of Genova

courses of engineering, medical and social sciences
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SMALL SIZE WTS: MIX PLANNING

The Savona Campus - University of Genova
courses of engineering, medical and social sciences

300

RN 12

integrated power producton between
PV solar and wind

solar radiation (Wlmz)
g B
>\
@
wind speed (mls)

o
o

mont (mm)

SMART ENERGY BUILDING completely powered by renewable sources
Includes a gymnasium where users

produce electrical power feeding the electrical grid

i,
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SMALL SIZE WTS: MIX PLANNING

Smart Polygeneration Microgrid (SPM) P|U$-in electrical
of Savona Campus - University of Genova  Vehicles

i N =i
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Bracco, Delfino, Robba, Rossi, Pagnini 2016 IEEE International Smart Cities Conference (ISC2)
“optimal planning of the energy production mix in smart districts
including renewable and cogeneration power plants

referring to the SPM as the technical application, a decision model is applied for the
planning of the energy production mix in the smart grid feeding the Campus

micro gas turbines,
CHPs

Combined Heat and
Power units producing
both electrical and
thermal gfwer

&

optimal planning
including small size Wind Turbines

20kwW
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SMALL SIZE WTS: MIX PLANNING

decision variables - at site s year y, month m, daily hour t

[m?2]: surface covered by PV @ :number of WTs :number of
micro-turbines

panels with tilt a;

costs and benefits of the grid costs and
Grid el IN el ouT
Cs,y,m,t = Cs,y,m,t Es,y,m,t - bs,y,m,t Es,y,m,t

— —
cost power purchased benefit power sold to
from the grid the grid

CHP PV w
Cs,y,m,t Cs,y,m,t CS,yzm
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maintainance of the units

SMALL SIZE WTS: MIX PLANNING

optimization of the object function:
installation costs + annual discounted operating costs

Installation costs: ;Lh Y C
y
| K+ S
pf (R i)Y

Annual discounted operating costs

Number of microturbines

PV surface installed in site s inclined a (CHP) of kind § in site s
\ / Number of wind
Ny turbines in site s

S (N,
PV oPV ¢PV CHP .CHP W W
K=Y"| D kSl ol) + > kg™nZ® + k"n}

s=1 a:ll p=1 | |
Unit costs
S M T-1
€, 3.3 a3 €S58+ + )
s=1m=1 t=0 ‘
Number of days in | for grid purchase, microturbines, photovoltaics, and wind
turbines: maintainance

month m
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SMALL SIZE WTS: MIX PLANNING

Hourly electricity demand - hour h, month m

80
,L\ — january

’i 60 — april
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'E 40 pA) \ — july
3
il =" | =

0

0 4 8 12 16 20 24
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time (hh)

hourly power generated - PV
e

& 1000
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<
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s / \ — july
&
5 400 // \\
&
-
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°
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~ | azimuth 180°
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power (W/m2)

80

40

SMALL SIZE WTS: MIX PLANNING

hourly solar radiation - hour h month m

— january
r/\ — april
/\

— october

NS

)/ \

0

4 8 12 16 20 24
time (hh)
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SMALL SIZE WTS: MIX PLANNING

Hourly wind energy production - hour hy month m

o

i \,\‘_\
/VN?
e
& \ | HAWT

0 4 8 12 16 20 24
0 4 8 12 16 20 24 E=876OIP(v)va(v)dv time (hh)
12

— — january
~ — april
L~

®

— october
\/ — july

|

energy (kWh/h)

occurrence

v (mls)
30

=— VAWT

o it T VAWT ——

N
5]
I
®

power, P(kW)
=)
L

EN

energy (kWh/h)

T
0O 5 10 I5 20 25
wind velocity, v (m/s)

o

0 4 8 12 16 20 24
time (hh)
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SMALL SIZE WTS: MIX PLANNING

electrical load profile

—Jdanwary
— April
—July

— Octuber

As we can trust of
declared power curve
structural safety,

maintainence?

5 10 15 20
time |h]

RESULTS | |
HAWTSs (n°) L VAWTs () 0]
450

PV[mq], tilt 0°
PV[mq], tilt 30°
Cé5microturbine (n°)

Annual electricity from -7/

the grid [MWAh]
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C30microturbine (n°)
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STRUCTURAL RESPONSE AND SAFETY

structural safety

- complex behavior, sensitive to turbulent and gusty wind
- low investments in research
- use of simplified design procedures

A

dismantled
'b in late 2015

‘ fatigue
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Accelerometers 1,2 » &
Accelerometers 3.4 &t &
j———===- =1
| I
| |
| Straingages1,2,3,4 .| | w |
1 Strain-gages 5,6, 7,8 or w |
| h I
| Strain-gage ti-axial 9 - o |
e e e e e — - 1
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STRUCTURAL RESPONSE AND SAFETY

modal identification — parked turbine

Power spectral density function (PSDF) of the acceleration at top and of the strain at
the base of the steel pole

V=18 m/s > cut off limit = rotation= 0 rpm (emergency stop)

V=2m/s <cutinlimit = rotation=0 rpm '

0.0001

v>v cut off

@ i
1E-008 -
q v<v cut in
lE-0127 wwwwwww LI L BRI I BRI IR T T IRERRERRAR IRERRARERR 1
0 1 2 3 4 5 6 7 8
‘ n (Hz)
[n=1.47 Hz| [n,=2.55 He
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modal identification — rotating turbine
0.01
. 1 n, (1)
1E-008 T T\ T 1 T T T T T
0 1 p 3 1 5 6 7 21 9 10
n(Hz)
1P 5P 10P
backward whirling ~ forward whirling
Harmonic loads 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)
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STRUCTURAL RESPONSE AND SAFETY

oot ROTATION:
] | parked . . .
1 () centrifugal forces result in a negative
‘. contribution to the stiffness matrix
] A tension helps stiffening the blade
oo N6 rorr
I (m 1 \ rpm N, spin speed of the rotor changes the
g natural frequencies
. i"‘z‘é\“‘;““‘é“g‘m
1P sp n(Hz)
oot forward whirling mode
ny \ 8 rpm (0

increasing in frequency with rotor

g speed
JYEDV E I I BN backward whirling mode decreasing in
A n(io " | ° ™ frequency with rotor speed
1P 5P 10P
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STRUCTURAL RESPONSE AND SAFETY

Structural response - first check

Campbell plot represents natural frequencies plotted against rotor speed

It is used as a diagnostic tool for understanding the interaction between rotor rotating
speed and natural frequencies causing resonant conditions

8
7
6
5
N
L4
c
3
2
|
0 i
0 10 20 30 40 150
rpm 48 (cut off)
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STRUCTURAL RESPONSE AND SAFETY

Structural response

O these intersections have to be avoided

U fatigue damages have been experienced by turbines of similar typology in the
connecting bolts between the blades and the support arms
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STRUCTURAL RESPONSE AND SAFETY

HAWT

O Many out of service/repairs
U Fatigue cracks and dismantled in 2015
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STRUCTURAL RESPONSE AND SAFETY

S-N curve approach is the basic
(@3-t Ml method for fatigue strength evaluation
\ | of welded joints. The method is based
on the design nominal stress, without
taking into account explicitly the
stress  discontinuity due to the
presence of the joint.
The geometry of the joint with its inherent stress distribution is taken into
account by grouping joints with a similar behavior into a single fatigue class.

i’ Classification method is simple to use, but difficult to apply if the object
detail is incomparable to any classified joints

| s elbs

40 '.';.'.’“‘Emu;u, ayerreer ’ ] 12;

Endarance. pamber of cycles N
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STRUCTURAL RESPONSE AND SAFETY

HOT SPOT

approach ' AR
PP —K"I

o gg Surface stress %Ibt,‘k, -

53 3 -

§ T T.ié L. == §
<A =

once we have created the hot
spot model, stress in the detail for
the fatigue analysis is obtained by
a linear (or quadratic)
interpolation using two points at
a given distance from the welding
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CONCLUSIONS

small size wind turbines in smart grids and smart cities

v power curve. Which is the actual behavior and power production?
Power curve are usually derived in aerodynamic wind tunnel in laminar smooth
flow. Actually the behavior may be highly affected by gust and turbulence

Experience on two 20kW wind turbines

HAWT:

» It is realized with the same technology that it is used for the large ones, but
the size and the overall weight of the machine is much lower

» The energy production of the is higher/Maintenance costs are higher

» It has been dismantled

VAWT:

» Technology is very simple; it is heavier, it does not need to rotate along the
wind direction, it needs a less sophisticated control apparatus

» Turned out to be less exposed to gusts and fluctuations
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CONCLUSIONS

small size wind turbines in smart grids and smart cities

v power curve. Which is the actual behavior and power production?
Power curve are usually derived in aerodynamic wind tunnel in laminar smooth
flow. Actually the behavior may be highly affected by gust and turbulence

v optimal planning of the mix of power production units.

Small size WTs competitive with other renewable sources? (e.g. PV solar)

By now PV solar seems more competitive. However, small size WTs are
particularly suitable in isolated contexts, like small islands, and could be an
appropriate technology to develop the strategic aim of small-scale distributed
generation energy systems, as either complements or alternatives to centralized
operations

v’ structural response and safety:

Their behavior is as much complex as the behavior of the large size turbines.
Which are major shortcomings that may concern the structural safety?
Lightnings, turbulence, dynamic response, fatigue damages
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Table of content

*  What is turbulent flow

* Initiation of turbulent flow

*  Characteristics of turbulent flow

*  Governing equations

*  Turbulence statistics

e Turbulence scales

e The Reynolds’ decomposition and the averaging equations
*  Direct numerical simulations (DNS)

¢  Reynolds Averaged Navier Stocks (RANS)
* Large-eddy simulations (LES)

¢ Detached-eddy simulations (DES)

e CFD approaches
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What is turbulent flow?

* Turbulence is the state of
fluid motion that is
characterised by
apparently random and
chaotic three-
dimensional vorticity.

* When turbulence is
present, it usually
dominates all other flow
phenomena and results in
increased energy
dissipation, mixing, heat
transfer, and drag.
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Initiation of turbulence

= = -
(a) low R (b) medium R« (c) high fte

Reynolds number Re
=ul/v
* At very low Re, the flow is laminar everywhere and the flow

instability, due to the existence of the cylinder, is too small to
generate turbulent flow

* Increasing Re, the flow becomes turbulent only in the wake of the
cylinder and is laminar upstream and in the boundary layers.

* At high Re, the flow separates from the surface of the cylinder and
becomes completely turbulent in the wake and in the boundary
layer .
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Characteristics of turbulent flow

At Reynolds number above a so-called critical Re the flow is turbulent.
Main characteristics:
Irregular (Random and chaotic)

Occurs at high numbers

Three dimensional
Wide range of length scale??

Diffusive

Dissipative

YV VYV ¥V VY V¥V V VY

Turbulence is a feature of the flow, not of the fluid.
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Methods of studying turbulent flow

e Measurements at full scale and full Reynolds number
— Normally to measure the velocity and pressure.
— Very expensive.
— In most of the cases it is not possible.

¢ Measurements at small scale (wind tunnel).

e Computational fluid dynamics (CFD)—solving a set
of equations, governing the fluid motions.

 Analysis of the data.
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Governing equations

* The governing equations of fluid flow represent mathematical
statements of the conservation laws of physics:

*  The mass of fluid is conserved = continuity equation.

*  The rate of change of momentum equal to the sum of forces
on a fluid particle (Newton’s second law) = momentum
equation.

*  The rate of change of energy is equal to the rate of heat
addition to and the rate of work done on a fluid particle -
energy equation.
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Governing equations
¢: mass 2> Continuity
¢: momentum = Momentum — 1 ® -1
¢: energy > Energy equation \
Rate of .
change convection diffusion source
A N
/— r N Is /—
Rate of increase Net rate of flow Rate of increase Rate of increase of
of ¢ of fluid + of p outof fluid = of ¢ dueto + ¢ due to source
element element diffusion
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Governing equations

The Differential Form

> In vector form

—6(§¢) +div(pu) = div(Tgrad ) + S,
— —

Rate of convection diffusion source
change

> In tensor form
Continuity 2> 6_,0 + —8(,0Ui) =0
ot OX:;

i=1,2,3

N. S. Equations > 6(pui)+u_6(pui)=—ap+i(1_%)+s
ot oox, ox ox, ox, !

In general, these equations are parabolic, which require intial and boundary conditions to
be solved.
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Governing equations

Are there special equations for turbulent flow?

Navier-Stokes equation
Non-linear term

-op O ou,
+—(u—)+S
X OX (ﬂﬁx )+ 3,

i i i

It is the same form of Navier-Stokes equation valid for Laminar and Turbulent flow.At high
Re, small disturbances to the flow are no longer damped by the flow, but begin to grow by
taking energy from the original laminar flow.The non-linear term in the equation is
responsible for these disturbances.

Note
When you set a CFD simulation you should first decide if the flow is laminar or

turbulent. Setting a turbulent flow simulation to a laminar flow will result in wrong
results and visa versa.
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Turbulence statistics

* At Reynolds
number above
the so-called
critical Re the
flow is turbulent.

u(t)
i

* Reynolds UI \
decomposition t

ut)=u+u'(t)
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Turbulence statistics

Time-averaged flow
ut)y=u+u'()

T Time average, Mean, Ensemble
average

u’(t) Time varying fluctuating component

Velocity mfs

lAt
u=— |u(t)dt
At!()

Time (sh

Note that the time average of the
fluctuating component is zero

1 At _ B
E!(u(t)—u)dt_o

u'(t)=
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Turbulence statistics

Variance, root mean square, kinetic energy and turbulent intensity
4

*Variance
— o
ur2 — 7IU,2dt
At

« RMS (standard deviation) o

' [(, 1 17 '
Uns = (U )2 = EJ.U 2dt % 1 2 3
0

Velocity mis
" ...

-

Time (sh
The r.m.s values of the velocity components express the average magnitude of the velocity
fluctuations
* Turbulent kinetic energy k

k=107 +v7 o)
2

1/2
. . 2 1 12 12 12
* Turbulent intensity =k —fu”+v-+w ,
T = 3 — 3 — urms
U U U
ref ref ref
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Turbulent scales

* Length scales

— e
* Velocity scales ,‘&D == =

e Time scales e

=
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Length Scales
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Energy cascade
/ \ ~
Energy VoS -
from == — — LI
mean flow A
N A . g
Large scales Small scales
where dissipation
takes place
Production of, Energy flux » Dissipation of
large eddies small eddies
e 3 i
o
o 3
(]
o e
K
E“ {) o
Kinetic energy
] L]
Energy *Inertial subrange } Viscous
containing range ! range
g
: 1/ (eddy size)
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Smallest scales

What is the size of the smallest eddy that dissipates
energy!?
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Smallest scales

This question has been answered by the hypotheses of
Kolmogoroy, stating that in every turbulent flow at
sufficiently high Reynolds number, the statistics of the small-
scale motions have a universal form that is uniquely
determined by fluid viscosity, v and dissipation, €.
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Smallest scales

Using Kolmogorov hypothesis, the following scales are obtained:

3 1/4
Length scales q:(vj

&g

Velocity scale |, — (Vg)”“

1/2
Time scale = (K)
&

These are the Kolmogorov scales—smallest scales of the flow.
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Estimation of dissipation €

e The dissipation rate is given approximately as:

o Energy extracted from large eddies

Turn-over time of large eddies

ut Ul

2
I/u |

~

. ~3/4
U: mean velocity Q = Rel /
I: large length scale |
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Example

Estimate the Kolmogorov microscale for u = 1.0 m/s
and | = 0.1m for air and water.
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Example

Solution n_ Re 4

* Forair: Re,=1 x (0.1)/15 x 10-6 =7 x 10°.
Therefore I/p~ 8 x10%,s0: x=12x10*mor
0.12 mm.

Re,
e Forwater: =1 x(0.1)/107 = 10°. Therefore I/y = 5
x 103, s0: =2 %107 mor0.02 mm.
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Computational fluid dynamics (CFD)

There are two approaches for numerical solving of the governing equations.

» The fist one is to solve directly the governing equations to resolve all the
turbulent scales in the flow. This approach is called Direct Numerical
Simulation (DNS).

» The other approach is to first average the governing equations in time or
in space and solve the resulting equations.

O Averaging in time means that we damp out all the turbulent
fluctuations in time and we do not resolve any turbulent scale at all.
This approach is called Reynolds Average Navier-Stocks (RANS).

0 Averaging in space means that we resolve turbulent scales larger than
the averaging space (or filter width) and we model the effect of the
turbulent scales smaller than the filter width.The later is called Large-
Eddy Simulation (LES) and Detached-Eddy Simulation (DES).
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Direct numerical simulation (DNS)

» Direct Numerical Simulations (DNS) means that we
solve the governing equations of the flow to generate the
exact instantaneous motions. No assumptions or
simplifications are needed for DNS, since the number of
equations is the same as the number of unknowns (four
equations for four unknowns, u; and p).

» The minimum vortex size that can be obtained from a
numerical simulation is the size of the cell of the
computational domain, A.

» Thus, to resolve all the scales of the flow, the cell size
should be of the same size as the smallest scales in the
flow--the Kolmogorov dissipation scales.
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Direct numerical simulation (DNS)

The time step, 4t, required by DNS should be very
small to resolve the flow in time.There are two factors
that control the choice of the time step. It should be
smaller than the Kolmogorov time scale, 1, and, in order
to maintain numerical stability and accuracy, the time
step should be small enough that the fluid particles do
not move more than one grid spacing in each time step.

Uy e T

AX |. A Ax

At = min(r, &j
u
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Direct numerical simulation (DNS)

* DNS is therefore restricted to low or moderate
Reynolds numbers. For high Reynolds numbers, the
flow is dominated by very fine structures associated
with very small scales. The total number of cells
needed to resolve all the scales is very high and
hence the computational cost is also very high.This
makes DNS infeasible at the present time for solving
high Reynolds number flow.

* However, even if our computers were able to solve a
more complicated flow in an adequate time, we
would sometimes need to average the huge random
data in order to understand turbulence.
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The time-averaged equation

Use the Reynolds decomposition

u)=u+u'(t)

Substitute in (2) and re-arrange the equation we get:

ou, _ou,| —-op O ou,  ——
_'+uj —_— :_p+_(lu_'_pui’u;)
ot OX; 0%  OX,  OX,

| ]

yo,

The extra term pui'u'. is a result of the averaging process.This term, is not

a stress at all, but simply a re-worked version of the fluctuating contribution to the
non-linear acceleration terms.The fact that it can be written this way, however,
indicates that at least as far as the mean motion is concerned, it acts as though it
were a stress — hence its name, the Reynolds stress.

It is the appearance of the Reynolds stress which makes the turbulence problem so
difficult — at least from the engineers perspective. Even though we can pretend it is a
stress, the physics which give rise to it are very different from the viscous stress.
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The time-averaged equations

The Reynolds stress term consists of six unknowns.These need to be modelled. Most of
the RANS models are based on the assumption that there exists an analogy between the
action of the viscous stress and the Reynolds stress on the mean flow. Boussinesq
approximation states that the Reynolds stresses proportional to the rate of deformation
of the mean flow:

U ou;
U =v, o +—L —zchij
axj OX: 3

Vi Turbulent eddy viscosity (property of the flow)

1 _
k = 5(u’2 +V?+wW?|  Turbulent kinetic energy

1=

Plo i# ]

Kronecker delta function

There exists many RANS models based on the eddy viscosity assumption

TU 1304 | WINERCOST | Napoli (Italy), 23-28 April 2017 28
Hassan Hemida — Introduction to Turbulence and CFD

91



Turbulence modeling

* There are different turbulence modeling to model
turbulent viscosity, V,, examples are:

— Prandtl’s length model (zero equation model)
— Spalarat-Almaras model (one equation model)

— K-epsilon k-, SST, SAS, SSG and many others
models (two equations model)

— Reynolds stress turbulence model (six equation
turbulence model)
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Turbulence modeling

» Mixed length model
v, =12, |AT]|

mix
— The mixing-length, |..;,, however, has to be specified as
a function of position. In unbounded flows, |, is of
the order of 0.1 times the layer width. Close to a
wall, | ;, is of the order of 0.4 times distance from
the wall; BUT, in the immediate vicinity of the wall
where viscous effects predominate, it diminishes more

rapidly.

— Not accurate close to walls and needs wall function.
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Turbulence modeling

* K-epsilon model

The main idea of the k-¢ model is to find an expression for the
eddy viscosity in terms of k and €. We use dimensional analysis
to find that expression as follow.

V, oc k® £°
[m2 /s] [mz /32] [mz /s3]
This gives:
k2
v,=C,—
&
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Turbulence modeling
* K-epsilon model
k2
v, =C, —
— Cu=0.009 &

— There are two extra transport equations; one for k and
one for .

— There are many constants in all the two equations models.
These constants were obtained using different
assumptions and specific types of flow.Therefore different
models work well in a specific flow but there is no single
turbulence model that works for all types of flows.

— K-epsilon and k-w are the most common turbulence
models that are used widely in industry.
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Large-Eddy Simulation (LES)

» Large eddy simulation (LES) decomposes the structures
of the flow into large and small scales.The large motions
of the flow are directly simulated while the influence of
the small scales on the large scale motions is modelled.
Hence LES is a kind of compromise between RANS and
DNS.

» LES requires less computational effort than DNS but
more effort than RANS.The computational demands also
increase significantly in the vicinity of walls, and simulating
such flows usually exceeds the limits of modern
supercomputers. For this reason, zonal approaches are
often adopted, with RANS or other empirically-based
models replacing LES in the wall region.
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LES--Filtering

* the actual velocity, | X, t is decomposed into a filtered part T, (x.t)
and a sub-grid component of velocity U, (xt)as:

u. (x1)=U,(x1)+U;(x1)

* The filtered velocity Ui"(x, t) is obtained by filtering the actual velocity
as follow:

U (xt)= IQG(x,r)ui(x—r,ﬂdr

Filtered velocity

where the integration is over the entire
flow domain, Q, and Gx,r is the filter
function.The filtered velocity is not the ,
same as the actual velocity field and the

difference is the residual, Ui"x;t . Actual velocity
X
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LES-equations

* The filtered continuity and momentum equations for

incompressible flow are:

o, _ .

6xi B

oU, _au, 16;6+ d ( au, )
at " ox; pox; Ox;\ oJx; Y

* whereQ;are the residual stresses defined as:

U/ + U0 +U/U; =um — U,U,

Qij =U/
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Sub-grid scale stresses

The smallest eddies that can be resolved in any grid is of the
size of the grid. However, the flow includes smaller scales than
the resolved ones (size of the cell). The residual stresses are a
direct consequence of the filtering process and it compensates
for the effect of the unresolved or subgrid scale eddies on the
resolved eddies.

6&4 é/s/\ B
NSII9% i
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Sub-grid scale stresses

The turbulence models for the residual stresses are analogous to
the models used for the Reynolds stresses by RANS.We know
that small scales tend to be more homogeneous and universal
and less affected by the boundary conditions. Thus, their models
are simpler and require few adjustments when applied for
different flows.

— —_1 oU, au,
Qij = 2VsesSy v =2\, "o,
The simplest one was proposed by Smagorinsky

Vsgs = (CSA)Z 2% Q

TU 1304 | WINERCOST | Napoli (Italy), 23-28 April 2017 37
Hassan Hemida — Introduction to Turbulence and CFD

The Turbulent Boundary Layer and LES

» The no-slip boundary condition
demands that the velocity
component tangential to the wall
be the same as the tangential U
velocity of the wall. If the wall is at >
rest relative, then the no-slip
condition demands the tangential .
flow velocity be identically zero at P
the surface. :
» Experiments and order of " u
magnitude of the governing _— 7
equations of turbulent flow show Y - o ﬁ?’ _—
that the boundary layer of L
turbulent flow can be divided into - *
two layers:
U inner and
U outer layers.
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Turbulent boundary layer and LES

* Inner region

— Integrate the NS equations to find:

7, u stress
u. = —W, and y+:y * A
1% Vv . Total stress
u=—-u'v+ v—. L Turbulent stress
dy Y
/1
For viscous sub-layer,y* <3 | /| Viscous siress
i i
u u L
u+:_: *y:y+ y*=10
u. v y

* Outer layer )
u* :Eln(Ey*)
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Turbulent boundary layer and LES

e The main idea of LES is to resolve the large energetic
scales in the flow. In the viscous-sub layer the large
energetic scales are of the size of the y*~1.0.So in
order to resolve the flow in the boundary layer then
the cell size in the boundary layer should be small
enough to satisfy the condition of y*~1.0 or less. For
high Re, this condition is very hard to satisfy as y*~|
means a cell size of micrometers and the mesh size
will be incredibly large to be solved in a normal
supercomputer.
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Detached-Eddy Simulation (DES)

* In the DES approach, the unsteady RANS models are
employed in the near-wall regions, while the filtered
versions of the same models are used in the regions
away from the wall, i.e. LES.

e The LES region is normally associated with the core
turbulent region where large turbulence scales play a
dominant role. In this region, the DES models
recover the respective sub-grid models. In the near-
wall region, the respective RANS models are

recovered.
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Direct numerical
simulations (DNS)

Large Eddy
Simulation (LES)

CFD approaches

All scales are being resolved.
No turbulence model needed.
Requires huge amount of cells.
Only used for research.

Large eddies are being resolved.

Subgrid-scale model used for eddies smaller than
the grid size.

Accurate results.

Requires too many cells for engineering problems.
Mostly used for research and recently used by
industry
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CFD approaches

Reynolds Averaged By far the most common approach for

Navier-Stokes engineering problems

(RANS) Moderate number of cells required
Turbulence modelling is needed

. » Utilizes the advantages of LES
Hybrid LES-RANS, . | ess number of cells required than that of LES
* More accurate results than RANS

DES * Turbulence modelling is needed
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Chapter 1: Developments

* Historical background

* Boundary Layer Wind Tunnels
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Historical background

— 18. & 19. century

1729:

THe British military engnieer
Benjamin Robbins (1707-1751)
invented a rotating arm,
velocity 0,60 - 1,2 m/fs, [1].

1801:

Sir George Cayley (1773-1857)
used the same principle as
Benjamin Robins, but the arm
was longer (1,5 m), and the
velacity was higher 3-6 m/s, [1]

1871:

Francis Herbert Wenham (1824-
1908 and John Browning (1831-
1925) invented the first closed
wind tunnel which served for
teh investigation of wings and
further aeroplane contours, [1].

1890;

A simple wind tunnel was
constructed by Etienne-

Jules Marey [1830-1904) which
visualized contours of flow
patterns by smoke transport,

[2).

— 20. century

101

Canstruction of a wind tunnel
through the brothers Wright
(1867-1912 & 1871-1948) for
the purpose of wing
investigations, [2].

1306;

Gustave Eiffel (1832-1923)
developed the first open wind
tunnel (Eiffel type), in order to
solve questions related to
building aerodynamics, [3].

1308:

Ludwig Prandt| (1875-1953)
developes a closed wind
tunnel ("Géttinger Kanal"),
[3].

1216:

A wind tunnel of a diameter of
34 m was constructed by the
U.5. navy. The fans were driven
by an electrical engines of 373
kW, [3].

1823,

The Variable Density Tunnel®
built by NASA as the first of its
type. Small flying object models
were tested here, [4].

Historical background

— 20. century

1329;

— 20. century

1941;

At Paris, the by then largest open wind tunnel was built up.
It served for tests at aeroplanes up to full scale, [5].

1936:

NASA constructed the ,Eight Foot High Speed Tunnel”.
The engine had a power of 6 MW. It was possible to
generate nearly transonic speeds (i.e. speeds near to the
speed of sound in air), [6].

The by then largest closed wind tunnel was erected in the USA,
The tunnel diameter in area of the fans was about 14 m, in teh
test section it was 6.1 m. The electrical engines had a power of
29.84 MW. Wind speeds of up to 640 km/h could be generated
via two wooden rotor fans, [7].

1950:
The so called ,Trisonic Wind Tunnel” is builtin

California. Velocities up to 3.5 Mach can be

generated which requires a compressor power of
2 times 8 MW, [3].

1994:

The ,European Transonic Wind Tunnel”

(ETW) was built at Cologne. The power of the
compressors is 50 MW. The measurement
section has a rectangular cross-section of 2.4 m
(width) x 2 m (height}, [3].
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Boundary Layer Wind Tunnels E

Wind tunnel of Eiffel type
(Alexandre Gustave Eiffel 1832 — 1923)

‘ 7 G 2
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Atmosperic boundary layer
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re
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Turbulent wind field at Gatow, Germany E
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Taylor‘s hypothesis of ,,frozen* turbulence E
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Boundary Layer Wind Tunnel at RU Bochum E
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Boundary Layer Wind Tunnel at RU Bochum E

11

Italian boundary layer wind tunnel at CRIACIV, E
Prato / Florence

107



Italian boundary layer wind tunnel at CRIACIV, E
Prato / Florence
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3 Roughness field

4 Isolating joint

5 Diffusor

7 Isolating joint

8 Diffusor
9 Diffusor

10 Diffusor

and turn table

Chapter 2: Similarity Requirements

¢ Scaling

¢ Similarity of the incoming flow

¢ Similarity of the flow over a bluff body

¢ Similarity of the wind loads

... [}

« Similarity of the reactions (dynamic reactions of building
structures e.g. in order to investigate oscillations of aeroelastic

responses of structures
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Scaling

Scales

* Geometry scale

L
lgeom — model
L
‘full scale
* Velocity scale
1 = a(h)model
“ a(h)full scale
* Time scale
A = Tmodel _ Linodel a(h)full scale _ Ageom
T : -

Tfull scale qull scale ﬁ(h)model

« Frequency scale
1
A =—
freq Ar

A

Similarity of the incoming flow

« Mean wind profile
Ayl scale = Afull scale

... [}

« Turbulence intensity in the height H of the upper building edge

Iy (H)full scate = lu(H)moder

« Profile of the turbulence intensity (for high buildings)
Iu(Z/H)full scate = lu(Z/H)model

« Height of the simulated boundary layer
Sim = 2H

« Distribution of the velocity fluctuations over frequencies

f'Su(f'Z) _f'Su(f'Z)

2 - 2
Ou(z) full scale Ou(z) model

109



Example: geometric similarity

Example: Construction states
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Example: Similarity of incoming flow
quantities and geometric measures

Similarity of the flow over a bluff body

Reynolds number

» Similarity of the flow over a bluff body

_Wp w-D-p  masseffects
w n friction effects
b

Re

» Separation lines are fixed through the
sharp edges of the buildings
Re > 10.000 => similarity

» Especially problematic in case of
rounded surfaces (e.g. cooling towers)
=> installation of wires or rips to
increase surface roughness

F Ao =310 B springt

M.V. Morkovin (1964)
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Similarity of the flow over a bluff body

E=r

ReNatur < Rel\/l odell — \
madglich mit ~

ZusatzmaRnahmen Q_\'

2.B. ,Stolperdraht* ' =

21

Example: surface roughness
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Example: Similar interferences

Oltanks

Example: Similar interferences

ZweitgroRte Kihlturm der Welt
(RWE-Kraftwerk Niederauf3em)

24
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Example: Similar interferences E

25

Example: similarity of wind effects

26
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Chapter 3: Measurement of velocities

..}

and pressures

e Prandtl-tube (Pitot-tube)

e Hot wire probes
e Others

e Laser-Doppler Anemometry

e Particle Image Velocimetry

e Pressures

* Piezo-resistive differentiell pressure sensors

* Optimised tubing
e Calibration

27

Prandtl-tube

P (Fluid)

e Qman
[ A—= Weo = |29 2. gk
e 4

Pan)
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Hot wire probes

Constant Current Anemometry - CCA
» U = R:l: Electric current | [V] remains constant and resistance R [Q] is measured
» The flow cools down the fine wire, temperature gradient is measured

» Problem: thermal inertia of the wire => turbulences can hardly be measured

Constant Temperature Anemometry - CTA
» The electric resistance and by that also the temperature of the wires are kept constant

» The voltage is measured, which is required to control the electric resistance in order to keep the
temperature constant.

» Possible temperature fluctuation are directly compensated by voltage, the thermal inertia of the
wire is not dominant. Mean and high frequency signals of voltage are measures of respective
mean flow values and turbulent flow fluctuations.

29

Hot wire probes
Constant Temperature Anemometry (CTA)

King's approximation
of heat loss of fine wires:
I? R =(Te—Tg) A+ B v
| — electric current, Rg — electric resistance,

Ts — temperature of wire, T — temperature of fluid,
v — flow speed

Wheatstone bridge

* %

hot wires Iw

R wird auf Ry
ahgeglichen

wire fixings
ceramic isolation

AUsGENG

30
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Hot wire probes

calibration with a special flow experiment

..}

w‘ P, L. L'E: 2
273 B8
v, - A, = v A
[2.ap
o = | .
1—Ze,
N A
a1
Hot wire probes
Example of a calibration curve
35 Calibration uw 25-07-2014
Draht 1
30 Draht 2
- Palynom Draht 1
Polynom Draht 2
25
Draht1: f(x)= 23.743 x* + 6.763 x” + 2.8791 x
= Drahl2: fx)= 24.6241 x° + 3.8717 x* + 4.1801 x
£20
g T 7261211°C
S5 |T, =235°C
T,,=241°C
10} Py =762 Tarr
5 -
M
0 L L . I . I . H
01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 1
Signal [V]
32
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Further measurement methods
Laser Doppler Anemometry - LDA

LDA is an optical and non invasive measurement technique.

Measurement of frequency shifts of the reflection waves of light diffusing particles (water steam,
solid particles of few pm of diameter).

Particles are recipients and emittors of the collected light.

The measured frequency shift is a measure of the instantaneous particle velocity.

Receiver

33

Further measurement methods
Particle Image Velocimetry - PIV

Optical and non invasive measurement technique

» Avelocity distribution of a planar section in a flow field is measured during a minimal interval of
time.

» A nplanar light-section of the flow is measured using a pulsed laser and a cylindrical lense.

Die reflection of the light from the particles, which are transported with the flow, is
photographed by a CCD camera.

» The correlation of subsequent photographs at equal time steps deliver an accurate picture of
the incremental positions of particles from which a field of flow velocities can be derived.

34
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Further measurement methods E

Particle Image Velocimetry - PIV

Low image density
a »> g * Ni==1
particle tracking velocimelry

o &) a _
2 S 3o ligh image density
& Nyz=1
0 g o ooy ? e particle image velocimetry

35

Pressure measurement: pressure sensor and
optimized tubing system

... [}

Differential pressure sensor (principles)

Gehause Nippel
P2
Nippel
P1 Innen-
volumen 2

Innen-
volumen 1

SN
A
i
i

8L

Chip/Rohr-

el st ] i
Deckel Dick EI:,S?:Z
Calibration: Leiterp'l?tten- Il\fetsz?:vt;?k -
50 mmWs + 4905 mV (490,5 Pa) anschlusse

36
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Pressure measurement: pressure sensor and
optimized tubing system

37

Pressure measurement: pressure sensor and
optimized tubing system

1

amplitude ratio phase lag
5 : k 3
1.0 1
0.5 ! | \
0.0 i 1 0
f =t t f -100
_-__""“—‘--.,_ 1 | =200
S | -300
f - | ———— -400
V= “_.-—“-4——ﬂu | ! 1-800
- 2 -600
o 100 200 300 400 500
frequency [Hz]
Fig. 1041 Example of an optimized four-stage tube gystem.
38
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Chapter 4: E

Wind Tunnel Projects

* Pressure analysis
* Analysis of strains

* Analysis of critical velocities

Pressure measurement at the built environment

Experimente

am Modell der
MSV-Arena
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Pressure model Shanghai Ship Terminal, 2009 E

42
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Pressure measurement: time resolution

Pressure model of a group of cooling towers

555

123

World's largest cooling tower
(RWE-Kraftwerk Niederauf3em)




Druckbeiwert
20

Strain measurements in a group arrangements

MeBquerschnitt

\\ lfmow —MQ2 —MQ3 —MQ4  MQ 1 /

o 60" 120° 180° 240° 300° 360°

Umfangswinkel

Pressure distribution

Meridiankraft normiert
5

—M:L /\/ \/\

_/\‘ L/

0 307 60° 90° 120° 150° 180° 210° 240° 270° 300° 330° 360°
Anstrémrichtung

Meridional tension force as a function on the
angle of attack of the wind (group arrangement)
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Strain measurements in a group arrangements

SchnittgroBe
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.
Stationary wind tunnel model for wind pressure

measurements

e Pressure measurements in different levels along the height of the model

e Boundary layer wind profile

Pressures correlation model
development for circular cylinder

Vertical and horizontal wind forces
correlation (quasi-stationary case),
influence of turbulence and eddy
shedding to the rms-response
(Niemann 1990)

Extension of the model for non-
stationary case is needed

]
Non-stationary wind tunnel model for response

measurements

Boundary layer wind field

Model: circular cylinder with rotor (rotation is
being considered)

Response of the structure (base bending
moments and shear forces) will be measured
using high frequency force balance (lower
picture)

Force balance measures response that
represents superposition of different modes

Rotor thrust force and wind load on the tower
must be separated

Bending moment at hub height due to rotor
bending will be measured using strain gauges
(upper picture) in wind tunnel
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COST ACTION TU1304: WINERCOST

International Training School, Naples

Advances in Wind Energy Technology Il

Wind Generation Mechanics and Wind Speed
Statistics

Francesco Ricciardelli
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COST &5 supported by
the EU Framerwork Programme
Horizon 3000

TU 1304 ~-WINERCOST W NEQ

Advances inWind EnergyTechnology

Wind generation mechanisms and
wind speed statistics

Francesco Ricciardelli

Department of Civil Engineering, Design, Building and Environment
Universita della Campania Luigi Vanvitelli, ITALY

The Wind Loading Chain

Structural Design
Nvnamics criteria

Atmospheric Atmospheric
Boundary

circilation

March 2008

Francesco Ricciardelli — Wind Engineering
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Layers of the atmosphere

km

b sl
gojmeson:
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N
Tomperature,*C

The Troposphere contains about
90% of the mass of the
atmosphere, and is the layer in
which human activities take
place. The thickness of the
Troposphere  changes  with
latitude, ranging between 9 Km
at the equator and 16 Km at the
poles

The Stratosphere contains 97%
of the ozone of the atmosphere,
which absorbs ultraviolet
radiation

The Stratopause reflects the
solar radiation downward

Francesco Ricciardelli — Wind Engineering

March 2007 |

Atmospheric heat exchange

HEOMING QUIGDING SHORT
WANE RADIATON

SOLAR RADIATION
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Global heat balance keeps the earth femperature constant
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Francesco Ricciardelli — Wind Engineering

March 2007
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Monocellular circulation model

(T e

< -
cold
Sl
- |

The monocellular model neglects of the vertical temperature
and humidity gradient, ad well as the effects of friction and
of earth rotation

Francesco Ricciardelli — Wind Engineering March 2007 |

Tricellular circulation model (Bergeron)

paler High pressurs

N subi-palar low pressurs

subebopiad ligh pressuie

equater equstorial low pressure

The non uniform distribution of continents and clouds are the
causes of a sub polar low pressure zone (polar front) and of a
subtropical pressure zone, which in furn cause at tricellular
circulation pattern

The deviation with respect fo the meridian is the effect of the
Coriolis force and of friction

‘ Francesco Ricciardelli — Wind Engineering March 2007
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10'1[ 10 days <\ Atmospheric circulation
o
5 Fronts and waather sysiems
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, [ 10 hours Local wind syslsms
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Primary circulation (planetary scale): polar easterlies, westerlies,
trade winds

Secondary circulation (synoptic scale): anticyclones, extra tropical
cyclones, tropical cyclones (hurricanes, typhoons, cyclones), monsoons

Local winds: Foehn, Bora, Chinook, thunderstorms, breezes, tornados

‘ Francesco Ricciardelli — Wind Engineering March 2007 |

Anticyclones

Synoptic systems consisting in a clockwise (in the northern
hemisphere) circulation around a high pressure zone. They move in
the southwest-northeast direction and bring good weather and low
winds.

They are the result of
action of pressure gradi
Corioli forces, friction f
and centrifugal forces.

Francesco Ricciardelli — Wind Engineering March 2007
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Extra tropical Cyclones

Also are synoptic systems, consisting in a counter-clockwise (in the
northern hemisphere) circulation around a low pressure zone. They
move in the west-east direction and bring bad weather and high
winds.

They also are the result of the
action of pressure gradients,
Corioli forces, friction forces
and centrifugal forces.

Francesco Ricciardelli — Wind Engineering March 2007

Extra tropical Cyclones

T N L\::uuslon
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d
. . Ve
C‘O\IG‘EIT“\:“”&““ “j'=/’c§h;;; Coldalr 1'% Il Cold air
°’ 4
Francesco Ricciardelli — Wind Engineering March 2007
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‘ Francesco Ricciardelli — Wind Engineering March 2007

Extra tropical Cyclones

Francesco Ricciardelli — Wind Engineering March 2007
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Extra tropical Cyclones
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‘ Francesco Ricciardelli — Wind Engineering March 2007

Tropical Cyclones

Tropical ~ Cyclones  are
generated at sea, and their
energy comes from the
latent heat of evaporating
water, with a minimum
temperature of 26°

They generate at latitudes
in the range of 5° e i 20°,
and die as they propagate
towards higher latitudes or
as they hit the land

The tend to avoid large
cities due to the heat island
effect

Francesco Ricciardelli — Wind Engineering March 2007
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Tropical Cyclones
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Tropical Cyclones have a diameter in the order of hundreds of
kilometres, an height of about 10 Km, and surface wind speeds
which can exceed 120 Km/hr (peak speeds of 250 Km/hr)

Their convective velocity is between 5 and 50 Km/hr

The central part, the eye, has a diameter in the range of 10 to 80
Km, and relatively low winds

‘ Francesco Ricciardelli — Wind Engineering March 2007 |

Tropical Cyclones

They take place towards the end of the summer and the
beginning of the autumn (August-September in the northern
hemisphere, February -March in the southern hemisphere)

They are called Hurricanes in the Caribbean, Typhoons in the sea
of China and Cyclones in south-eastern Asia and in Australia

‘ Francesco Ricciardelli — Wind Engineering March 2007
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Tropical Cyclones
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Tropical Cyclones

Francesco Ricciardelli — Wind Engineering March 2007 |
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Monsoons

Height o}

|~

s 30° 20 100 o 100 200 ao° 40° E*N
Lafitude

Monsoons characterise the climate of the Indian subcontinent, and

are associated with the different thermal inertia of land and sea

In the winter the dry monsoon blows in the northeast-southwest
direction, from the colder land to the warmer sea

In the summer the wet monsoon blows in the southwest-northeast
direction, from the colder sea to the warmer land

‘ Francesco Ricciardelli — Wind Engineering March 2007 |

Foehn and Chinook )

As warm, humid air is pushed upwards by the mountains it
cools downs and releases moisture in the form of rain or snow

The warm and wet wind associated with the phenomenon is
called Foehn in the Alps and Chinook in the Rocky Mountains

Francesco Ricciardelli — Wind Engineering March 2007
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Bora and Mistral

+20°C

As the cold and dry air flows downhill the adiabatic exchange may
prove insufficient to warm it up. As this occurs part of the potential
energy of the air mass is transformed into kinetic energy

The cold and dry wind associated with the phenomenon is called Bora in
north-eastern Ttaly and Mistral in southern France. Wind speeds can
exceed 200 Km/hr

If wind flows in a valley a jet effect can further increase the speed

‘ Francesco Ricciardelli — Wind Engineering March 2007 |

Thunderstorms

Direction of mavement

Masses of warm and wet air move upward. As they mix with
colder air they cool down and sink. This causes heavy rain,
which further drags the air down

Their duration is in the range of 5 to 30 minutes

‘ Francesco Ricciardelli — Wind Engineering March 2007

138




Thunderstorms
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Breezes
\ ze0 bresse

{3 P—
» | IJ earth hree?e‘!_

th s

H L

I —
1 ?.ESJH

prestt L prain BLE
;ausi-f*"% | mounten =

mountain  valley

H

They are the result of the pressure gradient associated with
the different thermal inertia of land and water, or of thermal
variations at different altitudes

‘ Francesco Ricciardelli — Wind Engineering March 2007 |
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Tornados

Tornadoes are small scale
circulatory systems, with a
diameter in the order of
hundreds of metres

The tangential wind speed
can be in the order of 300
to 400 Km/hr

Their convective velocity is
in the order of 30 to 100
Km/hr, and have a life in
the order of the hour

Francesco Ricciardelli — Wind Engineering March 2007
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‘ Francesco Ricciardelli — Wind Engineering March 2007
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The Coriolis force

The equations of the air flow are written in a reference set which
rotates with the earth, therefore is not inertial

There results that an additional inertia force has to be introduced to
compensate for this, which is termed Coriolis Force and which acts
on moving masses

The Coriolis force per unit volume acting on an air mass has direction
orthogonal to both the air velocity vector V and the earth rotation
vector Q, and its magnitude is proportional to them:

Fe=20(V AQ)

The modulus of the Coriolis force is: Fe= |[Fe[=pfV
where fis the Coriolis parameter f =2/Qlsing
¢ being the latitude and ||=0.729-10-4rad/s the modulus of the earth
rotation
‘ Francesco Ricciardelli — Wind Engineering March 2007 |

Equation of motion in free atmosphere

The forces acting on the air mass are:

- Coriolis force

Centri | e

- FEriction forces

In free atmosphere friction forces vanish; if the isobars are straight
lines, then the trajectories are also straight and the centrifugal
forces vanish; this occurs for large circulatory systems

Therefore, in free atmosphere, in case the isobars are straight lines
the Coriolis force has to balance the pressure gradient

The Coriolis force is orthogonal to the wind velocity, therefore also
the pressure gradient has to be orthogonal to the wind velocity, which
is parallel to the isobars

‘ Francesco Ricciardelli — Wind Engineering March 2007 |
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Equation of motion in free atmosphere

aFe__ 1%
L P en
isobar \';9
I (d)
Feg= Vg

» + pfVy=0
on

_1op

V, =——1
’ pf on

where V, is the geostrophic wind
speed, that is the gradient wind
speed for the particular case of
straiaht isobars

Francesco Ricciardelli — Wi

ind Engineering

March 2007 |

Geostrophic wind speed: sample calculation

op_ _8millibar _  800Pa
on 500 Km 500000 m
f=2Q|sine
=2.0.729-10* rad/s-sin(55°)
=1.19-10*
p = 1.29Kg/m®
v, __lop_ 1

of on  1.29.1.19-10%625

1

=10.3 m/s

‘ Francesco Ricciardelli — W

ind Engineering

March 2007
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Equation of motion in free atmosphere

In case the isobars are curved the Coriolis force, the pressure
aradient and the centrifuaal force have to be in eauilibrium
op pVE
—+pfVe+
on pive R
where V;is the gradient wind speed and R is the radius of
curvature of the isobars; the direction of the trajectories is
still that of the isobars

=0

Ve=— E + ﬁ - E a_D Cvclonic ci lati
2 4 o on yclonic circulation
Ve=- R |T'RE_Rop
2 4  pon Anticyclonic circulation
Francesco Ricciardelli — Wind Engineering March 2007

Gradient wind speed: sample calculation

500 Km 500000 m

op_ _8millibar _  800Pa
on

f=2Q|sine
— 2.0.729-10% rad/s-sin(55°)
=1.19-10*

p =1.29 Kg/m?

R=1000 Km=10°m

fZRZ Y
fR+ 7Rip:

‘ Francesco Ricciardelli — Wind Engineering March 2007
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Equation of motion in the low atmosphere

In the atmospheric boundary layer the wind speed varies with height
and friction forces arise, parallel to the wind velocity and
proportional to the vertical velocity gradient

The friction forces cause the ftrajectories to deviate from the

+nnnnnt +a +tha icahana g

mation

High pressure : )
1
|
ioli | ——1
F. (Coriolis force]\’s {triction force) : [‘__,___.-—-—
. A !
Direction % | .
P (pressure gradient force 1 —
of particle —
e Lo

Low pressure

Friction forces take their maximum value at the
ground (z=0) and vanish outside the atmospheric
boundary layer (z=z,)

N

3
e

The trajectories take their characteristic pattern
named Ekman spiral

I
i

‘ Francesco Ricciardelli — Wind Engineering March 2007 |

Distribution of the mean wind speed

The (600 s or 3600 s) mean wind speed vector is dealt with as a
bivariate random variable, whose components are V,and V,

A Gaussian distribution is usually adopted, which describes
reasonably well the observed behaviour; for an isotropic circulation
and in the case in which the two mean components are uncorrelated
the joint probability distribution is:

[ S 2 2
1 | ':VX—VX + vy =V, ]
Puavy (Vi Vy) = > €XPp3 2
2nc 2c
Pl
Vpr VECTOR MEAN WIND
- STANDARD WECTOR
CEVIATION
P ;
— = = - =
kL"-'_Y'___7' . x
Francesco Ricciardelli — Wind Engineering March 2007
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Distribution of the mean wind speed

If the mean wind speed vector is Gaussian, then its modulus is
Ravleinh dictrihuted:

2
pV(U): Eexp{_u_yj V= x+vy
c 2c

to which corresponds the cumulated probability function:

—RAYLEIGH SISTHIRLTION

=
9:.1‘%.'!"’“"’”]!; L S u) =1-ex _
R, (u) Pl ~ 552

RELATIVE FREJUEMCY

Francesco Ricciardelli — Wind Engineering March 2007

Distribution of the mean wind speed

Field measurements proved the mean wind speed vector not fo be
exactly Gaussian

As a consequence the Rayleigh distribution does not provide an
accurate description of the wind speed modulus, especially at low
values

To overcome this problem a more flexible two-parameter Weibull
distribution is often wused, which better interpolates the
experimental data

[ K]

R/(u) =1fexpl‘[lkg) h

The cand k parameters are the dispersion and the exponent of the
distribution

For k= 2 the Weibull distribution coincides with a Rayleigh distribution

‘ Francesco Ricciardelli — Wind Engineering March 2007 |
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Distribution of the annual maxima

If the events V, are statistically
independent then the distribution of

For wind engineering purposes it is of interest
the distribution of the annual maxima

PePLULATION MA XML i
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‘ Francesco Ricciardelli — Wind Engineering March 2007 |
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Distribution of the annual maxima

In real life the events fail to be statistically independent, as the
length of a storm is longer than the averaging period; for this
reason the Gumbel distribution (first type maxima distribution) is
usually adopted:

Pi(u) = exp { ~expl|-a(u-U )]}
in which U is the modal value and 1/athe dispersion

The relation between the annual maximum and its probability of
occurrence is:

V=U +§[—In(—ln R)]

The probability that a given value of the mean wind speed be
exceeded in one year is:

P |_|—u> vV j|: 1- Ry(u)

Francesco Ricciardelli — Wind Engineering March 2007

Distribution of the annual maxima

The parameters of the distribution of the maxima are derived from
the measured series of the mean wind speed V

Each yearly maximum of the mean wind speed is an element of the
sample

For a reasonable estimate of the distribution parameters at least
20 years of measurement are necessary
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Return Period

A description of the annual maxima can be made based on return
nerinde (in veara):

B 1
1-RAu)
From the definition of the return period it is possible to express
the annual maximum as a function of the Gumbel parameters:
1

R(u)

V=U+ZInR
a
v
2 /¢
isArs 1. . L. g
a a
|
i - 13 1.23 TTi.a9
| oo 1.486 1.28
1000 - 1.89 3.07
Francesco Ricciardelli — Wind Engineering March 2007

Homogeneity of high winds

Usually the annual maximum is taken from recorded wind speeds as
the largest valued recorded within a given year

. . . First N yearky maxima
At a given site, however, wind {Iﬁ e nems re

storms can have a different i s od | T
natures, i.e. extra tropical ;J‘

’ . | .
cyclones, thunderstorms, o ilg,‘fl,f‘ J"J Ao thu ;r},“p"’ =
breezes, etc.; In this case
the use of one single Monthly or seasansl maxima
distribution for statistically s ! |
hon-homogeneous events can LR J'“Iﬁjﬁlﬁ Ll e A
prove incorrect B T ": : N
To overcome this problem, Slomm maxima Shorm threshold

events associated with
different causes have to be
treated separately
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Wind directionality effects

The structural response associated with the design speed is
evaluated for all possible wind angles, and it depends on the

characteristics of the structure

For a more accurate analysis, bringing
less conservative results, it would be
appropriate to take info account
directionality effects, i.e. to use
directional distributions of the wind
speed; this because in most of the
cases the worst wind incidence
direction does not coincide with the
weakest structural axis

The characteristics of the directional distributions may differ
substantially from one another, as they can be associated with

different generation mechanisms

e

o BTufRi. Cennapaty 80 oncersng
SR TR

‘ Francesco Ricciardelli — Wind Engineering

March 2007 |

Distribution of the annual maxima

The main advantage of the approach based on a Gumbel
distribution is that it is based on the measured annual maxima,
therefore the statistics are highly reliable

The drawbacks of the approach based on a Gumbel distribution are:

1. Continuous measurements are required for a rather large

number of years

2. In spite of the large amount of data, the statistics are
derived from a limited number of events

3. The model is unable to accurately model the left tail of the
distribution of maxima, that is it is unreliable for short

rotiirn norinde (in the ardor an anc vonr)

Francesco Ricciardelli — Wind Engineering

March 2007 |
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Francesco Ricciardelli

Department of Civil Engineering, Design, Building and Environment
Universita della Campania Luigi Vanvitelli, ITALY

The atmospheric boundary layer

The Atmospheric Boundary Layer (ABL) is the portion of the
atmosphere in which the flow is influenced by the presence of the
ground

The thickness & of the ABL can be defined based on a number of
variables, therefore its value depends on the particular criterion
adopted.

However, it mainly depends on the ground roughness, and is in the
range of about one kilometre on open see to a few kilometres in city
centres with a high density of tall buildings

For the purpose of the evaluation of wind effects on structures only
the lower portion of the ABL is of interest. Therefore reference is
made to a conventional height, above which the effects of the
ground roughness are considered negligible. This is termed
geostrophic height, z,

| Francesco Ricciardelli — Wind Engineering October 2009
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The atmospheric boundary layer

The mean wind speed inside the ABL varies with height, from zero
at ground level to a maximum value equal to the geostrophic speed at

the upper limit of the ABL
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The atmospheric boundary layer

The development of the ABL is caused by friction at the ground. In
addition o the shaping of a mean wind velocity profile, friction causes
a mixing in the flow, which generates the atmospheric turbulence

The larger the friction stresses the larger the turbulence they
generate N

S

b —

October 2009
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The atmospheric boundary layer

A measure of the ground friction is given by the surface shear 1

To= puz*

in which u. is the shear velocity, and which represents the law of
the wall

The ABL is, in fact, a turbulent boundary layer and energy
transfer between faster and slower layers occurs through
turbulent mixing. The energy is then dissipated in the lower layers
through viscosity

The turbulent energy transfer between the layers is described
through the fictitious shear stresses t,and t,which are called the
Reynolds stresses

Francesco Ricciardelli— Wind Engineering March 2007

The atmospheric boundary layer

The air motion inside the ABL is described through the velocity
components:

uit)=U +u’'(t)
v(t) =V +Vv'(t)
w(t) =W -+w'(t)

The existence of a gap in the long ferm velocity spectrum allows to
assume that the mean and fluctuating components are independent,
and can therefore be investigated separately

The spatial distribution of the mean components is described in
deterministic way, and is related to the gradient velocity

The aradient enced ic rancidered a randam variahle

| Francesco Ricciardelli — Wind Engineering March 2007
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Equations of the mean flow

For an atmospheric flow, assuming that air is an incompressible fluid

+he satintinne Af mamentiim halanrs Aand Af FAantiniitg ans:

vl vl WY 10y 10w,

OX oy 0z pox p 0z
U%+Vﬂ+Wﬂ+_lip+fU—lai:0
OX oy 0z poy p 0z
18—p+g:0

p 0z

U, v, W

oxXx oy oz

which contain 6 unknowns; additional phenomenological equations
(closure equations) have to be introduced to obtain a solution

| Francesco Ricciardelli — Wind Engineering March 2007 |

Equations of the mean flow

Closure equations are those relating the Reynolds stresses to the
velocity gradient, which are in the form of the law of the wall

™= pK(X, Y, 2) 63%

oV
w=pK(Xy.2) —

K(x 2 = L’(x,y,2) J@—i] +[Z—ZV)

K(x,y,2) = furbulentviscosity
L(x,y,2) = mixinglength

Either the turbulent viscosity or the mixing length have to be
known for the equations to be solved

| Francesco Ricciardelli — Wind Engineering March 2007 |
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Equations of the mean flow

Upon differentiation of the third ol a_p\z_pa_(l_\ op
momentum equation with respect ﬁx‘ A7 ) ﬁx\ n ‘87

to xand yone obtains i(a_p\:_pﬁ_(l_\ op
ﬁvl N7 I ﬁvl N ‘37

Assuming that the air density is 0 q E)p\]_ 0
constant  in  horizontal  planes 62\@7()_
(stratification), it is found that the
horizontal ~pressure gradient s 0 MPL 0
constant with height 2\ W)
Therefore the pressure gradient is I 2
the same at all elevations in the ABL, P _ p| Vot ve
and rainridont ta that anteido the ARI on | R
| Francesco Ricciardelli — Wind Engineering March 2007

Equations of the mean flow

Being the storm scale much larger than the local scale, it is possible
to assume that the isobars are locally straight, which brings

0 0
L PV ; P pfVyy
OX oy

where Vg and V,, are the components of the geostrophic wind

velocity in the xand ydirections

For large storms it is also reasonable to assume that the flow is
locally homogeneous in horizontal planes, that is

ou

Av jaly

Francesco Ricciardelli — Wind Engineering March 2007
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Equations of the mean flow
Neglecting the vertical component of f VgV = 10w
the mean wind speed, the x and vy p 0z
momentum equations are: . 101,
V, =7
(Vy+U) =
Assuming that the x is parallel to U= Vax =4
the ground shear the following V=Vy Z=1
boundary conditions apply: U=V=0 z=0
Tx= Ty == O Z= Zg
where z;is the thickness of the ABL Ti=To 7-0
Ty = 0 z=0
| Francesco Ricciardelli — Wind Engineering March 2007

Equations of the mean flow

With the further assumption that the fturbulent viscosity is
locally constant, the xand y momentum equation have the solution

Y

P

R
—

U(2) = VT"Zﬁtl—e*az(cosaz— sin az)h

V(z) = :;/_%El 1-e#(cosaz+sinaz)|

where a=,/f/2K

These are the equations of the Ekman spiral,
whose accuracy is bound to the hypothesis of
constant turbulent viscosity

1
|
1
i
I
1
|
b
|
!
!
I
1
|
I
I
1
I
|
1
|
1
|
1
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Equations of the mean flow - similarity approach

Following a phenomenological approach one can assume that the
ABL is divided into two regions, a surface layer and a outer layer

fe,
= .
Ua n 3, LARGE EDDY MOTION

In the outer layer
the air motion is
scaled to the ABL
thickness z,

In the surface layer
the air motion is
scaled to the
roughness length z,

. SHEAR STRESS v- sul

Francesco Ricciardelli— Wind Engineering March 2007

Equations of the mean flow - similarity approach

In the surface layer it is possible to relate the surface shear to
the wind speed U at some height z, to the roughness length and
to the air density

To=F(U(2), 2,p)

V@ 2,
vz

In the outer layer it is possible to relate the defect velocity to
the surface shear, to the ABL thickness and to the air density

as To= pu% then

U@ _ Vs, z \
U (2) -Vq = F (7o, zg, or =9+ f,| &
(2)~Vo=F(t0,2,p) T w
Francesco Ricciardelli — Wind Engineering March 2007
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Equations of the mean flow - similarity approach

A transition region must exist in which both expressions are
reasonably acceptable, and in which they provide the same result

[z

-

For a multiplying factor inside the function
f, fo become an additive quantity outside
the function f, the two functions must be

logarithmic, in particular

There results the logarithmic wind speed profile

22)_ Ve,
u.

% %)

(z)

(2)

U(2)= u*ln |

k=0.4 = von Karman constant

(Z)

z)

NEATE TG
sz Lzo)l

Francesco Ricciardelli — Wind Engineering

March 2007 |

2y (m) Landscape description
1:0.0002  {Open sea or lake (imespective of the wave size), Gidal Mat,
Roughness Iengfh “Hea" snow-covered fat plain featureless desert, tarmac and
te, with a frae feteh of severn! kildmeters.
2: 0,005 Featurcless land surfuce wilhoulany nuticeable obstacles
"Smooth” [and with negligible vegefation; ¢.g. heaches, pack ice
without large ridpges, morass, and snow-covered or fallow
U|)§:ll_l‘£!ll‘lllj‘
= P PRSI ]
3003 T.2vel couniry with fow vegelation fc.g. grass) and 1solatcd
The r‘oughness lengfh “Open” batac) wi?l"l parali l:Jl'ttt h-.n:51 ‘%’l Qfﬂ )' hiesighis;
H H e.g grazing land without windbreaks, heather, rmuor amd
characterises the average size o e ay aven o7 aimors
of The vortices whlch forlm 40,10 Cultivated areawnmrcgulan.uvvn\rlnw crups, ur
. . #Ruughly |moderately apen country with accasional obsiacies (e low
wi Th n 1‘ he r'ough ness elemen'rs open” hedges, single rows ol irees, Isolaled Tuoms) al clabive
horizontal distances of at lcast 20 obstacle heights.
[5-025  |Recently developed "young" landscape with high crops ur
“Rough" |crps of varying height, znd scattered obstacles {e.g. dense
shelierhedis, vincyards] af relative distances of abait 15
obstacle heights. R
6: 0.5 "0ld" cultivated landscape with many rather large obstacle
"Very groups(farge farms, elumps of forest) separated by open
z rongh” spacts of abeatl 0 ohetacle heighis. Also Yow large
b ue) vagetation with small inter-snsees, such 42 huahand, archands,
young densely-planted forest.
- 7 1.0 Lamiscape totally and quots regularly covered with similar- |
"Closed" |size large obslacles, wilh open spaces comparable to the
obstacle heights; ¢.g. mature regular forests, homogeneous
oM. 3 citics or villages.
T e 22 Centres of large towns with mixture of low-risc and high-
"Chaotic™ |rise buildings. Also immegular large [orests wilh many
clearings. L

F=7p
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Roughness length

Francesco Ricciardelli — Wind Engineering March 2007

Equations of the mean flow - similarity approach

The logarithmic law has been obtained for the lower portion of the
ABL, therefore it tends to loose accuracy in the intermediate and
upper portion of the ABL

Full scale measurements have shown that the logarithmic profile is
reasonably accurate up to a height of

Z=G- UT ci= 0.015-+0.03

For practical applications a conventional limit of 200 m is accepted

In order to appropriately model the flow also in the upper portion
of the ABL, a modified logarithmic law can be used

U() = %||[|n|&) +5.75% —1.88( QZ —1.33( gT + o.25(?ﬂJ

Francesco Ricciardelli — Wind Engineering October 2009
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Equations of the mean flow - similarity approach
The depth of the ABL can be approximated as
5=c- & c=0.15+0.4
f

where the value ¢ =0.167 is usually adopted

When the modified logarithmic profile is used the geostrophic wind
velocity turns out to be

v, =E{n [“—*\|+1}
k fz,)

Francesco Ricciardelli — Wind Engineering October 2009

Equations of the mean flow - similarity approach

For structural engineering purposes the modified logarithmic
profile can be approximated as

(LZ_\HWS%T |

U(z)zu*rr“n =)

Which keeps about the same accuracy of the modified logarithmic
profile up to a height of 300 m

Francesco Ricciardelli — Wind Engineering October 2009

161




Power law mean wind speed profile

As an alternative to the logarithmic profile a power law profile
is sometimes adopted [Hellmann,1916]

7 \a - _.Iog.]arimn'icp:nfila(ﬂ,"s:} il
U(2) =U(z«) ~—~-Comecled log. prole 328) [ !
Ziet J — - — Power law proflle (3.2.8) ;',"
150k rf
a{i
The exponent of the power law |
depends on the terrain roughness
There is no physical justification
to the power law profile, but if = 4
properly calibrated it provides a
good approximation of the actual '
volarityv Aietrihiitinn a L - Ut o)
0.8 1 12 1.4 186 1.8 a0
March 2007
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exceed the geostrophic value

than

Z,=765- o +195

Power law mean wind speed profile

As it is monotonically increasing, the power law profile does not
meet the requirement that the mean wind velocity must never

For this reason its validity is usually limited to heights lower

Above z;the mean wind velocity is assumed to be constant

October 2009
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Terrains with non-homogeneous roughness

A change in roughness causes a modification in the mean wind profile,

uihirh nrananntne Aanmetnoam +ho naint Af natninhnsee rhannan

Intemal boundary layar
hy

_ Shifi of roughness

Equilibdum layer

e

—
R length
Roughness lengin zy, oughness lengih 7,
_—
['4] X

Francesco Ricciardelli — Wind Engineering October 2009

Terrains with non-homogeneous roughness

In theory the profiles applying for z< h;and z> h,must be joined for
h,<z<h,

For practical applications the
following two cases are considered:

1.  If the construction is lower than
h,, then the profile of roughness
Z,,is used

2. If the construction is higher than
h,, then the profile of roughness

/o
Zyis used for z>h,,and a A

modified z,, profileis used below h,

Francesco Ricciardelli — Wind Engineering October 2009
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Displacement of the mean wind profile

When the roughness is very dense it is necessary to consider a
zero plane displacement d equal to the average height of the
roughness elements, and consequently reduce the roughness
length

L]

Uz}
T z-2,:d
]
{; 53 é, é,é@iég -
z=0
Francesco Ricciardelli— Wind Engineering March 2007

Topography effects

separation sepatalion

Francesco Ricciardelli — Wind Engineering March 2007
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Atmospheric turbulence

The atmospheric turbulence is modelled as a Gaussian, ergodic, nil

mman mmiildivaniats nandam £islA

P =
u(P. =uxy,2.9 A local description and a spatial
V(P,t) =v(x, Y, Z1) organisation of turbulence are required

w(P,t) =w(x, y, z,1t)

Height 43.1m
20F% | pa # . W
£ 10}
Z Height 25.5m
£ 10 LI | i
g 20?& Height 14./m
i
il WMMWMWHW
10 e Py l‘ﬂﬁﬁﬁﬂj
+ _— + + =
0 10 20 30 40

44
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Local description of the atmospheric turbulence

It is assumed that the three turbulent components are statistically
independent (uncorrelated) of each other

Time domain description:

Frequency domain description

Tiwmhilenrs intoneitine

R()  R()  Ru1)
S(f)  S(f)  Su(f)
zuﬂzui.ﬂoﬁ 5 j Su(f)- olfﬂ2
Ui=ui-‘, (0= t—[jows,(f)-dfﬁ
Uﬂ=ui' RW(O)=U1‘[|.OOOSN(f)-df—||J12

Francesco Ricciardelli — Wind Engineering
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small size vortices

Kolmogorov hypotheses

The motion of small size vortices
is governed by the energy flux
and by viscosity, therefore it is
independent of boundary
conditions; the flow is said to be
isotropic

In the inertial subrange energy
dissipation depends only on the
energy flux, and is independent
of viscosity

The energy cascade
Within turbulence energy is transferred from large size vortices to

Small size vortices are responsible for energy dissipation

SPECTRAL INTENSITY

AN
2 X
/ / ﬁég G

PRODUCTION

INERTIAL

LOG FREQUENCY
! L 1

1
Plelsls)

oo [
WAVELENGTH [mi
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The energy cascade
For the second Kolmogorov hypothesis it is possible to write
F[S(K),K,e =0
where K=2n/A=2nf/U is the wave number and SK) is the energy

associated with the vortices of wave number K (spectrum of
turbulence) and ¢ is the energy flux

s=ler2] o k=) e=lers
Dimensional analysis provides the following equation

Si(K) = E(K) =c-£28. K58

with c experimentally found to be 0.5

The physical dimensions of the quantities in the equation above are

Francesco Ricciardelli — Wind Engineering

March 2007

The energy cascade

In the inertial subrange the energy dissipation is given as

1, dU
eE=

p dz

Upon substitution of the logarithmic profile one obtains

iS(z.f) _

2

s

[z )%

026 ——

@)

nrannrtinnal +na f-213

Therefore the Kolmogorov bring that in the inertial subrange the

spectrum of the longitudinal component of furbulence is

| Francesco Ricciardelli — Wind Engineering
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Spectra of the longitudinal

Th. Von Karman (1944)

component of turbulence

J.C. Kaimal (1972)
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Spectra of the lateral and vertical
components of turbulence
J.C. Kaimal (1972)
e
1+9.5 ——’
{ V(@ |
JL. Lumley, H.A. Panofsky (1964)
fle(; D _336 Uf(zz) . 1f =
" 1+10 f% |
)
Francesco Ricciardelli — Wind Engineering March 2007

168




Spatial organisation of turbulence

Gaining knowledge of the cross spectra of turbulence is non an
easy fask, for this reason the imaginary part of the cross spectra
is neglected, and the real part is given as the product of the local
spectrum and a coherence function

For example, for the longitudinal component the cross spectrum
for points in a plane orthogonal to the wind direction is

S(y2z21) = Si(yz, T)-Su(yaze, F) - y(YrYo2a 22 F)

In case of a homogeneous flow

Si(AV.Az. fY=S./(f)-v(Av.Az )

Francesco Ricciardelli— Wind Engineering March 2007

Spatial organisation of turbulence

Coherence decays with distance and frequency: for simplicity it is
assumed that the decay rate is the same for distance and
frequency and exponential functions are used such as that
proposed by Davenport

[r2(1 %)Y +Ci(y-y.)
z Y Y2)
f)= exp)—2f ¥ 2 Y
Y(WY2z2 T) P U@ U@

in which Cyand C,are the lateral and vertical decay coefficients

60

The decay coefficients are
functions of the terrain
roughness, but for engineering
applications it is acceptable to
take the constant values C,=16
and CZ:]-O 0 L L L L

lyy-vyal/iz
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Integral scales of turbulence

- —— AT IIIMIT (I =

250 FT

i ANk S
WTeRvaLS (wey [ 118[ |20l 25 sofil]>s Hll a0l
Turbulence is seen as a superposition of vortices of different sizes
dragged by the mean flow (Taylor hypothesis of "frozen turbulence")

The average sizes of these vortices are characterised through the 9
integral scales of furbulence

X 1 (= X l¢= X _ 1 =
L _FL’ R.(x,0)-dx Lv=$.|‘o R(x,0)-dx LW_WJ.O Ru(x,0)-dx

1w 1 1
L==[ ROty L=—f "R(%.0)-dy L%—WL Ru(y,0)-dy

i=S[[R@Od =S [RE@Od  i-— [ R0
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TU 1304 | WINERCOST | Napoli (Italy), 23-28 April 2017
Alberto Mandara — On the buckling design of steel tubular wind towers

Main features of shell structures

* PROS

— High stiffness;

— High strength to weight ratio;
Full exploitation of material properties;
High suitability to serve as holder, tank, bin, pipeline, etc.;
High capability to sustain structural damage when properly
designed.

» CONS

— Complex and hard to predict buckling behavior;

— High sensitivity to structural imperfections and local effects;
Highly unstable postcritical behavior;
Remarkably brittle behavior after buckling;
Relatively great difficulty to model the actual behavior of the
imperfect structure.

TU 1304 | WINERCOST | Napoli (Italy), 23-28 April 2017
Alberto Mandara — On the buckling design of steel tubular wind towers

172



Importance of imperfections

Shell buckling

TU 1304 | WINERCOST | Napoli (Italy), 23-28 April 2017
Alberto Mandara — On the buckling design of steel tubular wind towers

Unstiffened cylinders under axial compression

bl Leng
eylinders

3<L’/Rt <8R?/t?

el Maderately
oz s o=z long cylinders

TU 1304 | WINERCOST | Napoli (Italy), 23-28 April 2017
Alberto Mandara — On the buckling design of steel tubular wind towers

L’/Rt>8R?/t* ~

{a) Axisymmetric

(k) Asymmetric
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Cylinder under axial load

Unstable posteritical branch Unstable
postcritical

Stable postcritical branch
branch
Imperfection-free
structure
u
Structure with imperfection

Precritical branch

TU 1304 | WINERCOST | Napoli (Italy), 23-28 April 2017 :
Alberto Mandara — On the buckling design of steel tubular wind towers

Elastic bifurcation load
1
—
2 =k
1L il
477 TRt = 200
: I O |
: LI |
} L
) ~
: \\ o . E 1
- Rit=100 \ “ 1-v2) R
. . “Koiter” circle equation
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Synopsis of buckling loads and critical modes for load cases
under consideration in EC3 and EC9

Cylinders under axia load

) . . Plasticity ;
Elastic bifurcation load Number of urcumferen_ual " a_nd add reduction Number of _aX|aI (m_) waves at
(m) waves at elastic buckling factor plastic buckling

E t

Gu,d :\/3(17\/2) R

(7 + (/AR 2L s
nt TR

Cylinders under external pressure

Elastic bifurcation load

Number of circumferential
(n) and axial (m) waves at
elastic buckling

Et/R 1

2

4= 2
n? —1+}[§]
R

ST Ilfvz (nZ’hﬂszzz
[[nL)Zﬂ] - [ J]

S|

t

RJO.ZS

Cylinders under torsion

Elastic bifurcation |oad

Number of circumferential (n) and axial
(m) waves at elastic buckling

2 5/4
7, =075E Rj (t
L) R

n=42(075"° JE ‘{/E
LVt
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Chiyd

Lower Bound Design Philosophy

T
0 1000
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Imperfection sensitivity analysis

Rt _|R | flun] |2 ] LR | Payametric analysis: Shell geometrical
Cylinders under axial compression .
m [ww [ = [aw [ 2 | data and material features
100 ] 10 2000 2
a0 1000 20 2000 2
23 1000 0 2000 Z Joz [MPa] | #po.
123 1000 20 2000 3 Strong hardening alloys 1o 10
Cylinders under external pressure Weak hardenmg alloys 200 20
00 1000 5 4000 4 (Heat-treated alloys) 300 30
100 1000 10 4000 4
gl 1000 gl 4000 4 Mechanical features of allovs under consideration.
200 1000 5 2000 )
100 1000 10 2000 2
30 1000 20 2000 2
200 1000 5 1000 1
100 1000 10 1000 1
30 1000 20 1000 1
Cylinders under torsion
70 1000 5 4000 4
100 1000 10 4000 4
a0 1000 20 4000 4
200 1000 5 2000 4
100 1000 10 2000 2
30 1000 20 2000 2

Geometric data of analysed cylinders (R
mean rads, § wall thickness,

L overall length) The ABAQUS model
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Imperfection sensitivity analysis

The imperfection model

We Z %e—klx(x—xo)z co{kzgr (X—on) efkly(yfyo)2 o k2y”
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Imperfection sensitivity analysis

Buckling response of
axially loaded cylinders

Carichi Assiall [KN]

L A=
P
Z - o=
AeAQUS
o
o 2 4 o s 10 2
R=s0 B
102 = 100 Nimmq I e
“| = = ITiro Appoggiato < s
simmetrica H
ol &
o

S——
o] —
=001 ]
—
Camos>
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Imperfection sensitivity analysis

Deflected shapes at buckling
(cylinders under uniform external pressure)
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Imperfection sensitivity analysis

Imperfection sensitivity curves (axially loaded cylinders)

1,4 - : .
Py /Perin Cylinders under axial load

Imperfection Sensitivity Curves

1,2 4

[CLASS A] | [CLASS B | [CLASS C]

R/t=200 R=1000mm t=5mm R C—
fo, = 200 N/mm?
024 [Pep =5293.38 KN

Gorn = 168.49 N/mm ? Wolt
0,0 T l T T T T

0,0 0,2 0,4 0,6 0,8 1,0 1.2 H

Imperfection sensitivity analysis
Imperfection sensitivity curves (cylinders under external pressure)
1.0 Fei PP, Cylinders under external pressure
\‘_ ' Imperfection sensitivity curve
0,8 T
L =1000 mm R=1000 mm t=10 mm
RA=100 L/R=1
n=9 f= 100 N/mm? n=9
0,6 T _ 2
Perin = 0.620 N/mm
04+ [Class A] |[Class B] | [Class C]
L =1000 mm R=1000 mm t=10 mm
0,2+ |RA=100 L/R=1
f3, = 100 N/mm? n=8
Py = 0.610 N/mm? Wt
0,0 +— l : : |
0,0 0,2 0,4 0,6 0,8 l,O

178



Imperfection sensitivity curves (cylinders under torsion)

Imperfection sensitivity analysis

o6 |
0,4 +|~*" Longitudinal Imperfection
——Helical Imperfection
02+ Cylinders under torsion F/t_zoz(?ﬁu LR=2 t=5mm
Imperfection sensitivity curve| |~ mmo
Tereh = 49.358 N/mm
Wolt
0,0 } } } } |
0,0 0,2 0,4 0,6 0,8

voff]

Set-up of buckling curves

Calibration of buckling curves

1.20 q |
X B Minimum Value
[ ]
1.00 <A 8a & Medium Value ]
\ 54 A Maximum Value
0.80 %t A X 5% P i W
n © b Percentile Value
.
0.60 - Q N
o
0.40
Cylinders under axial load 2
0.20 - Weak hardening alloys
' Quality Class A \
A
0.00 } }
0.00 0.50 1.00 1.50 2.00
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Set-up of buckling curves

Calibration of buckling curves

1.20 ‘ I
. OL/R=2 R/T=200
X Cylinders under external pressure _ _
: ©L/R=2 R/T=100
1.00 Strong hardening alloys = -
. AL/IR=2 RIT=50
Quality class A
® L/R=1 R/T=200
0.80 WL/R=1R/T=100  —
#L/R=1 R/IT=50
0.60 XL/IR=4RIT=200 | |
X L/R=4 R/T=100
+L/R=4 R/IT=50
0.40
0.20 A
A
0.00 }
0.00 1.00 3.00 5.00 6.00
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Set-up of buckling curves

Calibration of buckling curves

1.20 I ‘
X Cylinders under torsion B L/R=2 RIT=200
1.00 i Strong hardening alloys ¢ L/R=2 RIT=200| |
\ Quality class B A L/R=2 RIT=100
A OL/R=2 R/T=100
0.80 X OL/R=2 RIT=50 |—
AL/R=2 RIT=50
[ X L/R=4 R/T=200
0.60 * X L/R=4 RIT=100] |
+ L/R=4 RIT=50
X
0.40 -
0.20
A
0.00 t t
0.00 1.00 2.00 3.00 4.00 5.00
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Loading on wind energy generators

» STATIC LOADING

Loads which are constant in time and whose resulting deflection is
constant and proportional to the structural stiffness;

¢ CYCLIC LOADING

Quasi static cycling (slow loading variations with deflection proportional

to the loading);

Dynamic cycling (deflection is related to the damping forces of the
structure);

* STOCHASTIC LOADING

Random load predominantly from wind turbulence and relevant to the
fatigue response;

*« AERODYNAMIC LOADING

Loading derived from the force of the wind;
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Loading on wind energy generators

* MECHANICAL LOADING
Loading resulting from the mass or the momentum of the wind on
turbine structure;

* GRAVITY LOADING
Loading acting on all turbine elements and producing both static and
dynamic effects, including fatigue damage;

* CONING EFFECT
Bending of the rotor blades in high winds which produces centrifugal
force acting against the aerodynamic steady thrust, thus reducing the
mean blade loading;

* YAW FORCES
Loading derived from the sudden variation of wind direction;

* SEISMIC LOADING
Action due to earthquake;

e TRANSIENT LOADS
Mostly due to start up and shut down operations.
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Loading on wind energy generators

R S P
F=F+[fi(z)de =5 pUpCod+ [ pU(2)' C,D(z)dz

H H
M =FH'+{ f,(z)zdz = %p( iC AH' + I%p( (2)C,D(z)zdz

¢ F, base shear;

* M, base overturning moment;

Wind loading

>

* F,, wind force on the blades;

* f, wind force per unit length on wind tower;
* H, height from the ground to the center of the hub;
*  p,air density,;

e Uy, mean wind speed at the height,;

. Cf, and CP, wind force coeff. for blades the tower, resp.

e A reference area of blades;

¢ D(z), diameter of the tower.
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M

Loading on wind energy generators

Fa= S(TWi/g Seismic loading

Fo= S(TWo/g W, ,, weight of the structure
|\ M=F H+F,2H3 o<t et

\ A
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The european
codification on shells

The EN1999-1-5 Aluminium
shells — General part
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The european codification on shells

Annex A [normative] - Expressions for 2 analy s

Al Unstiffened cylindrical shells of constant wall thickness ...
ALl  Notations and boundary conditions

Al2  Meridional (axial) compression.
21

The EN1999-1-5 Aluminium Shells

Critical mendionsl buckling stresses 32 A nnexes
A Menidional buckling parameter. T}
Al3  Circumferential (hoop) compression. 34
Alll ntical carcuanfereatial buckliog stresses 34 A5 Stiffened cylindrical shells of constant wall thickness.
A132  Circumferential buckling parameter 38
Ald  Shear 1 AS1  Gesenl ™
ALAL  Cricical shear buckiing strosscs, 37 AS2  Isetropic walls with meridional stiffeners a8
A142  Shear buckling parsmeters 38 A$21  Geenl s
AlLS \lmdmu] (axial) compression with cosxistent intemal pressure 38 A$22 Mendional (axial) compression 4
Als Pressurised entical mendional buckling stress 38 AS23  Cucumferential (hoop) compression 49
AlS : Pressurised meridional buckling parameters 38 A.324  Shear 49
Al6  Combinations of meridional P " (hoop) and shear AS3  Isotropic walls with circumferential stiffeners 50
AS4  Circumferentially cormgated walls with meridional stiffeners 0
AS41  Genenl 0
2 Unstiffened cylindrical shells of stepwise wall thickness.... Af42  Axial comprension o
General a0 AS43  Stffencd wall reated as camying axial compression only in the stiffeners 52
Notations and boundary conditions 40 AS44  Circumfereatial (hoop) compression )
M ‘I’m“]‘"n ='|"”mm ey :: ASS  Axially comugated vmllu\'iltr_ng stiffeners 5
Morihoonl i) sompreseion a gy iy oo o
ircumferential (hoop) compression o .
Critical aferential buckling stresses 1 A : 2 Wﬂ‘mwmm - .k:
Buckling strength venfication for circumferential conspression “ A883  Ciremnfeeal (hoop) compression 5
‘Shear W A5G Stiffened wall reated a5 an orthotropic shell ... 54
Critical shear buckling stress “u A : 61 Genenl :
Buckling strength venification for shear a8 ASEL  Awmal compressicn... : 58
. ABE3 Cuereusial (hoop) compressson a5
3 Unstiffencd lap jointed cvlindrical shell; 4 AS64  Sher P
A3l Genenal 48 AST  Equivabent orthotropes propertics of comugated sheetiag. &7
ALl Definitions 45 A6 Unstiffened spherical shells under uniform s a5
AJ12  Geometry and stress resultants 48
A32  Meridional (axial) compression 48 A6 Notaticns snd bouodaey coodilions a5
A33  Circumferential (hoop) compression. a8 AG2 Critical BcKlng sIESSES oo L)
A34  Shear 46 A63  Cucumferential buckling m.uurn %
= Unstiffened conical shells 46 Annex B [infermative] - Exprevdoas for buckling aunalviis of tericonical and torispherical shells....... &0
A4l General 6 Bl Genenal s
A4l Notation 46 Bl aations and boundary conditions .. &0
A412  Boundary conditions 46 B Extensal pressurs a1
A4l 4 B3l  Critical extermal pressure..... S 61
AA42  Design buckling stresses a7 B32  Uniforns squash it exermal pressure. a2
A421  Equivalent cylinder. a7 B33  External pressure bucklng pater . 63
A43  Buckling strength verification a7 B lusemal pressise &
A431  Meridional compression a7 Bl ical insernal peessue. &
A432  Circumferential (hoop) compression 48, Bal forms squash &4
Ad33  Shear and uniform torsion 48 °  BA3Y  lImtemal presoure buckling parmnseter... 68
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Recommendations

5% Edition
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PART I:

General recommendations for design against buckling

. Introduction
. Shefl buckling behaviour and design concepts

o

3. Scope, conventions, definitions, units, symbots and
sign conventions
. Modelling of the shell
. Material assumptions
Geometric tolerances and imperfections
Rules for the plastic limit state assessment
Rules for the buckling limit state assessment using design
oy global numerical an-alysis
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o

. Rules for the buckling limit state assessment using
stress design

PART II:

Recommendations for particular shells

10, Cyfindrical shells of constant wall thickness under general loading

11. Cyfindrical shells of stepwise variable wall thickness

12 Cylindrical shells under wind loading

13, Conical shielis and truncated conical shells under general loading

14, Licguich-filled conical shells supportied from below

15, Spherical shells under uniform external pressure

16, Toriconical and torispherical shelis under uniform extermal and
internal pressure

17. Cylindrical shells with ring stiffeners under uniform
external pressure

18, Cyfindrical shells with longitudinal stiffeners under uniform
meridional compres-sion

19, Conscal shells with
compression

20. Saddle of ring supported cylindrical shells

stiffeners under
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Shell configurations in EN1993-1-6 and EN1999-1-5
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Types of shell analysis enabled in
EN1993-1-6 and EN1999-1-5

Membrane theory analysis
(MTA)

An analysis of a shell structure under distributed loads assuming a set of
membrane forces that satisfy equilibrium with the external loads.

Linear elastic analysis
(LA)

An analysis on the basis of the small deflection linear elastic shell bending
theory assuming perfect geometry.

Linear elastic bifurcation
(eigenvalue) analysis

(LBA)

An analysis that calculates the linear elastic bifurcation eigenvalue on the basis
of small deflections using the linear elastic shell bending theory, assuming
perfect geometry. Note that eigenvalue in this context does not refer to
vibration modes.

Geometrically non-linear
analysis (GNA)

Materially non-linear
analysis (MNA)

An analysis on the basis of the shell bending theory assuming perfect
geometry. considering non-linear large deflection theory and linear elastic
material properties.

An analysis equal to (LA). however, considering non-linear material
properties. For welded structure the material in the heat-affected zone should
be modelled.

Geometrically and
materially non-linear
analysis (GMNA)

An analysis applying the shell bending theory assuming perfect geometry.
considering non-linear large deflection theory and non-linear material
properties. For welded structure the material in the heat-affected zone should
be modelled

Geometrically non-linear
elastic analysis with
imperfections included
(GNIA)”

An analysis equal to (GNA), however, considering an imperfect geometry.

Geometrically and
materially non-linear
analysis with imperfections
included (GMNIA)

An analysis equal to (GMNA). however. considering an imperfect geometry.

1) This type of analyses is not covered in this standard, however, listed here for the purpose of having a complete
presentation of types of shell analysis.
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Shell buckling — EC3 formulation

Ovkrk = 2 fyk. OoRrk =26 fyk. TRk = Xt fk INE

r=1le A<,

n
A=A
y=1-pl "2 | o A, <A< 4
A, -2 ° P
p 0
o *  Oype Ogrie Txgri Characteristic buckling stress;
= — < .
X 22 < 4 p = A e buckling factor;
¢ A relative shell slenderness;
fyk e Jg squash limit relative shell slenderness;
A=
O \re . /IP, plastic limit relative shell slenderness;
P a * [ n, parameters of buckling curve;
p - . .
1- ﬂ * g, elastic imperfection reduction factor;

. fyk, characteristic steel yield stress.
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Set-up of buckling curves

Shell buckling - fabrication tolerance classes in EC3

t A
£9<
L a) flattening b) unsymmetrical shape
Fabrication
U. = dumx — dm.in Wo <y 0 P & < M tolerance Description
p < max s .
dnom ¢ gx t t quality
class
U omax Dimpletolerance parameter ClassA | Excellent
ClassB High
4 gx — 4~/Rt  Gaugelength ClassC Normal
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Set-up of buckling curves

Expressions of buckling factors according to EC3

Axial (meridional) load Externa_l pressure
and torsion (shear)
Ao 0.20 0.40
B 0.60 0.60
1.00 1.00
. External pres-
Fabrication sure (ap) and
tolerance . Axial (meridional) load _ e
. Description torsion (shear)
quality
class (a.)
Q Oy o Or o
ClassA Excellent | 40 0.62 0,75
ClassB High |25|%= 1( )1.44 0,65
ClassC | Normal |16 1+1901/ QVr /t 0,50
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Set-up of buckling curves

Shell buckling — EC9 formulation

Load cases
* axial compression

_ * external pressure
Unstiffened shells

* torsion
_ ) Jo
OxRd = %xPx wXx perf -
M1 Stiffened shells
5 Jo _ ) "y Rk
O0.Rd = %0 PO w X0, perf » Ny Rd = @n x X x, perf ”
/0 Pn Rk

TRd =% Pr.w Xt perf ‘/5 p PnRd =%p 920, pert —
MI )

TU 1304 | WINERCOST | Napoli (Italy), 23-28 April 2017
Alberto Mandara — On the buckling design of steel tubular wind towers

187



Set-up of buckling curves

Shell buckling — EC9 formulation

1 ~ [
Aiperf = 7o but Xipert = 1.00 Ay = |= =
b+ NS~ A7 T
- fo
1t - /.g =
with: Tg or
- a = 72 —
¢ = 0,5(1+ M (A = A g+ A ) Ay = Jo
\/F‘rcr
Material buckling class Axid (?;i;dlonal) External pressure Shear (torsion)
Ax0 L Aoo Lo Ao L
A (Weak hardening alloys) 0.2 0.35 0.3 0.55 0.5 0.3
B (Strong hardening alloys) 0.1 0.2 0.2 0.7 0.4 0.4
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Elasto-plastic bifurcation load

Aluminium alloy

£y 0%
E

[
-

> 209
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O-cr,pl =10 cr el

_ ‘\/EtEs

T=TTE

“Ramberg-Osgood” law:

GJ"

e=24 o.ooz(
E

f02
do E
E! == n-1
de o.ooan( o j
1+ —
f02 f02
E-2_ E

1+

S e 0.00ZE[ o

fOZ fOZ

Jnl
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“Ramberg-Osgood” law

— 120
=
£ fo2 | —
2 \‘ [ __——1
2 \ ———
© 100 I//
3 / 1
@ |
< ]
= ) n=10
<} ! n=20
3
4 n=30
2
I
60 X

|
1
1
1
1
1

20 L

1
!
| |jEE
i
0

0 0 0 0 0 001001001 001001 001
Deformazioni Assiali g

High hardening

alloy

f,, =100 N/mm?

n=10

N
R
S

)
IN]
S

02 —1
—

n=10
160 n=20

n =30
140

120 [}

I\
\\_\_\ [*4
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=
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3
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/ /

|
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/
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Heat treatment
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n=20
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alloy

£, , =300 N/mm?
n=230

Shell buckling — fabrication tolerance classes according to EC9

Set-up of buckling curves

Fabrication tolerance Diameter range
quality class d<05m 0.5m<d<125m 125m=d
Class 4 0,010 0,005 + 0,0067(1,25 - d) 0,005
Class3 0.014 0,007 +0,0090(1.25 — d) 0.007
Class 2 0,020 0,010+0,0133(1.25-4) 0,010
Class 1 0,030 0.015 +0,0200(1.25 - d) 0.015
Fabrication Axial (meridional) load External pressure (ag) and torsion (a;)
tolerance
quality Q Oly Olref O OF oL
class
Class1 16 0,50
Class2 | 5 | gy - 0.62 065 o - 1
X 44 0,7 ~ 5 2
Class3 | 40 1+1_9](1/ QVrit /t)L 075 14+0,2(1-ag ) (A0 /iy
Class4 50-60 -
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Buckling curves - Comparison EC3 vs EC9

EN1993-1-6

y=1< A<,

A — A

p

1
A=A
X=1_p[ 0] S hy <A,

o
X:FQ)"PS)\'
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EN1999-1-5

X = “X perf

1

Xpet = 55
R TR

0=05-[+a,(A—2,)+2]

Buckling curves - Comparison EC3 vs EC9

1,40 - . L
X Cylinders under axial load
1,20 +~ EC3 vs EC9 comparison
A (Weak hardening alloys QC 2)
b S \\
0804 | N
0,60 - | N
ECQECurve sl N
0,40 N
0,20 | { EC3Curve \
H H T
E lu lp E H-H-_“-'_-'\- 7\..
0,00 : :
0,00 0,50 1,00 1,50 2,00
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Calculation of critical stress according to Eurocodes

Cylinders under axial load

Critical meridional buckling stresses

(1) The following expressions may only be used for shells with boundary conditions BC 1 or BC 2 at both

edges.

(2) The length of the shell segment is characterized in terms of the dimensionless parameter @ :
P

T \ﬂ 1 Jﬁ

(3) The critical meridional buckling stress, using values of C, from Table A.1, should be obtained from:

!
Oy =0,605EC, —
r
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Calculation of critical stress according to Eurocodes

Table A.1 - Factor ', for critical meridional buckling stress

_— / . .
Cylindrical shell !'J=T Factor C,
rt
. . 183 207
Short w=<l7 C,=136-—+—
@ @
- T .
Medium-length 1.7<0<05- C.=1
!
. )20, 1 ) .
r Ci=l-——2w—-1|but C, 20,6
Long w>05— Cp\ )

! . -
where Cy, is given in Table A.2

Table A.2 - Parameter C,,, for the effect of boundary conditions for long cylinder

Casc Cylinder end Boundary condition Cup
end | BC 1
| ! end 2 BC | 6 l
5 end | BC | 1
B end 2 BC 2
3 end | BC 2 |
i end 2 BC 2

NOTE BC I includes both BC1fand BClr
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Boundary conditions for shells in EC3 and EC9

TU 1304

Table 5.1: Boundary conditions for shells

Boundary | Simple Description Normal Meridional Meridional
condition term displacement | displacements rotation
code s
radially restrained
BCIr Clamped | meridionally restrained w=0 w=0 Bo=0
rotation restrained
radially restrained
BCIf meridionally restrained w=0 w=0 Pa#0
__| rotation free
rachally restrained
BC2r meridionally free w=0 w0 Po=0
rotation restrained
radially restrained
BC2f Pinned | meridionally free w=0 w#0 Po#0
rotation free
. radially free
BC3 Free nu-u-ll;vuull\ free w20 wuz0 /j 0
edge N o
- rotation free

NOTE: The circumferential displacement v is closely linked 1o the displacement w normal 10 the surlace, so
separate boundary conditions are not identified for these two parameters (see (4)) but the values in column 4

should be adopted for dis|

placement
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Boundary conditions for shells in EC3 and EC9
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| 1
(a) (a) -

(e (')\ |

BC2f

T
i
|
i
I BC2f
i
i
| ()

silo without anchors tank with anchors

! -
Q) 1 BC2f
!
|
1
(9) BC2f
ol I I

open tank with anchors

section of long ring-
stiffened cylinder

\}\(';) T/ ()

Keys: (a) roof, (b) bottom plate, (c) no anchoring, (d) closely spaced anchor bolts, (¢) no stiffening ring,

() free edge, (g) ring st

Figure 6.1 - Schematic examples of boundary conditions for buckling limit state

ffener.
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Calculation of critical stress according to Eurocodes

(4)  Forlong cylinders as defined in Table A.| that satisfy the additional conditions:

<150 and @<6 and 500<L <1000

1 r Jo
the factor €, may alternatively be obtained by: Cylindel’s under
axial load

OxNEd , OxM,Ed
. —_
Ox,Ed Oy.Ed

where
Cen is the parameter for long cylinder in axial compression according to Table A.1;
O, gq isthe design value of the meridional stress (0, g =0, N.Ed + T M.E4 )
O, N.Ed 1S the stress component from axial compression (circumferentially uniform component):
O, M.Ed 18 the stress component from tubular global bending (peak value of the circumferentially

varying component)

(4) For long cylinders that satisfy the special conditions of A.1.2.1(4), the meridional squash limit slender-
ness parameter may be obtained from:

- = Ty M.E
Avo) = A * 010—=EL
Oy Fd
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Calculation of critical stress according to Eurocodes

Cylinders under shear (torsion)
A1.4 Shear

(1) Cylinders need not be checked against shear buckling if they satisfy:
. ;067
—-<0,16] —
4 \Jo )

A.1.4.1 Critical shear buckling stresses

(1) The following expressions may only be used for shells with boundary conditions BC 1 or BC 2 at both
edges.

(2) The length of the shell segment is characterized in terms of the dimensionless parameter @ :
-
I |r !
w=—|-=—
r\it \/H
(3) The critical shear buckling stress, using values of C_ from Table A.9, should be obtained from:

to =0.75EC, :
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Calculation of critical stress according to Eurocodes

Cylinders under shear (torsion)

(3) The critical shear buckling stress, using values of C; from Table A.9, should be obtained from:

ro =075EC, :

Table A.9 - Factor (. for critical shear buckling stress

T ] ]
Cylindrical shell | @=-—= Factor C,

Jrt
f 1 { —42 1
Short w<10 Co=l+—
| V o
Medium-length 10<w<87 C, =1

’ -
- [,
Long @=87— C. =—.—
I ‘:‘\' r
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Buckling checks

I. Calculation of design actions (wind, earthquake,
etc.);

2. Calculation of design values of M and N at the base
of the tower as well as in other sections;

3. Calculation of design buckling relevant stresses (o, T,
etc.);

4. Calculation of buckling strength according to EC3
or EC9

5. Buckling checks using the procedure given in EC3
or EC9.
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Buckling checks

* Calculation of design buckling relevant stresses

N M M,

o =oytoy=c—7s+t—5; =572
max = EN T EM T onRt | mR2t 2Rt

Ox,Rd = Xxfyk/ym; Tx9,Rd = X‘L’fyk/(\/gym)

y =1 1<i,

_ fyk 7
= A- A,
O ke x=1-p|—F| © 1, <A <1, N
A, = Ao |
M
(04
p = _ o /1 < /1 J!l
1-p %= 12 < Ap S %
] y
Omax < Oxrds T = Tx9,Rd Y M,
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Hints for future research

* Buckling of shell structures under dynamic loading;

* Exploitation of existing research on buckling of
composite shells;

e Use of additional damping systems;

» Optimization of shell structural design against
buckling with special emphasis to WT structures;

* Suggestions for codification advances.
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* Motivation
* Aeroelastic model of HAWT
* Aerodynamic and Structural models
* Aerodynamic damping
*  Wind and seismic actions
* Aerodynamic and seismic response
* Probabilistic assessment of peak response
* Prediction of the tower failure condition
* Fragility curves derivation

¢ Conclusions
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Motivation

The spread of the wind energy industry has caused the construction of wind farms
in areas prone to high seismic activity.

The power produced from wind is proportional to the third power of wind speed
and to the second power of the rotor radius. Accordingly, to produce more energy
one has to increase the rotor diameter and hub height.

As turbines become larger in size, the structural demand due to the combined effect
of wind thrust and seismic loads increase.

Consequently the analysis of wind turbine operation loading associated to earthquake
is of crucial importance for an accurate assessment of their structural safety.

While there is extensive analytical and empirical information on the seismic
vulnerability of buildings and other common structures, similar data are quite poor for
wind turbines.

Within this topic, an approach for multi-risk assessment of land-based HAWT
subjected to wind and seismic actions, to be also used within a probabilistic framework,
will be presented.
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Aeroelastic Model
WIND - ) _j'_
i : FULL DYNAMIC ¥ e o f
Turbulent Wind Field RESPONSE i - 4
MODEL
EARTHQUAKE |
Accelerogram e j.
==

General equation of motion can be expressed as

My pr X+ Cyypr X + Ky gy X = F,proiym (U’ X X, x)_MHAWT 1 jég(t)

My wr Mass matrix F geroayn (U, %, %, X) My rIX,(0)

Cyswr Damping matrix Load vector due to the Seismic force vector
aerodynamic force on

Ky wr  Stiffness matrix the rotor blades

i (1) Base acceleration of
al earthquake ground motion
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Aeroelastic Model

*  Fully-coupled, nonlinear time-domain simulations are most indicated to build a
numerical solution for the seismic assessment of HAWT. However, the main
disadvantage of this approach consist in the high computational costs.

* Considerable attention has been devoted to the use of decoupling approach,
that permits to evaluate the structural response by the combination of two
uncoupled analyses, (i.e. one under wind and another under earthquake only),
instead of carry out a fully coupled analysis.

* The response to a given wind state, once computed, could be combined with
the response to different potential earthquake events, with a significant
reduction of computational costs with respect to fully-coupled time-domain
simulations.

* Comparison analyses, available in literature, show a good agreement between
the results obtained through coupled and uncoupled approaches encouraging
in the use of the uncoupling approach.
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Aeroelastic Model

* Comparison between fully coupled simulation and uncoupled analyses results, for a
5MW land-based HAWT, with fixed and flexible foundation have been developed
by Santangelo et al. 2016.

160 T T T T T T T T 3 T T T T T T T
10 } 1

E A 5
Z | ! -
E] . 1#1 f "‘ A E &
= N i A 5 - 2 3
Er U U VAN VWAWAAAA &
IV VAW
; 80 |- | ' - 5 1.5 1 G .
- = |
£ b e M h?.ﬁ. Ny ,1“.';3’ 4
2 g Yy ¥l ‘Wt@”ﬂl
@ w0l 7
o
o -

o |-

0 L L 1 L L 1 L L L 0 L " L L L L L 1

400 405 410 415 420 425 430 435 440 445 450 400 405 410 415 420 425 430 435 440 445 450

Time (s) Time (s)
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Aerodynamic and Structural Model

The aerodynamic and seismic effects on the structural model of the HAWT can be
evaluated decoupling the aerodynamic behaviour of the rotor from the dynamic
response of the support structure.

_’| ROTOR AERODYNAMICS |
WIND

Turbulent Wind Field l

STRUCTURAL DYNAMIC APPROXIMATE
MODEL RESPONSE

EARTHQUAKE I

Accelerogram

Frue 0
o

Assodymamic

AERODYNAMIC
DAMPING

Xg® dd
= -

* First, the aerodynamic response of the rotor (i.e. with rigid or flexible blades) neglecting
the dynamic behavior of the tower structure can be evaluated;

* Then the structural approximate response can be calculated applying the wind thrust of
the rotor and the seismic excitation to a structural dynamic model of the tower
considering the aerodynamic damping and neglecting the feedback.
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Aerodynamic Model

The aerodynamic analysis of the rotor, subjected to wind loads, can be carried out in the
time-domain through the application of different approaches:

* Blade Element Momentum Theory - implemented in FAST (Jonkman, 2005).

* Lifting Line Theory — Free Vortex Wake algorithm (Vortex Methods) - implemented in
QBlade (Marten et al., 2013).

» Computational Fluid Dynamics of the rotor (Fluent, ANSYS).

-FRomr (f)

—_—
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Structural Model

The support structure can be modelled within a FEM software:
* General purpose FEM — ABAQUS, ANSYS etc.
* Structural dedicated FEM — CSi SAP2000, OpenSees, etc.

Ansys - Abaqus Csi SAP 2000 OpenSees
1 Mazzoni et al. 2006
Thin Shell element
FRotor (t)
l B lement
i eam e .
8 lel‘.nl'"::a; an.d ‘ Aerodynamic
uckling behaviour . .
g Linear elastic damper
. . . behaviour
Nonlinear Static Analysis
(Pushover) Linear
Static Analysis
Nonlinear
Time-History Analysis | Linear
" EE 3 Time-History s,
et iy i e - Analysis I e -
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Structural Model
Why global linear analysis?
Base Moment - Buckling Ultimate
Top Displacement Curve Failure Condition
250
g 200
g
< 150
£
g
S 100
[ 4]
@
@50
0 . ; : ;
0 2 4 6 3 10
Top Displacement (m)
Asareh, et al,, 2016
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Wind Action

* Generally, the wind field velocity can be decomposed into a mean and fluctuating
(i.e. turbulence) parts.

average wind speed turbulence

u(t) =U+u'(t)
v(t) =V +v'(t)
w(t) =W +w'(t) Ty

wind field

* The mean velocity can be obtained by
probabilistic wind climate studies.

* The fluctuating wind part can be defined by a
power spectral density and a coherence

function. (\7

TU 1304 | WINERCOST | Napoli (Italy), 23-28 April 2017
Alberto Maria Avossa — Structural Response of Wind Turbine Towers to Wind and Earthquakes

Wind Action

Wind Mean Profile

The mean vertical wind profile, U(z), can be assumed as power law profile or a
logarithmic profile in atmospheric neutral condition.

160

Power Law o Rl - 7‘7”

120
a E 100 /

U(2) = Unup (2/Znup) R fomo oo foom
x 60

IEC 61400-1 (2005) S I Y A /—ewn |

ASCE-AWEA RP (201 1) 22 ‘ ‘ o
o] 5 10 15 20 25 30

. . Wind Speed (m/:
Logarithmic Law ind speed (m/s)

Upup mean velocity at hub height
In(z/zy) Zpyup hub height

U [T A
hub In(zpup/20) a power law exponent
(i.e. assumed equal to 0.2 by IEC 61400-1)

zy roughness length
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U(z) =

(ECI ; ltalian Code D.M.2008)
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Wind Action

Wind Field
For given values of the mean wind speed and turbulence intensity, a wind field can be
generated by Turbsim (Jonkman, 2009).

Kaimal Spectrum
(proposed by Kaimal et al.1972) to simulate the wind turbulence

LS() _ AL LU,

o; - (1+ 6]{; Lk Uhub )5/3 Si

f, frequency in Hertz

single-sided velocity component spectrum
(1 longitudinal, 2 lateral, 3 upward)

o; STD of the i-th velocity component

L; velocity component integral scale parameter
Coherence model k 4 P J P

proposed by IEC 61400-1 COh(r,fV) ~exp {_12 [(fv F/U,mb )2 +(0.12 r/LC )2 :|o.5}

r magnitude of the projection of the separation vector between the two points onto a
plane normal to the average wind direction

L, coherence scale parameter
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Wind Action
Wind Field
IEC 61400-1 — Normal turbulence model NTM
Table 1 - Basic parameters for wind turbine classes?
I O 75 V b Wind turbine class I n 1l s
0, =1, (0. +b)
17 T hub Vit (mis) 50 42,5 37,5 | Values
b=5.6 m/s > [a o () 0.18 specifisd
go B Trer (=) 0,14 by the
®|C Trer (<) 012 designer
O
5 0.5 e . 13 —
——Class A — Class A
4 f|{=——ClassB - 0.4 | ——Class B
— (lass C — Class C
o 3 -~ o 03 | i
: 5z
5 2 -E* gU 2
RS
1 01
] o
0 5 10 15 20 25 0 1] 5 10 15 20 25 30
Phup VS e — Phats  MiS EC 1247/05
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Wind Action

Wind Field
IEC 61400-1 — Normal turbulence model NTM

Table B.1 - Turbulence spectral parameters for the Kaimal model

Velocity component index (k)
1 2 3
Standard deviation o, &y 0.8 o 0.5 &
Integral scale, I, 8.1 4, 2.7 A4 0,66 A,

OIS

Longitudinal turbulence Coherence .
OERRIERS)

i e
scale parameter RN

scale parameter

R

0.7z z<60m _ a2

1 [ =81A, :
42m z>60m
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Wind Action

Turbsim (Jonkman, 2005)
Input file setting to generate a Turbulent wind field according to IEC 61400-1.

Iatinieg - Hoccorese

File Modica Formato Vissizza ! '
......... R T e — &
Input File for Certification Test #4 (von Karman Spectrum, formatted WY filss), ':‘:‘FE‘
--------- funtise Options ramisy
sy

True kcho - Echo input dita to Roothases.ech (flag)

1957186949 RandSeed] - First random seed (-2147483648 to 2147483547)
- Second random seed (-214748348 to 1147483547) for intrinsic pAMG, or an alternative pRNG: “Ranlux® or “RNSNLW®

AN RandSeed]
False BrBHTP - Output hub-height turbulence panameters in binary form? (Genenates Roothse,bin)
False WrFHTP - Output hub-hedght turbulence parameters in foraatted fore? (Generates Roothase.dat)
BrAHH = Qutput hub-height time-series data in AereOyn fors? (Generates Roothase.bh

Trie BelFF - Qutput fiull-Field tise-series data in TurbSin/Aenadyn fora? (Generates Rootlase.bts) Example of
Fals WriiFE - Qutput full-figld tig-series data in BLADED/Merolyn fora? (Generates Roothase.und tower points
Trug ErTHR - Quteut tower tise-series data? (Generates Roothase.tur)
False WrFNTFF - Output full-field tise-series data in formatted (readable) form? (Generates RootMase.u, RootNase.v, Roothase.) below the
False T - Dutput coherent turbulence tise steps in herlyn fora? (Generates Roothase.cts) rectangular grid
False Clockwise - Clocknise rotation looking downwind? (used only for full-field binary files - not mecessary for Aerodyn)

8 Sealelf - Scale TEC turbulence models to exact target standand deviation? [B=no additional scaling; l1=use hub scale uniforaly; 2=use individua] scales]
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Wind Action

Turbsim (Jonkman, 2005)
Input file setting to generate a Turbulent wind field according to IEC 61400-1.

o=~ Turbine Fode] Specificationgeeeeeeerommnnninians

- Length of .1 tiee serles [seconds) (program will add tiee if necessary: AnalysisTise = WAN(AnalysisTine, UsableTinesbrideidth MeanthiS) )
- Usable length of output time serdes [seconds] (progrem will add Geickidth/MeanHeS seconds unless UsableTine is “ALL")
- Hib beght [a] (should be » 8.5*6ridkeight)

18 Grideight
138 Ceiduidth

be = 2(RotorRadivssShaftLength) )

§ Vlmlng t) angle [degress)]
ke skew) angle [degreas]
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Wind Action

Turbsim (Jonkman, 2005)
Input file setting to generate a Turbulent wind field according to IEC 61400-1.

-------- teornlogical Boundary Conditiongeneovrmsnnacsorns

IROAI Turbdel - Turbulence eodel ("TECKAL",TECWAN", 6P _LLY", "WTCUP" "SHOUTH" ,"WF 18", "W 870", °WF 140", "TIOAL" "0, USRI, TIFESH", or “NONE")

“wwsed”  Lserfile - Hame of the file that contains nputs for user-defined spactra or time series Inputs (used only for "USRDE" and "TIRESR® models)

“LE" TECstandard - Nusber of TEC 61480-x standand 1=, or 3 with optional 61488-1 edition nusber (1., "1-Ed

B IECturhe « TEC turbulence characteristic ("A°, °8°, (" or the turbulence intensity in percent) (“VHTEST" cotion with MATCLP model, mot used for o

1l TEC WindType - TEC turbulence type (“WTH'znormal, "xETH'sextreme turbulence, “vORM1 =extrese L-year wind, “XEWGA"=extrems S8-year wind, where xewind turbine class 1, 2,
or 3

“wfalt’ T - TEC Extrene Turbulence Medel "¢ paraseter [nfs]

Lo WindProfileType - Velocity profile type ("L0G™;"PL =power law;"JET™) WL clog law for TIDAL model;"API";"USR";"TS";"TEC"PL on rotor disk, L0 elsewhere; or “default”)
“wused”  Profilefile - Name of the file that costains input profiles for WindProfileType="USR" andfor TurbMedel="SHVEE [
8.0 Refit - Helght of the reference velocity (IRef) [n]
14 Uref - Mean (total) velocity at the reference height [a/s] (or “default” for JET velocity profile) [must be 1-br sesa for API nodel; othendse is the nean over
AnalysicTine seconds]
“wfalt’  Dethu « Jet heiget (2] (used only for J6T velocity profile, valid 10-4%8 g)

“dfult®  Plbp - Power Lo expenent [-] (o “default’)
ok - Surface roughness length [8] (oo “default’)
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Seismic Action

Seismic Design in Guidelines on Wind Energy Industry

Risg-DNV - Guidelines for Design of Wind Turbines (2001)
The wind turbine is represented by a concentrated mass on top of a vertical tower and the seismic
actions will be determined by using frequency-domain analysis with a specific response spectrum.

Germanischer Lloyd (GL-2003) - American Petroleum Institute (API-2000)
The investigations of the earthquake generated loads is based on the combination of the wind load
and earthquake acceleration with a recurrence period of 475 years. Earthquake load is to combined
with standard wind load conditions in a load combination with load factor equal to |.

International Electrotechnical Commission - IEC-61400-1 (2005)
The design level earthquake is prescribed as a 475 year return period event and the resulting loads must
be superimposed with the maximum of operatinglemergency shutdown loads with a unit safety factor.

ASCE-AWEA RP-2011

It is suggested that operational and earthquake loads be combined as an absolute sum with a load
factor of 0.75. Seismic ground motion values are determined from ASCE 7-10 and spectral response
acceleration parameters should be based on |% of damping values while parked and 5% of the
damping value while the turbine is under operational conditions.
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Seismic Action

Seismic response history analysis, considering time varying earthquake ground
acceleration and operational or emergency stop loads, can be used to more accurately
predict response and reduce potential design conservatism.

Recorded and simulated accelerograms

Atificial Input

- Scaled to the peak ground acceleration (a-S) 30 — EcBCTypel

g
- Match the elastic response spectrum for 5% damping

Sa ()

Artificial accelerograms 05
00 05 10 15 20 25 30 35 40
- Match the elastic response spectrum for 5% damping Period ()
- Duration compatible with Magnitude (Ts > 10s) 10
- No value of the mean 5% damping elastic spectrum, 05 \ ‘
should be less than 90% of the corresponding value of 5 “MW I “ ‘ \l \‘ w ?\ ™
the EC8 5% elastic response spectrum. s o M‘ \ Hw | | P MM’%O
-0.5 I
Minimum number of accelerograms: 3 10 | Y
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Aerodynamic Damping

Valamanesh and Myers (2014)

* Forces based on Blade Element Momentum theory (BEM)
* Flexibility of rotor is omitted
* Steady uniform wind oriented along fore-aft direction
* First mode of vibration is considered z1 4ita
r
Fore-aft direction X4

mi+cg X +kx=dF,

1
Fe=5pNp f[Vrzel(CLcos¢) + Cpsing)c(r)] dr

mx + [csr + Ny(A+ B)] x + kx = Ny(A+ B)V,,(1—a)

Ny(A + B)

$apx = ﬁ A=p wa (1 — a)[Cy, cos(¢p) + Cp sin(P)] c(r) dr

B = %p fﬂr (1+a) [(% + CD> cos(¢) + <6a% - CL> sin(gb)] c(r)dr
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Aerodynamic Damping

Valamanesh and Myers (2014)
Side-to-side

CITTTTTTTTTS
s

Qr(1+a’)
1
F, = Epr f[Vrze,(CLcosqb + CDsinqb)c(r)] dr N, (B — A
Y $apy = e

mji+[cST+Nb ]y+ky=0

A= %p fVW (1-a) [(% + CD> sin(¢) + (CL - %) cos(¢)] c(r)dr

B'=p Jﬂr (1 + a")[C, sin(¢p) — Cp cos(¢p)] c(r) dr
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Aerodynamic and Seismic Response

Case Study - 5 MW Land-Based HAWT " ’.

|

Power Output 5 MW

lIJ \[ o™ _—
Number of blades 3 08-LOMN it ] ) .‘_/'/
Rotor diameter 126 m 7 ] /'// \-.._\
Hub height 87.6 m ! /// =y
Cut in wind speed 3mls
Rated wind speed 11.4 mis |
Cut out wind speed 25 mis 6MN l lg7.6m
Rated Tip Speed 80 mis ey Ara Al
- i e 25,0
Cut in rotor speed 6.9 rpm | TT : —— Angular Velocity (rpm) 1 /
N lle M 240000 k || = Pitch Angle (deg) ! i
acelle Mass g | 2007 Tip Speed Ratio - TSR W_Rgtse‘j J
Hub Mass 56780 kg i i NG Spee
v
Rotor Mass 53220 kg |
Tower Mass 347460 kg ;

Tower top diameter 3.87m Cutin :
Wind Speed |

wall thickness 0.019m e

. . ) ‘
Tower base diameter  6.00m '
wa“ thiCkness 0.027m ﬂ 0'0 5'0 10'0 15'0
V, (m/s)
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Aerodynamic and Seismic Response

Case Study - 5 MW Land-Based HAWT

25,0 : :
— Angular Velocity (rpm)
200 4 Pitch Angle (deg) ) /
' —— Tip Speed Ratio - TSR Rated /
; — | Wind Speed /
15,0 A v S
| A -7
10,0 : : Cut out
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Aerodynamic and Seismic Response

T i 5.0 i i
H : Rated ' '
Wind Speed \ ~ . "
z ' cutin [T T 4.0 ' Cutin 1
' | Wind Speed F - ' l Wind Speed /-
S ' Cut out Wind 3 ' '
= 06 ; A Speed [ 2 30 & | Rated |
3 \ \ L= - ! / 1| Wind Speed
< | i 3 : :
F 04 : : g 20 ; ]
5 : : ] | H Cut out Wind
5 | | T = | | Speed
2 02 ! : £ 10 ! t ;
e ! e : : i
0.0 : : 0.0 ; : :
0.0 5.0 10.0 15.0 20.0 25.0 0.0 5.0 10.0 15.0 20.0 25.0
V,, (m/s) V,, (m/s)
6.0
= cutin
3 | Wind speed |
£ Rated
g 3.0 E Wind Speed
3 1 —
o H H Cut out Wind
2.0 1 i
.g | H Speed
€ 1.0 ! ' i
0.0 — ; 1
0.0 5.0 10.0 15.0 20.0 25.0
Vy, (m/s)

TU 1304 | WINERCOST | Napoli (Italy), 23-28 April 2017
Alberto Maria Avossa — Structural Response of Wind Turbine Towers to Wind and Earthquakes

Aerodynamic and Seismic Response
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Aerodynamic and Seismic Response

Wind Thrust time history

Comparison between the results obtained with FAST and QBlade
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Aerodynamic and Seismic Response

Wind Thrust time history

Comparison between the results obtained with FAST and QBlade
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Aerodynamic and Seismic Response
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Aerodynamic and Seismic Response

Structural Model
Modal shapes

078.84 @

| Ist Tower Fore-Aft  0.3240 0.3195
0.3349 0.3252 o 7008 | ¢

2 IstTower Side-to-Side 03120 03164 .

3 2nd Tower Fore-Aft  2.9003 2.8590 52,56 ¢
2.98529 2.9685 =

4 2nd Tower Side-to-Side 2.9361 2.9408 5 43:80 19

° 35.00 ¢

o 2628 ©

Aerodynamic Damping
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In this case the equation of motion of the tower can be expressed as:
o Y M i+C x+K,x=F,,, (t)-M, I5t)
g
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Aerodynamic Damping
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* These values are quite consistent with the recommendations by ASCE/AWEA RP201 I,
which state that the total damping should be set to 1% during parked conditions and
5% during operational conditions, regardless of the direction of vibration.
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Aerodynamic and Seismic Response

Bending moment and Shear Force variations at the tower base section
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Probabilistic Assessment of Peak Response

For every working condition (parked/operational) the maximum value of the bending
moment at the tower base cross-section was evaluated for each combination (2x2500) of
wind load (in fore-aft direction) and seismic load (in fore-aft direction or in side-to-side
direction).

1.0 ;
S 08 -
ch
lbr 0.6 -
~
— 0.4 4 —Parked
= —Cut-in
E: 0.2 A —Rated
J J Cut-out
0.0 t \ \ = 1
0 20 40 60 80 100
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The empirical cumulative distribution function (CDF) of the tower base maximum absolute
bending moment M, is fitted to the Generalized Extreme Value (GEV) distribution.
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Probabilistic Assessment of Peak Response

* The empirical and fitted CDF of the tower base absolute maximum bending moment are
shown for the combination of the wind and seismic action.
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* When the seismic action is in the fore-aft direction, the operational rated scenario brings the
largest values of the tower-base bending moment (mean value of | parameter of 144.2 MN-m).

* For a wind speed of 3 m/s the combined effect of wind and seismic loads are larger for the parked
condition if compared to the operational one, because there is no aerodynamic damping.
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Probabilistic Assessment of Peak Response

Bending Moment at Tower Base
Variation of GEV distribution parameters versus peak ground acceleration

Earthquake in Fore-aft direction

Alberto Maria Avossa — Structural Response of Wind Turbine Towers to Wind and Earthquakes
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Probabilistic Assessment of Peak Response
Shear Force at Tower Base
Variation of GEV distribution parameters versus peak ground acceleration
Earthquake in Fore-aft direction
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Probabilistic Assessment of Peak Response

Total Drift
Variation of GEV distribution parameters versus peak ground acceleration
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Probabilistic Assessment of Peak Response

Top Rotation
Variation of GEV distribution parameters versus peak ground acceleration
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U ,a,=0)

P(M,| U

Probabilistic Assessment of Peak Response

* To derive the Fragility Curve, the empirical CDF of the tower base absolute maximum
bending moment is also fitted to LogNormal (LogNorm) distribution.
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* The trend of the estimated CDF are very similar to those estimated with GEV distribution,
presenting little differences only for the probability values very close to |.
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Probabilistic Assessment of Peak Response

Bending Moment at Tower Base
Variation of LogNormal distribution parameters versus peak ground acceleration
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Probabilistic Assessment of Peak Response

Shear Force at Tower Base
Variation of LogNormal distribution parameters versus peak ground acceleration
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Probabilistic Assessment of Peak Response

Total Drift
Variation of LogNormal distribution parameters versus peak ground acceleration
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Probabilistic Assessment of Peak Response

Top Rotation
Variation of LogNormal distribution parameters versus peak ground acceleration

Earthquake in Fore-aft direction

0.20 3.00
015 4.00 /
o 010 e 4 500
005 | —Parked —Cut-in -6.00
ate Cut-out
0.00 7.00
000 020 040 060 080  1.00 000 020 040 060 08 100
a, (g) ag(g)

Earthquake in Side-to-side direction

0.20 -3.00
0.15

? 1::2/

o 010
0.05 W=3 m/s
m/s)
4m/s)
0.00

arked (V 6.00
in (
d (v
7.00
000 020 040 060 080  1.00 000 020 040 060 080  1.00
2, (g) 3 (g)
TU 1304 | WINERCOST | Napoli (Italy), 23-28 April 2017
Alberto Maria Avossa — Structural Response of Wind Turbine Towers to Wind and Earthquakes

Prediction of Tower Failure Condition

The buckling limit state condition assessment was carried out deterministically by means of
the Stress Design procedure proposed in the Section 8.5 of EN 1993-1-6.

Design resistance Buckling reduction Shell slenderness parameter
(buckling strength) factor
Ox,Rd = Jx,Rk/YMz)(x fyk AlYm X = Xx(Ay) Ay = }fyk /Gx,Rcr
Elastic critical meridional For long cylinder that satisfy the conditions
buckling stress
& ¢ T<150; w<6-; 500<-— <1000
Tner = 0.605 ECy— t t Tyt

Donnell-Mushtari-Vlasov Cx =06+ 0-4(0xE,M / axE)

S355 steel of fabrication tolerance quality class C

Fixing an axial force value of 6.88MN acting on the tower base section, due to the
gravity loads, and assuming as negligible the effect of the tangential stress, an ultimate
bending moment of 205.8 MNm was assessed.
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Fragility Curves Derivation

Fragility is defined as the conditional probability P; of a damage measure (DM)
attaining or exceeding a damage limit state for a given intensity measure (IM) of the
combined environmental conditions.

P,, = P[DMi| EDP = edp| P{EDP = edp| M = im]

In this case, the achievement of the tower base ultimate bending moment M,
corresponding to buckling failure condition is considered. Thus, the fragility curves
are defined as

P, =P[M>M,|U=U;a,]

where M, is the structural capacity, M is the demand corresponding to the IM of the
combined wind scenario (parked and operational, defined as U=U)) and earthquake
intensity a, of seismic load acting in fore-aft or side-to-side direction and can be also

expressed as
In(ag )7 “J

Pf,i(ag)=1—‘1>£ =

where @ is the standardized normal distribution function.
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Fragility Curves Derivation

Bending Moment at Tower Base
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* Results obtained for the seismic loads acting in the fore-aft (continuous lines) and
side-to-side direction show that fragility is higher for the parked condition.

e This is mainly due to the absence of aerodynamic damping value associated to the
parked condition respect to the other operational wind conditions.
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Fragility Curves Derivation

Top Displacement (Limit State assumed equal to 1.25% of the H, ;)
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Results obtained for the seismic loads acting in the fore-aft (continuous line) and
in side-to-side directions show that fragility is higher for the parked scenario.

E(TD =1DJU = Ui, a,)

The fragility increases with increasing the operational wind speed for the other
operational conditions.

TU 1304 | WINERCOST | Napoli (Italy), 23-28 April 2017
Alberto Maria Avossa — Structural Response of Wind Turbine Towers to Wind and Earthquakes

Conclusions

The results of a probabilistic framework for the design of land-based HAWTSs subjected to
the combined wind and seismic actions are presented. In particular

The aerodynamic and seismic effects on the structural model of the HAWT were assessed
decoupling the aerodynamic behaviour of the rotor from the dynamic response of the
support structure.

The aeroelastic interaction was taken into account through the addition to the structural
model of the aerodynamic damping evaluated using the closed form solution proposed by
Valamanesh and Myers (2014).

The probabilistic assessment of the peak response of the tower structure was carried
out evaluating the empirical and the estimated CDFs of some structural response
parameters (tower base maximum bending moment and shear, total drift and top
rotation) for the combination of the wind and seismic action.

The fragility curves for the tower buckling limit state were finally obtained from Monte
Carlo simulations of the tower subjected to different wind and seismic loads scenario,
using tower base bending moment and total drift as deterministic limit state parameters
representative of the structural capacity at ULS and SLS.

The approach here presented could be also used as a part of a complete multi-

risk analysis of the land-based structures if the hazard is added to the model.
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* Global figures on Wind Energy capacity
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* WT working principle

* Why Offshore Wind Energy?

* Offshore Wind Turbines: loads and coupled
simulations
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Outline

» Global figures on Wind Energy capacity

TU 1304 | WINERCOST | Napoli (Italy), 23-28 April 2017
E. Marino —Wind-wave-structure interaction in Offshore Wind Turbines

Wind energy capacity

W INSTALLED CAPA/
Rt of the wodd PR (hina Restof the werld PR China
Laradta
Unted
Kingdem Ity
Netherands
Turkey. Brad
France Casada
- France
Unted
[i
Insla Spais
Indua
Giermany Usa usa
Country. o % Shure MW % Share
PR China* e 5] 165,650 M7
USA 830 150 B 169
Germany 5441 100 50,018 183
India 1w &6 8700 59
Brapi* * 2014 17 B0m 47
Franze 1561 b1} 154 0
Turkey 1387 5 12,066 15
Hethertands L0l 16 11,90 b
United Kisgdem % 13 10,10 11
Canaty 01 13 5257 i1
Rest of the warld 61 1.3 18411 155
Total TOP 10 47873 B man L]
Workd Fotal 54,600 o 486,749 o
Senrce GWIC PR
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Wind energy capacity - Europe

PACITY ( . DISTRIBUT

Cumulative (End 2015) New Installed (End 2016) Cumulative (End 2016)
EUROPE

Germany 44,941 5,443 50,018
Spain 13,005 49 13,074
UK 13,809 136 14,543
France 10,508 1,561 12,066
Italy 8,975 282 9,257
Sweden 6,029 493 6,520
Turkey 4,694 1,387 6,081
Poland 5,100 682 5,782
Portugal 5,050 268 5316
Denmark 5,064 m 5228
Ketherlands 3443 887 4308
Romania 1976 52 3,028
Ireland 2446 384 2830
Austria 1404 08 2632
Belgium 2118 77 2,38
Rest of Europe® 7,220 1,077 8241
Total Europe 147,899 13,926 161,330
of which EU-28* 14171 12,491 153,729

Source: GWEC http://www.gwec.net/global-figures
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Wind energy capacity

UAL INSTALLED CAPACITY BY REGI(

35,000 MW
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20,000

15,000
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0
Africa & Middle East Europe Latin America North America Pacific Region
Source: GWEC
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Offshore wind energy capacity

g

g

12167
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]
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UK Germany PRChina Demmask Netherands  Beigiom  Sweden Japam  SKorea  Finland Us  Ireland Spain  Morway Portugal  Total

Tl 5 5100 3305 1035 L a m x2 B H R 00 b 5 2 2 1267
Newals 36 813 552 ] 1 0 0 7 30 ] 30 ] (] (] 2Aane
Total 016 5,156 4,108 1627 Lm Ls m i & 15 n 0 5 5 2 0 14384
Source: CWEC
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* What is energy!?
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The atmospheric boundary layer (ABL)

The atmospheric boundary layer (ABL) is the lowest part of the atmosphere. It
is influenced by its contact with a planetary surface.The thickness of the ABL
depends on the roughness of the Earth’s surface and ranges from a minimum of
about 200 m in the open sea up to a maximum of about | km at locations with a
high density of tall buildings

The average wind speed within the ABL is variable with altitude, with a maximum
equal to the geostrophic velocity at the upper limit, to zero at the ground.

The mean wind speed increases with the altitude

The friction between the moving air and the Earth’s surface, as well as the
friction between layers of air, cause the atmospheric turbulence
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What is energy ?

* Mechanical energy:is the energy associated with
the motion and position of an object — it’s given by
the sum of kinetic energy and potential energy present
in the components of a mechanical system

* Mechanical work: is a quantity that can be
described as the product of a force times the
distance through which it acts

* Power:is the rate at which energy is transferred,
used, or transformed (can be seen also as the rate at
which work is performed)
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What is energy ?

Wind possesses kinetic energy!

HOW to EXTRAC this energy?

HOW to transform it into electricity?

U

WIND TURBINES
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Outline

* WT working principle
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Working principle

The primary component of a wind turbine is the energy
converter, which transforms the kinetic energy contained in
the moving air into mechanical energy.

e The air past the rotor makes it rotate (due to the blades shape)

* This means that the interaction of wind with the rotor cerates a
torque

* This torque generates mechanical work (torque x rotation)

e The rate of this mechanical work is the power generated by the

turbine.
e Unitis watt (W) [106W = | MW; 10°W = | GW]
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Working principle
How can wind cause blades rotation?
Thanks to the same principle that makes airplanes fly!

A fluid flowing past the surface of a body exerts surface force
on it. The Lift is the component of this force perpendicular to
the oncoming flow direction

Lift J
4 PRSI Lift force results from a

ressure difference!
_ Thrust .~ — Drag p

= :
! /_\ Lift > Weight = Fly!
Weight f
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Working principle
How can wind cause blades rotation?
Thanks to the same principle that makes airplanes fly!

A fluid flowing past the surface of a body exerts surface force
on it.The Lift is the component of this force perpendicular to
the oncoming flow direction

gy \ ) - /Lift

Rotation

Incoming

3 wind

2
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Outline

* Why Offshore Wind Energy?
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Why offshore wind energy?

* Lack of space in land in some countries for the
development of onshore wind farms

* Wider spaces with resource availability

» Better quality of wind resource: higher wind speed,
less turbulence

* Expected general minor impact in the environment
with offshore wind farms in comparison with
onshore ones

* When far offshore: reduced/eliminated visual and
noise impacts

TU 1304 | WINERCOST | Napoli (Italy), 23-28 April 2017
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Why offshore wind energy? - drawbacks

* Higher costs of the engineering process, construction
and operation phases. In onshore wind farms, the
cost of wind generator turbines is around 75% total
cost of the Project, being this percentage in offshore
installations approximately 33%

* Grid connections: need to build longer electrical
networks or to strengthen the existing electrical
infrastructures

* Lack of highly accurate numerical models to predict
the system behaviour
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The European onshore wind potential

o Wind resources' at 50 metres above ground level for five different topographic conditions
' F | ! Sheltered terrain? Open plain® At s sea coast! Open sea® Hills and ridges® |
7% | ms!  Wm? | ms! Wm? | ms! Wm? | ms?'  Wm? | ms! Wm=2
] i 0 - 250 =75 600 | -85 700 | -84 >80 S115 > 1800
N y 50-6.0  150-250 | 6575 300500 | 70-85 400700 | 8.09.0  600-800 | 100115 12001800
T 4550  100-150 | 5565  200-300 | 6070 250400 | 7080 400600 | 85100  700-1200
! 8545  50-100 | 45-55 100200 | 5060 150-250 | 5570  200-400 | 7.0- 85  400- 700
<B0 | <45 <100 | <60 <180 | <85 <200 <70 < 400

Minimum cost-effective
wind speed = 4 m/s

| From the European Wind Atlas.
= Copyright © 1989 by Risg National
Laboratory, Roskilde, Denmark.

b o

800 ke P
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The European offshore wind potential

Wind resources over open sea (more than 10 km offshore) for five standard heights

10 50m 100m 200m
me! Wm—? me! Wm~*? ms! Wia 2 ms~! Wm~—?
>80 > 600 >890 > 80O >100 > 1100 >11.0 > 1500

7080  350-600
B.0-7.0  250-300
4560 100-250
<45 <100

8090 600-800 | 85100 650.1100 | 95.11.0  900-1500
7.0-80  400-800 | 7.5- 85  450- 650 | B0- 95  600- 900
6.5-7.0 200400 | 6.0- 7.5  2560- 450 | 65- 8.0  300- 600
<55 < 200 < 6.0 < 250 <65 < 300

Minimum cost-effective
wind speed =4 m/s

From the European Wind Atlas.
Copyright © 1989 by Risg National
Laboratory, Roskilde, Denmark.
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Some figures about OWE in Europe

Source: WindEurope

TU 1304 | WINERCOST | Napoli (Italy), 23-28 April 2017 21
E. Marino —Wind-wave-structure interaction in Offshore Wind Turbines

Some figures about OWE in Europe

Source: WindEurope
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Some figures about OWE in Europe

First time in 2016 offshore beats
onshore winds
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Source: WindEurope

Outline

* Offshore Wind Turbines: loads and coupled
simulations
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Modelling offshore wind turbines

|
1 Coupled System
]
'

1
( Rotor J+—{ Aerodynamics )
i Tower )(—E—»(Structural dynamics)

-

( 1
+ (___Foundation J—{ Soil dynamics ]

Out of the work

________________________________
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Loads sources

I. Aerodynamic loads:
* Steady Uniform;
* Steady Wind Shear
* (Un)steady Hub Height Wind Velocity
* Unsteady 3D Full Wind Field:

2. Inertial loads:
* Gravitational; (produce 107cycles, relevant for
FATIGUE!)
* Centrifugal;
* Gyroscopic;
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3. Hydrodynamic Regular Waves: single harmonic wave: —_——
I ds: @ Linear Theory (Airy, 1842);
oads: @ Stokes’ 5th order Theory (Stokes, 1847);
e  Waves ) " . .
Irregular Waves: superposition of single (linear)
. Currents; waves, by using standard spectra:

..&// Rl
4. Control loads: \ /
® Braklng) )’aW'ng Source: Pierson et al., 1955.

Loads sources

. Tides @ Pierson—Moskowiiz (for open sea areas);

@ JONSWAP ('68-'69 measurement program in
the NS, for coastal wind generated seas);

* Blade-pitch control A realistic sea is then represented by the
e Loss of grid superposition of different single-harmonic
linear wave!
Drawback: easy to do only for the
linear wave theory!
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The stochastic nature of the loads
T ey \l""""""'_' """"""" ¥
: Hazard . Loading Model '
! ) e
[ 1
(] : ! :
' ! 5
! 0! Kaimal "
' 1! Turbulent wind 1
[ i1 .
' Wt -
l = :-j ‘M :
1 1 : # s .
I 1 g
I :' . ars o :
[} ! T ]
. 1 / | X
V¢ TSea Shie T v :: 1 !
o -1 JONSWAP X . .
[} ] H ' i ! T Irregular sea 11 Y .
o 5 -J__Ll_. 1 ) e——=I=l
[} : B & . | Lkt )0 Base moment E
[ | 1 s M www - 1
' k ! i | it b o 1 a "
o Y B "’r’:':* |\ B ) !
P ! o e R ) ‘ 9
SR | sy ||
........................... P cmmmmcmmee=--
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Simulation layout

Load Case

|

Wind Input Aerodynamic | | Aeroelastic
*Hub Heigh steady |—| Model Model [<—— Control System
3D Full Field
v
Structural Loading
*load TH

load spectra
*extreme load

v
Maximum Structural Component
Stresses and N design and
N Stresses, .
stiffness N manufacturing
requirements Deformations techniques
- v
e Design verifications:
strenght & fatigue
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From onshore to the deep waters

Offshore Wind Turbine )
Development for Deep Water * The monopile subsctructure
technology is limited to water

depth up to 30m.

A

—¢

* w.d.> 30 m = deep water

* Fixed-bottom subsctructure
=l technologies (e.g. tripod) are
Wind Turbine _— " limited to water depth up to
Bt about 80m.
e Tripod
fixed bottom

2750w =LY * For w.d. > 40 m floating
supports necessary.

depth
0-30m

M. Robinson, W. Musial. Offshore Wind Technology Overview. NWT NREL/PR-500-40462. October 2006.
https://www.nrel.gov/docs/gen/fy07/40462.pdf

TU 1304 | WINERCOST | Napoli (Italy), 23-28 April 2017 30
E. Marino —Wind-wave-structure interaction in Offshore Wind Turbines

238



Three main types of floating systems

Floating Wind
Turbine Concepts

The floating technology
seems to be the leading
. [ solution because deep
' waters represent a
promising resource for
many countries,
e.g ltaly & USA.

This makes necessary
further investigations on
the best technology to be
adopted!

Source:J. M. Jonkman and M. L. Buhl Jr.,“Development and verification of a fully coupled simulator for offshore wind turbines,” in 45th AIAA
Aerospace Sciences Meeting and Exhibit, Reno, Nevada, 2007, pp. 28-53.
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Outline

» Aerodynamics: the actuator disc concept
* Linear, weakly and fully nonlinear wave models
* Hydrodynamic loading models

* Coupled simulations and effects of nonlinear
waves

e References
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Outline

* Aerodynamics: the actuator disc concept
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Aerodynamics: Blade Element Momentum theory I

The primary goal of a wind turbine is to subtract kinetic energy from the
wind to transform it first into mechanical energy and then into electrical
energy.

Axial momentum :mass flow conservation imposes that

Qoc = Qu = Qu (1)

where the subscripts oo, d and w denote the upstream, disc and wake wind
velocities.

TU 1304 | WINERCOST | Napoli (Italy), 23-28 April 2017 3
E. Marino —Wind-wave-structure interaction in Offshore Wind Turbines 5

Aerodynamics: Blade Element Momentum theory II

Equation (1) can also be written as follows
AXUX = Ad[ju' = A\\‘Uu' 2)

Newton’s second law can be naturally applied at the disc by introducing
the momentum K = mU. At the disc the momentum rate writes as

K4 = pAsU,4U. Thus throughout the disc the momentum rate experiences
an overall change given by

AKy = pAaUsAU = pA4Uy (Uso — Uy) (3)

and consequently the total forces acting at the disc, basically given by the
pressure, must equal

APy —py) = pAaUs (U — U,,) (4)
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Aerodynamics: Blade Element Momentum theory III

Now, by introducing the axial flow induction factor a, which permits to
express the velocity at the disc through the far upstream undisturbed
velocity U, as Uy = U (1 — a), equation (4) turns into

Aps = pUx (1 — a) (Ux, — Uy) (5)
The pressure gradient Ap, can be computed by using twice Bernoulli’s

equation (once between the upstream undisturbed section and the disc
{ section and once between the disc and the wake sections). This leads to

2 I 5] 9]
p +pgh +“= = const. Apa = 5p (U — Uy) (©)

o0 w

which replaced into equation (4) finally gives

Uy = (1 —2a) Ux (7)
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Aerodynamics: Blade Element Momentum theory IV

Next, by making use of equation (7) into (4), the total force acting at the

rotor disc (the thrust) is given by
Fy= 3/)A,1U;(r (1—a) velocity Uappearfg)

The power developed is

wind velocity!

The cube of free stream

Rem. the wind Atlas... How
important is the site-specific

Pyieta = FaUy = 2pA,U3 a (1 — a)? 9

Machines can only extract a share given by the so called power coefficient
C, defined as follows
Pyietd

C, = —4a(l —a)? (10)
P -l_,,'JU';AJ ( )

The above coefficient is maximum (Bet’s limit.) when a = 1/3, therefore
we have
[ = 0.593 (1)

Pmax
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Outline

* Linear, weakly and fully nonlinear wave models
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Modelling offshore wind turbines

( Aerodynamic |
model

System &

) " Hydro-aero- |
Environmental |— . —>-
( ) _elastic solver | m

Data
1

'Hydrodynamic]|
module

v
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Modelling offshore wind turbines

[ Aerodynamic |

System &
| .
| Environmental
Data

model

. J

[ Hydro-aero- |
_elastic solver |

1

'Hydrodynamic]

Linear
wave theory
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Modelling offshore wind turbines

( Aerodynamic |

System &
— .
| Environmental
Data

model

J

" Hydro-aero- |
_elastic solver |

1

'Hydrodynamic]|

Linear

wave theory
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Modelling offshore wind turbines

( Aerodynamic |
model
System & ( )
\— , Hydro-aero-
Environmental . —>-
( \ elastic solver m
Data . T /
'Hydrodynamic]|
module
Linear FNL theory 2nd-order
wave theory + Impact wave theory
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Modelling offshore wind turbines

Aerodynamic

model
E———1 System & " Hydro-aero- |
J— Envwgggental | elastic solver J

i

,H i) Acomparison of
ydrodynamlc the three models
module

\ J is discussed

i
:[ Linear ] [FNLtheory] [2nd-order ]:
1

| wave theory + Impact wave theory

\
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Water waves: governing equations

» Continuity equation (Mass conservation)

D
D’: + pdive = 0
» Balance equation
liv(o(p,)) + o — ps = 0
awlaoip.n W — p— =
g &5 Py

o(p.i) = o(p.a)’

» Constitutive equation (for Newtonian fluids)

2 =

o(p.n) = (—p— ;/:V - 7)

~ll
\JH

+ 2

where p is the hydrostatic pressure, f is the body (mass) force,

(17)

(20)

Djj = 1/2(v;; + v;,;) is the strain rate tensor, x is the dynamic viscosity:
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Water waves: governing equations

Hypotheses:

I. Homogeneity: p = consl;

(8]

(from mass conservation)!);
3. Inviscid fluid: ;2 = 0;

Therefore, we obtain the Euler equations:

pdivi = 0
liv(e(p. i) + pf — i =0
il 2. n ) )
¢ . " Dr

o(p.n) = ﬂ)i
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. Incompressibility: tr(D) = V - v = 0 (consequence of homogeneity
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Water waves: governing equations

Under the additional hypothesis that the flow is IRROTATIONAL:
curlh =V x $=0

the velocity field becomes
v=V¢

where ¢ is called velocity potential.

In the balance equation the total derivative is B; = j‘, + (Vv) v, where
the second term (Vv) v = curl (v) x v+ %Vf'z simplifies due to vanishing
of the curl. The continuity equations becomes:

V2$=0
The balance equation becomes (conservative body force f = —grad(gy)) :
p 0 1 g
T 8= 5~ 2?()- V=0
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Water waves: governing equations

Laplace’s equation
Vi (p,)=0 Vp,re Q)
Free Surface Dynamic Boundary Condition (FSDBC)

Do (p.t , I .
6@.Y) _ _Pa_ s SV (p.1)- Vo (p.t) Yp.reTy(n)
P ' < '

Dt
Free Surface Kinematic Boundary Condition (FSKBC)
Dr (p,

PP 5 (p1) = Vo () Vpor e Ty0)
Dt

Y x
i ¥” ['AT)

) () ()
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Space discretization: Boundary Element Method I

Laplace’s equation together with the boundary and initial conditions
represents a Boundary Value Problem (BVP) whose approximate solution
is obtained by means of weighted residual methods.

Assume ¢(p) is an approximate solution of Laplace’s problem defined on
a domain €2. We have Vo(p) # 0.

The error induced by the approximate solution can be minimized as
follows

/v%,-;(p)o* =0 (21)
J

where ¢* is the weighting function.
By choosing as weighting function the Green function
1 1
*
) ( ' ).} = ]['l
PP B F R
2 2. G Y
where R = \/(.\',., — Xp. )" + (¥p — ¥p. )~ is the distance between the point

p and the collocation point p.., we obtain the so called Boundary Integral
Equation

TU 1304 | WINERCOST | Napoli (Italy), 23-28 April 2017 49
E. Marino —Wind-wave-structure interaction in Offshore Wind Turbines

Space discretization: Boundary Element Method II

The Boundary Integral Equation

c(pe) @ (pe) + / o(p)q" (p,pc)dl — / ¢" (p,pc) q(p)dl =0 (23)
JT JI

where

q(p)=Vol(p)-n (24)
q" (p.pc) =Vo© (p.pc)-n (25)
are respectively the flux (normal velocity component) and the normal

derivative of the Green function.
The coefficient ¢ (p.) depends on the location of the collocation point p..

TU 1304 | WINERCOST | Napoli (Italy), 23-28 April 2017
E. Marino —Wind-wave-structure interaction in Offshore Wind Turbines

248



Space discretization: Boundary Element Method V

The boundary integral equation (23) is discretized into NE isoparametric
quadratic elements in such a way nodal values belonging to j-th element
are approximated as follows

3 3

oV = Z or (5) w,f” end qU' = Z Pk (5) qi‘,ﬂ

k=1 k=1

so that BIE becomes

' (pe) @ (pe) +Z/ Zrﬂ \)u“)q,,de+ Z/ Zr& qm Ul”

1 k=1 1 k=1
where
u) () _ V)
*(j) ( —xpc) i’ + Ype) 1y
dpc " = 5 : 5 (26)
2 {( O =)+ (5 = yp.)]
) | ; 2 2
1 ¥ i " (U 5
o =7 In (.1“) - .\,,‘) + (.\U) - '\,,E_) (27)
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Space discretization: Boundary Element Method IV

The quadratic shape functions are

y )
1
pr(s)=5s(s—1)
pa(s) =(1—15)(1+5) =
03 (5) = ;x (I+9) /7@ j-th element
0" :

The BIE can be transformed into integrals over the shape Iunutum\
domain [—1, 1] as follows

“(pe) & (pe) Z/ Z”k \)uk”q U'( )jm(.\')(l.H-

NE i 3
*U) (N 70) (¢ Is = 0 28
- Pk ( )q,( ”p‘ (‘)j (-")(-‘* (28)
=1 Y=Ly
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Space discretization: Boundary Element Method VI

If the collocation point p. assumes in turn all NV boundary nodes, the
above equation becomes

NE

NE 3 3
citi+ > Y hPe) =3 "N elq) =0 i=1:MN  (29)

j=1 k=1 j=1 k=1

that is

(1) (1) (1) (1) (1) () (NE) , (NE) (NE) , (NE) (NE) ,(NE)
cii + Ry oy Hhy oy i dy ey Hhy Uy by g+
(1) (1)
4 Q@

(1) (1) m (NE) ,(NE) _ _(NE) ,(NE)
g A i 3 g —& 9

(1) (NE) , (NE)
— 8 P —8R I — .. — 8y P gn @y =0

Sil ¥3

where it has been set
, I ,
hfp = / q; W) () px () TV (s5)ds
J=1
) : () j
2 = / 617 () ik () T (5)ds
J—1

The number NN of boundary nodes is given by NN = 2NE+number of
corners of the domain €.
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Space discretization: Boundary Element Method VII

Finally, equation (29) can be rewritten in matrix form as follows

cipi + Hrqf—"q — qu(fq (30)
for which
Hiqdq = Gigqq (31)
where Hj, = c¢idjy + H,»,, andei=1:NNandg=1:3NE.

After the “assembling”, the system needs to be rearranged according to
the boundary condition type in order to get an algebraic system in the
standard form

A,[X',' = I'J,'

where all the unknown are collected in X and all the known terms, among
velocity potential and flux, are collected in b.
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Time discretization

To integrate the FSKBC and FSDBC:

DF (p, 1) 1 D*F (p,1)
EE B LS o)

Flp.t+dt) =7(p.t)+ 'D Ir + 3D dr? + o (dr*)
D¢ (p,t 1 D¢ (p,t) > >
o (p,t+dt) = ¢ (p, 1) + O[()[: )di‘ + 3 L]’)‘El; )(lI" + o (dr”)

IA0) ['A(t+dt)

r(p,1)
x
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Method of solution: 2—step MEL scheme

It consists in a repeated two—steps procedure: at a fixed time ¢:

1. Tp(2), Ti (7). Tp (7). T's (1) ,
o (1), VI (£), Vi (1) (1) B T ek

(known quantities )

Solve two BVPs for: Vit ) ViUt)
b (1), dp (), Do (2), V2 (1) I'(t) ()
: 4 : f >4t) ()

@i (1), Do (1), Do (), V7 (2).

@u(E) Tt ) wnlt )

2. Update ¢y (¢ + dt) and 7y (¢ + dt);

More details on the nonlinear High-Order BEM formulation for nonlinear waves
are available in: Marino, E. (201 1). An integrated nonlinear wind-waves model for
offshore wind turbines. Firenze University Press.

(Open access at http://www.fupress.com/catalogo/an-integrated-nonlinear-wind-waves-model-for-
offshore-wind-turbines/2237).
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2—step MEL scheme — solver flowchart

Given Solve BIE for the Get
f.l‘,\.|'/),l‘f\‘-,flf: velocity potential ON .U
Internal kinematics ~—| \
(gradient of BIE) Calculate the
velocity on the
¥D free surface
. iy 9p;
Eulerian step UD Upn ot

= Kinematic bound-
———| [ (t +dt) [«— o —
ary condition
Update domain geometry

and velocity potential

5(t + di) Dynamic bound-

ary condition

Lagrangian step
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Linear (Airy) wave theory

0
Linearization of te dynamic BC leads to: a—d) +gn =0 forz=n(xt)
t

on _0¢
Linearization of te kinematic BC leads to: ot = 3z forz=n(x,t)

The surface elevation satisfying the above bs takes the following form:

n(x,t) = Acos(kx — wt)
The potential satisfying the above bcs takes the following form:

¢(x,z,t) = Ajg (coshk(d + z)/ cosh kd) sin(kx — wt)

Where A is the wave amplitude, d is the water depth, w is the circular frequency
and k the wave number.
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Linear (Airy) wave theory

A —

h 'snap shot'
“ (t = fixed) (x = fixed)

sea bed

'time history"

Where A is the wave length and T is the wave period

| 27 |
kN =27 or: k= T{ wT =27 or: w =
[ A

Wave frequency and wavelength are related by means of the dispersion relation:
w? = gd tanh(kd)
w? = gd (for deep waters where tanh(kd) = 1)
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Linear and 2nd-order irregul waves

N
Linear wave theory m (f) - E A,,, ('(_)H(w,”f - (_’),”)

m=1

na(t) =5 () + !];—(f)

ll-order wave theory N

N
iy (1) =Y > [AnAu B, cos((¥,, £ 9,)}]
m=1

n=1

where W,,, = w,,t — &, and ¥, = w, t — @&, Ay Aps win and
w,, are, respectively, the amplitude and the circular frequency
of the m—th and n—th wave components. B,,,, and B, are the
second order transfer functions [16]. Similarly, the second—order
velocity potential is obtained as a sum of a first order and a sec-
ond order term ®(t) = Py (t) + Po(t). Po(t) is defined by dif-
ferences and sums of frequencies: o = ¢, + ¢y
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> 40

Comparison of L, 2nd-order and FNL models

——FNL without domain dec. —— FNL with domain dec. —— 2nd-order —— Linear
5.4527 T T T
2.9689
El
>
<
I 04851
o
=
<
2
-1.9987
‘\ L|nea|“
-4.4825 - L L L L
250 460 470 480 490 500 510
t [s]
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Example of FNL vs. linear wave (non-breaking)

Free surface at ¢ = 1699.0000 s

-40
-150

-100 -50
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Example of FNL vs. linear wave (non-breaking)

Free surface at ¢t = 1700.6000 s

120

100

80

60

20

-20

40 | | | | |
-150 -100 -50 0 50 100 150
x
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Example of FNL vs. linear wave (non-breaking)
Free surface at ¢t = 1702.2000 s
120 T T

100

80

60

> 40

20

40 | \ \ \ \

-150 -100 -50 0 50 100 150
T
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Example of FNL vs. linear wave (non-breaking)

Free surface at ¢t = 1703.0000 s

40 | | | | |
-150 -100 -50 0 50 100 150
x

TU 1304 | WINERCOST | Napoli (Italy), 23-28 April 2017
E. Marino —Wind-wave-structure interaction in Offshore Wind Turbines 65

Example of FNL vs. linear wave (breaking)

BEM Free Surface at t = 284.8187 s
T

180 T

160~ -

140 -

120 -

100~ -

40 N

20 -

TU 1304 | WINERCOST | Napoli (Italy), 23-28 April 2017
E. Marino —Wind-wave-structure interaction in Offshore Wind Turbines

256



Example of FNL vs. linear wave (breaking)

BEM Free Surface at t = 288.7187 s
T T T

180 T T
160~
140

120

60

40—

20

-200 -150 -100 -50

KoH
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Example of FNL vs. linear wave (breaking)

BEM Free Surface at t = 290.8187 s
T

180 T

160~

140

120

100~

1 T T T T 1
-200 -150 -100 -50 50 100 150 200

Ko

TU 1304 | WINERCOST | Napoli (Italy), 23-28 April 2017
E. Marino —Wind-wave-structure interaction in Offshore Wind Turbines

257



Example of FNL vs. linear wave (breaking)

BEM Free Surface at t = 291.7437 s
T T T

180 T

160~

140

120

60

40—

20

200
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Outline

* Hydrodynamic loading models
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Loading models

{1’ .oading l‘ln(lv!]

\

( ULTIMATE ) ( FATIGUE

)

!

Extreme wind-waves

1. Extreme Turbulent Wind

Model 1. Normal Turbulence Wind
Model (Ui, < U < Upwt)

2. Linear waves are suitable

2. Highly nonlinear waves

3. Breaking waves occur

4. Hydrodynamic Model:
F(t) =Fp(t) + Fm (1) +F (1)

(e.g. Wienke & Oumeraci, 2005) -

F(t) = Fp(t) + Fu

(Morison’s equation, 1950)

Operational conditions

3. Hydrodynamic Model:

(1)
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Inertia Coefficient C,

Morison equation for a fixed cylinder

F(f) - Finerfia(f) + Elr‘ug(f)

_x
4

Where C,, is the dimensionless inertia coefficient and Cj is the dimensionless drag
coefficient. Both coefficient are obtained experimentally with several methods.

F(t) =2 p CyD2 - it) + 5 p CpD - u(t) Ju(t)

e
Rn < 10” | Rn > 10°
s
E CIJ C\[ C[) c\’
3 e
£ K
F) <10 L2120 ]06] 20
& >10] 1.2 15 0.6 | 1.5
CI——— < : ; ) : : Clauss, 1992
eulegan jor Number Keulegan Carpenter Number KC .
Suggested by DNV (Offshore Hydromechanics by J.M.J. Journée and W.W. Massie Delft Where Rn is the
University of Technology Reynolds w D
a
Where KC is the Keulegan-Carpenter number that in number:  fin o
regu|ar wave writes: ) u, = flow velodty amplitude (m/s)
KC=nmx- H_ 27 -2  (deep water only) P = cylinder diameter (m)
D D ’ v = kinematic viscosity (m?/s)
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Impact force model

Analytical impact model n
e W Fp+Fu= /
. B i Source: J—d =

A1y, Wienke, J., &

Oumeraci, H. (2005). i
| Breaking wave 4 / IR Cuve
IEC Kaimal impact force on a i
spectral model vertical and inclined

Fully Nonlinear slender pile—
BEM model theoretical and
large-scale model

Linear solution > [ " T (pt) =0

1
= p-Cp"D-u(z)|u(z)|dz

11 By Vv, 3 R 12 R
t)=pRV} |7\ [= = — /= =ttanh '\ /1 =t /6=t 2 vzl
O = ‘[\-G%r' V3R VIorIVSRE | for g <t<gny
wheret' =t — R/(32v))
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Outline

* Coupled simulations and effects of nonlinear
waves
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5-MW NREL Baseline turbine model
Rating Power 5MW o :
) Rated = 11.4 mis = Piich Control
Rotor, Hub Diameter 126m. 3m i =
20 ! E
Hub Height 90 m - g
Tower base diam., thick, 6m,2.7¢cm 2% : mrr—_—
g | 5
Tower top diam., thick. 3.87m, 1.9 £, i &
Pile length, diameter 20m,6m —PowerCue’ 2
5 ' SMW " §
Pile thick., weight 6cm, 187.9 /{ &
Rotor Mass 110t &= T4 15 20 @8
Cutin=3m)s Wind Speed (m's) Cut-out = 25 mis
Nacelle Mass 2401 Above cut-out:
Tower Mass 347.461 Sea state: parked condition
M()ll()pIIL Mass 187.91 H.\‘ [m] ?—:” [S] HH Wlnd vel. [ml'rS}
Source: Jonkman, J., Butterfield, S., Musial, W., & Scott, G.
Definition of a 5-MW Reference Wind Turbine for 75 15 ( 33
Offshore System Development. (Technical Report
NREL/TP-500-38060 February 2009)
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Effects of breaking waves

5-MW NREL Turbine Model:
Rotor Diameter, Hub Height 126 m, 90m

Cut-In, Rated, Cut-Out Wind Speed 3m/s, 11.4m,25m

Simulated cases:
Sea State

Wi d.
H. [’”] Tp[-"] ind Cond

S Uslm/s]  dnyl-]
SS6 5.0 12.4 24.00 0.14
SS7 7.5 15.0 32.96 -

Aga&Man 2011 - k02 1.5 12.3 18.00 0.14
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Linear vs. nonlinear tower response

Hs=7.5m; Tp=15s; Uh =32.96m/s - Parked condition

e b Uil bl

Linear response

1508 R b= X X su
¢ —————— Nonlinear response
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Impact occurring around { = 3168 s

Marino, E., Lugni, C., & Borri, C. (2013).A novel numerical strategy for the simulation of irregular nonlinear waves and
their effects on the dynamic response of offshore wind turbines. Computer Methods in Applied Mechanics and

Engineering, 255,275-288.

3 -10 0 10 20 30 40

7.5m, T, =15s
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FNL vs. L waves breaking wave case

E. Marino, C. Lugni, C. Borri.Aero-Hydroelastic Instabilities of an Offshore Fixed-bottom Wind Turbine in Severe Sea
States. Proceedings of the | Ith International Conference on Hydrodynamics (ICHD 2014). Singapore.

—_— Nonlmear response

_ }\mﬂ/\/\

Linear response
T T T

High freq. forces caused
by the impact

caused by steep non-brk waves Impact affects

’ ] ] T the amplitude
uemr—fur’”q-b% PN iy P AT s oA oy
120 : :
2TE-Ot, 1 | \
E I | | .
BE-D2 - r A AT i "' | |I | |I | fAAAAA
h—’\‘.v‘{"r‘_'ﬁw‘ Lu-lIJ I""-'I.\J }r»\_,."‘a‘”""j}l' ‘r)' }ILLITII iy r}J ¥ ”I"IJ”‘IrU I-I[i- J*fj
) |I|I.|\, yyuy ||| |||III ||| '\'LI'JIa
| || [V
Hs=7.5m, _’Lo_ 15s; Uh = 32.96m/s - Parked condition, l ) ' 1
3080 EL aa na H Inm o =) ax =0
L}
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FNL vs. L wave breaking wave case

E. Marino, C. Lugni, C. Borri.Aero-Hydroelastic Instabilities of an Offshore Fixed-bottom Wind Turbine in Severe Sea
States. Proceedings of the | Ith International Conference on Hydrodynamics (ICHD 2014). Singapore.

Linear response Nonllnear response
T T

AAAAA
'R'ATR'

7
L L1 1 L 1
e MTgMer Imeq. aue to i _ : —|:owe1-freq due to

T blades excitation
EoT—

E-I.'lE—ﬂl'—

Hs = 7.5m; TT)‘—'&SS UN®32. 06T Parked BonditioR™ iy B e s ws
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L-WNL-FNL comparison in regular waves (parked)

Marino, E., Lugni, C., Stabile, G., & Borri, C. (2014). Coupled dynamic simulations of offshore wind turbines using linear,
weakly and fully nonlinear wave models: The limitations of the second-order wave theory. In Proceedings of the 9th
International Conference on Structural Dynamic , EURODYN 2014 (pp.3603-3610).

——FNL - - -2nd-order - - Linear
6

Maximum wave

2.9E+000

aveElev [m]

& -71E-001

W

elevation:

¢ LINEAR:39m
¢ WNL:4.8 m

¢ FNL:5.7 m

-a.
33E+004

12E+004 j

> il |

A
799&003 4

TwrBsMyt [KNm)

-3.1E4004

FNL causes:

] ¢ 20% increase of
tower-base shear

i ¢ 50% increase in the
tower-base moment

1.1E-001 T T T T T T T T

2.6E-002

-6.0E-002

TTDspFA [m]

-15E-001

¢ High amplification in
the tower-top motion.
* Low freq.: 3f,f,

Wave Frequency f,, = 0.1 Hz tH
Wave Steepness ka = 0.20
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Structure natural frequency f, = 0.28 Hz
Turbine Status = PARKED (90° blades pitch)

I
280

L-WNL-FNL comparison in regular waves (operating)

Marino, E., Lugni, C., Stabile, G., & Borri, C. (2014). Coupled dynamic simulations of offshore wind turbines using linear,
weakly and fully nonlinear wave models: The limitations of the second-order wave theory. In Proceedings of the 9th
International Conference on Structural Dynamic , EURODYN 2014 (pp. 3603-3610).

—FNL - - -2nd-order - - Linear

FNL causes a:
¢ |5% increase of

tower-base moment

6.7E4004, T T T T T T

* High amplification
/ in the tower-top
; motion.

* The low frequency
| 3f,-f, = 0.02 Hz
\ disappears

=} g y Pl
% azeion / f E
z AL LY ¥ J |
A 27e+004- |, RN / i ol f (B I
E A VAT S A T O I -
, i i i i i i i i
2.7E-001 T T T T T ‘ T T T T
jzz&ool 415! ([ i ’ AL {1 b i | \ ) L [
b k ok | i i 1 M H
z R v AT AT T [
a i AR A A I | Al
= 1.9E-001 ¥ fl
£
. i i ; ; ; i ; ;
o o g o 0 2 20 200
Wave Frequency f, = 0.1 Hz '# Structure natural freq

Wave Steepness ka = 0.20
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Turbine Status = POWER PRODUCTION

ZLjoency f,=0.28 Hs
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L-WNL-FNL comparison in irregular waves (parked)

Marino, E., Lugni, C., Stabile, G., & Borri, C. (2014). Coupled dynamic simulations of offshore wind turbines using linear,
weakly and fully nonlinear wave models: The limitations of the second-order wave theory. In Proceedings of the 9th
International Conference on Structural Dynamic , EURODYN 2014 (pp.3603-3610).

——FNL - - -2nd-order - - Linear

4.2E4003

1.6E+003
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3564003 trch
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yt [kNm]

3.1E+004

TBsM;
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i
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= L1E-0011y
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i
50 100 200
t[s]

Resonance phenomena
Nonlinear effects
Springing Ringing Slamming Schiger, S., Bredmose, H., and
Bingham, H.B. (2016) “The
influence of fully nonlinear
g 81 A 8 wave forces on aero-hydro-
o Q |l Al (<] . .
w | vy w elastic calculations of
monopile wind turbines”,
Marine Structures, vol. 50, pp.
162-188.
Tension T 30 (kM)
20000 ok s T00 L Springing—| Norwegian Petroleum
0 MW— Directorate, “NPD
.20 000 i ' ,l Annual Report 1992
-40 000 = ‘ . c
8500 2800 8700 8800 8900 9000
Time (soc.)
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Some experiments from the literature

15 0
! , @ i o eylinder | sm‘nﬂmﬁ Broa Inr‘\ﬁ:ﬁ\ia‘;v o Grovns
g 05 in/tw=3.8, 21 Intws3 6, 21
R 1 - - - - — - -
I ()
‘ M sy SIMANAAAN h |
05 2 o.‘\lw“.w'u“\u"\;\lg WivR
o | VYV ‘1’ V] VIV Y
1 - - - - — - —
8 0.08 -~ ~ ~ — — -
. 1
— g At
7 (Nm) g o v |||l‘|‘ |‘,.v" Wy
I
008
44r 1\]: [Fa—
169 () 1w eylinder s | ; @]
12
. 2 0| - -ﬁ"|ﬁ|"|i"r'l"l”“*r”v"‘w‘“
M (Nm) , / 02 LI
My | i sec) ime (s0c)
: . M (-
0.80 028 0 028 0.80
108 1" ns 12 125 t(s)
1 Welch, Fontaine & Tulin
T, Eng.9 QO¢
Grue & Huseby Chaplin, Rainey & Yemm Int. Jou. Off. Eng.(4)(1959)
Applied Ocean Research, 24(2002) JFM.350(1997)
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Basic definitions of accumulated damage D

Constant stress cycles:

D = NS"/K
@ m, K: material parameters (m = 3 for turbine tower - welded steel)
@ N: number of cycles; S: stress amplitude

Variable-amplitude stress cycles:

N
D=> S'/K
i

@ §;: individual stress cycle

Equivalent Fatigue Load (EFL):

Is the constant-amplitude stress range which would cause an equivalent amount
of damage as the original variable-amplitude stress time series.

>
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Basic definitions of accumulated damage D

Time-domain approach:
Rainflow Cycle-Counting (RCC)

@ Individual cycles S; may be
superimposed upon one

Frequency-domain approach:
Dirlik’s spectral method

@ The ex. value of the stress
range random variable is:

another E[S™]) = [;° S"p(S)dS

@ They are counted by means of

the standard RCC Algorithm @ p(S): PDF of §

@ The EFL is given by:
eFL = (Y s/n) "

@ The damage is given by:
D= N(EFL)"’ /K

@ The EFL is given by:
EFL — (E[S’"UI/"'

@ The ex. damage is given by:
E[D] = E[N)(EFL) s
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Basic definitions of accumulated damage D

5-MW NREL Turbine Model:
Rotor Diameter, Hub Height 126 m, 90m

Cut-In, Rated, Cut-Out Wind Speed 3m/s, 11.4m, 25m

Simulated case:

Sea State
s Hml T,s] Wind Cond.
U [m/s]  Turb. Int. [-]
Uy at 0.9999 non-ex. fract. 56 10.82 33.43 0.1

(1 to 2.5-year return period)

The turbine is assumed in parked condition. Wind shear: power law with
exponent 0.2. Wind Turbulence: Kaimal power spectral density function; Sea
spectrum: JONSWAP with v = 3.3.
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Effects on the dynamic response (non-breaking)
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Marino, E., Giusti,A., & Manuel, L. (2017). Offshore wind turbine fatigue loads: The influence of
alternative wave modeling for different turbulent and mean winds. Renewable Energy, 102, 157—-169.
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Effects on the dynamic response (non-breaking)
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WindVxi: longitudinal wind velocity; WaveElev: wave elevation , TwrBsFxt: tower base shear, TwrBsMyt: tower base
moment, and TTDspFA: tower-top displacement

Marino, E., Nguyen, H., Lugni, C., Manuel, L., & Borri, C. (2015). Irregular Nonlinear Wave Simulation and
Associated Loads on Offshore Wind Turbines. Journal of Offshore Mechanics and Arctic Engineering.
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Effects on fatigue loads

Damage-equivalent load (DEL) estimates associated with TwrBsMyt for nonlinear (dashed lines with
squares) and linear (solid lines with circles) wave kinematics and turbulence categories, A (black line), B

(red line), C (blue line).The turbine is in a parked state.

TwrBsMyt

10*

kN m

DEIL

mean wind speed [m /s

Marino, E., Giusti,A., & Manuel, L. (2017). Offshore wind turbine fatigue loads: The influence of
alternative wave modeling for different turbulent and mean winds. Renewable Energy, 102, 157—-169.
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Effects on fatigue loads

Damage-equivalent load (DEL) estimates associated with TwrBsMyt for nonlinear (dashed lines with
squares) and linear (solid lines with circles) wave kinematics and turbulence categories,A (black line), B

(red line), C (blue line). The turbine is in a power production state.

T'wrBsMyt

DEL [kN m

N : mean wind speed [m o
Marino, E., Giusti,A., & Manuel, L. (2017). Offshore wind turbine fatigue loads: The influence of
alternative wave modeling for different turbulent and mean winds. Renewable Energy, 102, |57—169.
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Introduction

Wind turbine growth led to the following developments:

Use of new composite materials and new design adaptations for blades
Increase in blades sizes to increase the swept area and energy yields
Use of new advanced gear boxes and geared drive solutions

More use of direct-drive generators

However

Increasing sizes require
bigger generator
diameters

Increased blade sizes may
cause higher fatigue
Higher towers create
new practical O&M - e

Rotor diameter ()

Adrbus AR

wing span
#m

challenges
05 3 5 13 18 2 a5 11 B0 MW Frare
Evolution of the size of wind turbines
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Introduction

Management Considerations:

® Wind farms and turbines are now remotely monitored.

= Technical problems are detected earlier and failures are easier to
predict.

This reduces cost and increases the returns

Challenge:

Bigger turbines cause more logistical and construction challenges and are
associated to higher costs.
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Introduction

The trend to off-shore farms creates a new set of challenges:

= systems must be more reliable and adapted to marine conditions
= |ogistics and installation is much more difficult
= grid related challenges

This increases the cost

= Therefore a very detailed analysis and comprehensive assessments
must be carried out towards energy yield, investments and
environmental issues.

= Addressing the entire system including manufacturing and
installation processes.

This is easily achievable through a LCA
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Life Cycle Analysis (LCA)

Goal and scope > /ﬁ

definition

Direct application:
+ product development

5 and improvement
WVCI‘“{") Interpretation * Strategic planning
analysis * Public policy making

* Marketing
= Other
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4
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Life Cycle Analysis (LCA)

= Renewable Energy (RE) sources, such as wind energy, are preferred
over non-renewable sources, primarily due to the potential reduction
in greenhouse gas (GHG) emissions.

= Large scale Wind Turbines (WTs) present significant challenges as
discussed in this paper. Meanwhile, recent developments in micro-
generation and hence small scale WTs, through state-of-the-art
technologies effectively manage the demand, load and instabilities
with effective planning,control and efficiency yield. Near-zero energy
buildings relying on the energy produced on site have been
demonstrated and developed for different climatic regions.

= A life cycle assessment (LCA) allows for environmental impact
evaluation during the whole life cycle stages from production,to
operation, generation of energy on site, disposal and reuse or
appropriate waste (end-of-life) management.

= LCA leads to a comprehensive evaluation of performance ofa
technology.

TU 1304 - WINERCOST — Napoli, Italy -23-28.04.2017
Dr.Ruben Paul Borg — UrbanWind Energy:Social,Planning and Environmental Considerations.

278



LCA forWind Turbi
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Reference:Uddin, 20 | 4,Energy,emissions and environmental impact analysis of wind turbine using LCA techniques.
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LCA forWind Turbines

TRANSPORTATION
INSTALLATION
OPERATION
MAINTENANCE
DECOMMISSIONING
DISMANTLING

LCA presents a systematic approach for
the evaluation of impacts, addressing
environmental, social and economic
aspect
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LCA: Comparative Analysis 1/2

Ref., date Technology Cy Size, kW A, n? Site LFT,yrs  EPB-T,mths Energy intensity =~ CO;intensity
[14], 2013 N/A 0.2 0.4 108 Thailand,On 20 1.2-0.7 29.75-359 36.06-5.11
25 19.6 2310 2.89-0.24 259-0.29
5 319 76-21 3.62-0.19 1.94-015
20 70.9 11-2.3 2.15-0.09 1.09-0.057
[17], 2009 H 0.33- 850 212372 Australia, On 20/ 30 12 N/A 23-26
0.34 3000 6361.74
[71,2002, N/A S M;L 1.77-283.5; Brasil/ N/A 6-49 0.09-0.77 2-81
[10], 2004 707-3217 Germany
[11], 2012 N/A 0.18; S ML N/A On 15-30 N/A 16-12
0.22; off
0.31;
0.43 Off
[18], 2014 Vi H; 0.35 03-0.5 N/A Thailand 20 0.08-0.25 0.01-0.05 512
[12),2014  upwindpitch  0.35 2x2000 Bladelength  US Pacific 20 043053 N/A
regulated 39 and 40 Northwest, On
[19], 2012 N/A >1000 N/A Various N/A 1.3-20.4-49 N/A 2-20.2-46.4-81-
regions: USA, 168-185
EU, East sites
[20], 2009 v, 0.3 0.25 N/A France 20 229 03 46.4
H; gearbox, 4500 132.73 0.58 12 158
grid
[21],2008  N/A 11x660 N/A Tty N/A <12, (365 004007 88185
[22], 2015 N/A 0.19- 250-6000 N/A Itay N/A 24-215 0.01-1.2 6.2-46
0.53
[23], 2011 N/A 0.21 15133 N/A Spain 20 N/A 0.0573 8.7-12
0.0691
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LCA: Comparative Analysis2/2

[24], 2010 0.29 100x N/A Ching On;Off 20 N/A 018 1583
045 3000 012 1074
[25], 2008 N/A Tawen 13 005 36
[26],2006  H; plants 2000 NA Denmark; O, 20 9,
gearbox; grid;  0.30 3000 Off 6.6 0.098 464
054 6.8 0.102 523
[27],2013 N/A 034 141500 N/A Brasil; On N/A 71
[28], 2009 Scenario 0375 60x5000 Scandinavia, 25 N/A 165+/-1.3
2000- Off
2030
[29],2000  Off-grid; 017 04 108 CaadaOn 20 NA 1143
Batteries
30,203 NA 330 876 Turkey 20 %6
500 1560 N/A 151-383
810 2198
2050 5281 146
3020 5281
[31],2013 02 25x2000 Denmark; On -~ 20 811 N/A 7-10
[32],2012 Grid, 023 20x50r 2375 Canada 25 168 0424 a7
022 5x200r 7014 96 0221 251
024 100 3464 72 0133 178
[33], 2012 023 80 Chi 20 028
04 1650 N/A On; N/A 821
03 3000 5
054 Off 6
(34,202 Gealess 1800 3648, Europe 20 77 N/A 882

Ref. — reference0gAashperity factor, A — Sw@PBrea, On-@hore, Off —

Off-shore, S<B0 kW, M [100KW81 MW], L —>1 MW, H —horizonta®/3- vertical

LFT - Lifetime, yrs- years, mths—months, EPB-T — energy payback time.

TU 1304 - WINERCOST — Napoli, Italy -23-28.04.2017
Dr.Ruben Paul Borg — UrbanWind Energy:Social,Planning and Environmental Considerations.

280



Key Environmental Indicators: Review 2002-2015

= Co2
u EPBT

0 10 20 30 40 50 60 70 80 20
EPBT, months; gco,/kWh,,
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Comparative Analysis

* Factors Considered:Type, Capacity Factor, Location, Lifetime, EPBT,
Energy Intensity, CO, Intensity.

* A wide scatter can be observed in Energy, Intensity, CO, Intensity
and EPBT.

* CO,is likely to be higher for smaller wind turbines than large scale
WT.

* Though larger wind turbines may produce more output, the EPBT
tends to be lower for smaller scale WT.
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Key Environmental Indicators: Review 2002-2015
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Ref:Aden. Muller. 2010, Comparative Life-cycle Assessment of Non-fossil Electricity Generation
Technologies China 2030 scenario analysis.
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LCA Review

Fixed cost at Annual fixed Variable cost Levelized
construction cost cost Lifetime cost
Technology CF $2010/KW  $2010/KW  $2010/MWh Years $/Kwh
coal 57% S 3,006 $ 33§ 4 40 0.056
nuclear 90% S 4668 S 118 $ 4 50 0.061
hydro 41% S 3076 S 13(§ - 100 0.063
Wind onshore 44% S 2,438 $ 28 S = 20 0.067
solar CSP 43% S 4,190 $ 66 S - 25 0.114
Wind average 32% S 4,207 $ 41 S - 20 0.164
Wind offshore 27% S 5975 §$ 53 S - 20 0.261
solar PV 19% S 5300 $ 47 S - 30 0.285
Source: EIA (2010); O'Donnel (2009)
Normalized cost of various technologies
TU 1304 - WINERCOST — Napoli, Italy -23-28.04.2017
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EEIOA: environmentally extended input output analysis.

Ref:Arvesen, 2012, Assessing the life cycle environmental impacts of wind power - a review of
present knowledge and research needs
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LCA Review

Life cycle phase Coverage Agreement Quality Remarks

Production of companents ****** il T Complete coverage (Scope, and ies section) inty about
embodied in materials. Detailed material compositions are often not known. Toxic emissions from
manufacturing are poorly understood; issues of mineral resource pressures are not well understood
(Impact category coverage section . Studies assuming European energy systems dominate. Few studies of
very large wind turbines and offshore wind turbines in deep waters and/or far from shore (Scope,
assumptions and methodologies section).

Transportation to site, on- **** - - Coverage is variable {Scope, assumptions and methodologies section). Onshore: not important according

site construction 1o most studies (results of |34] disagree; the Contribution analysis section). Offshore: possibly
important; modeling appears simplistic; NO, from fuel oil-burning may be significant, Few studies of
wind turbines in deep waters andjor far from shore (Scope, assumptions and methodologies section).

Operation and e e - Coverage is variable (Scope, assumptions and methodologies section). Offshore transportation and on-

maintenance site activities: modeling appears simplistic; N, from fuel cil-burning may be significant. Empirical basis
for assumptions about replacement of parts seems to be lacking. Few studies of wind turbines in deep
waters andjor far from share (Scope, assumptions and methodologies section),

End-of-life - el . Scarcely assessed in detail {Scope, assumptions and methodologies section), Future waste handling
practices for rotor blades are unknown. Assescments using the avoided burden method are often lacking
in transparency and may be inconsistent.

= Basic drawbacks in stage inputs and outputs.
= Judgments re. research coverage - life cycle phases - existing studies.

Ref:Arvesen, 2012, Assessing the life cycle environmental impacts of wind power - a review of
present knowledge and research needs
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LCA Review

- Input transparency utput transparency

Quantitative  Necessary for replicability of study and Reporting granularity.
recalculation of study with new information Required for
reinterpreting results.

Qualitative Use for assessment of a study’s completeness
and a record of modeling parameters and
assumptions

Drawbacks in quantitative and qualitative aspects of assessments and reports.

Ref: Price A Kendall, 2012, Wind Power as a Case Study. Improving life cycle
assessment reporting to better enable meta analysis
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Conclusions 1/2

I. Increase in size of WTs and rated power requires further
assessment to determine whether it covers and compensates
for the embodied energy requirements.

2. Variability of a number of LCA studies leads to difficulties in
the comparison of results due to distinct assumptions and
boundaries.

3. LCA studies differ from very simple to very detailed ones,
going into different aspects, based on assumptions,published
results and scenarios or referred to up-to-date actual data
resulting in challenging uncertainty levels.

TU 1304 - WINERCOST — Napoli, Italy -23-28.04.2017 20
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Conclusions 2/2

4.Economies of scale play a vital role in energy intensity and
system outputs.

5.Small to Medium-scale units are not adequately covered in
literature. This justifies the LCA Review analysis.
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LCA: Comparative Life Cycle Assessment:
Structural Design & Life Cycle Assessment

Section 2

LCA:Comparative Life Cycle Assessment:
Structural Design & Life CycleAssessment
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Comparative Life Cycle Assessment

C=at
Production
of |:> Transport ‘:>

materials

ﬁ .-‘-' Transport 7
<j Deconstruction
Landfill O

Rebelo C et al. Comparative life cycle assessment of tubular wind towers and foundations — Part |:
Structural design.Eng Struct (2014),http://dx.doi.org/10.1016/j.engstruct.2014.02.040

Gervasio H et al. Comparative life cycle assessment of tubular wind towers and foundations — Part 2:Life
cycle analysis.Eng Struct (2014),http://dx.doi.org/10.1016/j.engstruct.2014.02.041
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Introduction

* Design of tubular towers and respective onshore foundations.

= Solutions based on steel, concrete and hybrid steel-concrete
tubular towers supporting multi-megawatt turbines of 2, 3.6
and 5 MW power with hub heights of 80, 100 and 150 m

respectively.

= Life cycle analysis of the designed case studies performed —
determination of environmental impact.

* Two different scenarios concerning the lifetime of the towers
were established.

TU 1304 - WINERCOST — Napoli, Italy -23-28.04.2017 2
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Comparative Life Cycle Assessment

L.}

L]

7 F 5
/ eoo0
7 eeee
eoo0

% L]

< L.}

]

Type of connections used in steel tubular towers; (a) welded flange connection (WFC);(b)
friction connection (FrC).
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Comparative Life Cycle Assessment

Scenarios for life-cycle analysis of towers.

Tower height and rated power of wind turbine

80 m/2 MW 100 mf3.6 MW 150 m/5 MW

Lifetime (vears) 20 402 40b 20 402 40b 20 402 40b
Steel towers and steel segments in hybrid towers WRC x - - X - - X -
FrC x x x X X X X X
Concrete towers and concrete segments of hybrid towers cr X x x X X X X X

Scenario |:the structure is dismantled and materials are recycled after the lifespan of 20
years.

Scenario 2:after the initial period of 20 years, the structures are refurbished, mainly by
surface rehabilitation and reused for another period of 20 years (scenario 40a).

Scenario 3: after the initial period of 20 years, the structures are deconstructed,
rehabilitated and reused in another place for another period of 20 years (scenario 40b).

[In both cases, after the total period of 40 years the structures are then demolished and
sent to their final destination according to Scenario I].
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Comparative Life Cycle Assessment

Environmental indicators for LCA.

Indicator Unit

Abiatic Depletion (ADP fossil)

Acidification Potential (AP)

Eutrophication Potential {EP)

Global Warming Potential (GWP)

Ozone Layer Depletion Potential (ODP)
Photochemical Ozone Creation Potential (POCP)

M)

kg S02-Equiv.

kg Phosphate-Equiv.
kg COs-Equiv.

kg R11-Equiv.

kg Ethene-Equiv.

Hybrid tower ErC {150 m)
Hybrid tewer WFC (150m)
Concrete fower 150 m)
Steel tower FrC (150 m)

Steel tower WFC (150 m)
Hybrid tower FrC (100 m] |
Hybrid tower WEC [100 m)
Concrete tower (100 m)
Steel tower FrC (100 m)
Steel tower WFC (100 m]
Hybrid tower FrC (80 m)
Hybrid tower WFC (80 m)
Concrete tower (80 m)
Steel tower FrC (80 m}
Steel tower WEC (&0 m)

il

|

GWP (kg CO2 eq.|

0,006+00  5,00E+05

TU 1304 - WINERCOST — Napoli, Italy -23-28.04.2017

1,006+06

1,50E+06 2,00E+06

Dr.Ruben Paul Borg — UrbanWind Energy:Social,Planning and Environmental Considerations.

288



Comparative Life Cycle Assessment

Bill of main materials for each scenario.

Scenario Steel $355 (ton) Bolts (ton)  Concrete C40/50(m?)  Tendons (tons)  Concrete C25/30 (m®) Steel rebars (tons)
Steel tower (80 m) WFC20 1227 465 359.0 305
FrC20 122,7 1.25
FrC40 122,7 1.25
Steel tower (100 m) WFC20 4140 6.99 7283 530
FrC20 3335 1.61
FrC40 3847 1.66
Steel tower (150 m) WFC20 10250 2143 o81.9 6538
FrC20 871.9 a4
FrC40 987.6 a7
Hybrid tower (80 m)  WFC20 440 262 2333 169 373.6/205.9" 37.2/298"
FrC20 40 068
FrC40 4.0 068
Hybrid tower (100 m) WFC20 136.4 3N 4883 251 831.4/7004° 83.5/70.9*
FrC20 1207 088
FrC40 129.6 089
Hybrid tower (150 m) ~ WFC20 3425 9.41 1187.5 593 13240/1035.4° 101.3/81.1°
FrC20 284.1 141
FrC40 3348 142
Concrete (80 m) 3222 216 458.9/299.7° 56.74/37.9°
Concrete (100 m) 7909 396 1058.6/646.6° 119.7/75.3°
Concrete (150 m) 1778.9 742 1664.1/957.1 140.7/86.4°

* No seismic risk.
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Comparative Life Cycle Assessment
Environmental indicators for the towers with 80 m (1st scenario).
Environmental category Concrete Steel Hybrid
T WEC FrC A (%) WFC FiC A(%)
ADP fossil (M]) 3.49E+06 3.53E+06 3A4BE+06 -14 274E+06 272E+06 -11
AP (kg S02-Eq.) 8.00E+02 8.55E+02 8A3E+02 -14 7426402 7.35E+02 -09
EP (kg PO4-Eq.) T12E+02 1.03E+02 1.02E+02 -11 1.00E+02 9.94E+01 06
GWP (kg CO-Eq.) 386E+05 3.04E405 3.01E+05 -13 340E+05 3.38E+05 ~08
0DP (kg R11-Eq.) 112E-03 641E-03 6.24E-03 -26 297E-03 287E-03 -32
POCP (kg Ethene-Eq.) S10E+01 1.27E+02 1.25E+402 -15 B.82E+01 B71E+01 —12
Note: Minimum values for each category are in bald.
Environmental indicators for the towers with 100 m (1st scenanio).
Environmental category Concrete Steel Hybrid
cT WFC FiC A WFC FrC A
ADP fossil (M]) 683E+06 9.08E+06 7.79E+06 -141 6.34E406 GOTEHE -44
AP (kg SO2-Eq.) 1.72E+03 2348403 LI9E+03 -149 1.73E403 LEGE3 -43
EP (kg PO,-Eq.) 24BE+02 277E402 2.39E+02 -137 2316402 223E402 =95
GWP (kg COx-Eq.) 875E405 7.93E405 692E+05 -126 7.70E405 7A4BE+05 28
ODP (kg R11-Eq.) 229E-03 205E-02 165E-02 -197 B.13E-03 7.26E-03 ~10.8
POCP (kg Ethene-Eq.) 168E+02 3656402 104E+02 16 213E402 200E+02 6.1
Mote: Minimum values for each category are in bold
Environmental indicators for the towers with 150 m {1st scenanio).
Environmental category Concrete Steel Hybrid
T WFC FiC A(%) WFC FrC A (%)
ADP fossil (M]) 109E+07 1.97E+07 L72E+07 -129 1.29E+407 1.19E+07 -737
AP (kg 50:-Eq)) 288EH03 511E+03 442E+03 ~134 3516403 3248403 -76
EP (kg PO,-Eq.) 439E402 5.88E+02 5.14E+02 -126 4.72E402 4436402 -6.1
GWP (kg CO-Eq.) 155E+06 1.62E+06 142E+06 -122 1.53E+06 1.45E406 -50
0DP (kg R11-Eq.) 312E-03 5.00E-02 420E-02 -16.0 1.88E-02 1.57E-02 ~16.6
POCP (kg Ethene-Eq.) 264EH0Z 8.39E+02 7.19E+02 ~143 4.46E+02 3.99E402 ~104
Note: Minimum values for each category are in bold
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Comparative Life Cycle Assessment

Influence of seismic design for concrete and hybrid towers.

Environmental category 80m 100 m 150m
20 MW 36 MW 5.0MW
Concrete Hybrid Concrete Hybrid Concrete Hybrid
T (%) WEC (%) FiC (%) CT(%) WEC (%) FiC (%) T (%) WEC (%) FrC (%)
ADP fossil (M]) -15 -8 -9 —-19 -6 -6 —18 -6 -6
AP (kg SO,-Eq.) -19 -9 -9 =21 -6 -7 -19 -6 -7
EP (kg PO,-Eq) -18 -9 -9 —20 -7 -7 ~18 -7 -7
GWP (kg CO,-Eq.) ~19 ~10 ~10 —21 -7 -8 ~19 -8 -8
ODP (kg R11-Eq) 24 -4 -4 —28 -2 -2 -25 -2 -2
POCP (kg Ethene-Eqg.) ~19 -7 -7 —22 -5 -5 ~19 -4 -5
oop
cwr
EF
»
0 fossil
-20% 0% 20% 40% 60% BO% 100% -40% ~20% 0% 20% 0% 60% 80% 100%
Hower [— Wiower ion WiTransport
(a) concrete tower (100 m) (b) hybrid tower (100 m)
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Comparative Life Cycle Assessment
Hybrid tower FrC (150 mj| Hibrid tower (150 m)
Conerate tower (150m) Cancrete tower {150 m)
Steel tower FrC (150 m) Stesl tower (150 m)
Hybrid tower FrC (100 mj| e Hibrid tower (100 m)
Concrete tower (100m)| Concrete tower (100 m)
Steel tower FrC (100 m) [ Steel tower (100 m) [
Hybric tower Freat {80 m) Hibrid tower (g0 m) ||
Concrete tower (80 m}| Concrete tower (80 m}
Steel tower FrC {80 m} GWP kg CO2 eq] Stee! tower {80 m) GWP [kg CO2eq]
000E+00  500E+05  1,00E+06 1506408 2,00E+06 0,00E+00 1.00E+06 2.00E+06 3,00E+08 4,00E+06
LCA of WindTurbines (Scenario 2) LCA of WindTurbines (Scenario 3)
Environmental indicators for the three tower heights (3rd scenario).
Environmental category 80m 100m 150m
20 MW 36MW 50 MW
Steel Concrete Hybrid Steel Concrete Hybrid Steel Concrete Hybrid
ADP fossil (M]) 5.15E406 6.99E+06 4.78E406 1.14E+07 137E+07 1.05E+07 232E407 2.1BE+07 203E407
AP (kg S0-Eq) 119E+03 1.60E+03 1.29E+03 2.84E+03 344E+03 2.86E+03 5.79E+03 5.76E+03 554E+03
EP (kg PO-Eq.) 150E+02 2.24E+02 1.79E+02 3.54E+02 497E+02 3.97E+02 GISE02 8.78E+02 784E+02
GWP (kg CO,-Eq.) 459E+05 7.72E+05 6.25E+05 1.06E+06 1.75E+06 1.37E+06 197E+06 3.09E+06 2B4E+06
ODP (kg R11-Eq.) 674E-03  2.25E-03 3.68E-03 1.97E-02 458E-03  928E-03 485E-02  6.25E-03 205E-02
POCP (kg Ethene-Eq.) 160E+02 1.62E+02 142E+02 4.03E+02 3356402 3.19E+02 8.86E+02 5.28E+02 B2BE+02
Note: Minimum values for each category are in bold.
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Conclusions

Life cycle analysis of the designed case studies performed — determination of
environmental impact.

Two different scenarios:

= The first scenario considers 20 years lifetime and two different construction
methods for the connection of the steel segments, the first based in current
technology using flange connections and the second using newly developed
friction connections.Assuming equal importance for all environmental
categories in this scenario, it may be concluded that for heights up to 100 m
hybrid towers with friction connections are the most efficient solution. For
higher heights, the concrete tower becomes more efficient.

= The second scenario considers an increased total lifetime of 40 years,
assuming the reuse of the tower after 20 years of operation.In this case,the
use of friction connections in steel towers enhances the possibility of
dismantling and reusing the tower - much better performance in relation to
the environmental category of global warming.
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Environmental Impacts of Wind Enexgy
Projects

Section 3

Environmental Impacts of Wind Energy Projects
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Outline

* Introduction

* Analysis of Effects of Wind-Powered Electricity Generation
* Ecological Effects of Wind Energy Development

* Impact of Wind-Energy Development on Humans

* Planning for and Regulating Wind-Energy Development

= Conclusions
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Introduction

Guidance for reviewing Wind-Energy proposals

* Environmental benefits of Wind Energy

* Ecological Impacts

* Impacts on Humans

* Analysing Adverse and Beneficial Impacts in Contexts

* Framework for reviewing Wind Energy Proposals
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Introduction

Generating Electricity from Wind Energy

Analytical Framework Development

Temporal and Spatial Scales of Analysis

= Cumulative Environmental Effects

TU 1304 - WINERCOST — Napoli, Italy -23-28.04.2017
Dr.Ruben Paul Borg — UrbanWind Energy:Social,Planning and Environmental Considerations.

Analysis of Effects of Wind-Powered Electricity
Generation

|. Estimating Environmental Benefits of Generating
Electricity from Wind Energy

» Atmospheric Emissions — Factors affecting potential
emissions reductions by Wind Energy

* Life Cycle Costs
* Life Cycle Assessment

* Drivers of Wind Energy Development

* Technological, Economic,Regulatory and Policy
Changes.

 Effects and Benefits in Context of Change.
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Analysis of Effects of Wind-Powered Electricity
Generation

2. Quantifying Wind Energy Benefits
* Wind Energy Potential

* Development projections:Wind Powered Generation —
meeting projected Electricity demands.

= Factors that limit wind energy
= Air Quality Improvements
= Emissions Displacement

3. Global Wind Energy Developments

TU 1304 - WINERCOST — Napoli, Italy -23-28.04.2017
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Ecological Effects
of Wind Energy Development
|. Effect on Birds and Bats
I.  Bird Species prone to collision with wind turbines
2. Trubine design and bird and bat fatality
3. Site Characteristics and bird and bat fatalities
4. Temporal pattern of bird and bat fatalities
2. Ecosystem structure alterations
I. Habitat Alteration,Birds and bats

2. Habitat alteration, terrestrial mammals,amphibians,
reptiles, fish and aquatic organisms
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Impact of Wind-Energy Development
on Humans

I. Aesthetic Impacts

I. Aesthetic issues
Assessment of visual impacts of wind energy projects
Project visibility, appearance and landscape context
Scenic Resource values and sensitivity levels

Mitigation techniques

o U AW

Guidelines for protecting scenic resources; Planningand
Siting Guidelines, evaluation of aestheticimpacts
2. Cultural Impacts

I.  Recreation Impacts

2. Historic, Sacred andArchaeological sites
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Impact of Wind-Energy Development
on Humans

3. Human Health andWell-Being
I.  Noise levels (Assessment, Impact,Mitigation)
2. Shadow flicker (Assessment, Impact,Mitigation)
4. Economic and Fiscal Impacts
|. Lease and EasementArrangements
2. Property values
3. Employment and Secondary Economic Effects
4. Public Revenue and Costs
5. Electromagnetic Interference

Television,Radio, Fixed Radio Links,Cellular phones,Radar,
Recreation Impacts.
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Planning for and RegulatingWind-Energy
Development

I.  Wind Energy Planning and Regulation Guidelines
2. Regulation of Wind Energy Development

. Land Ownership

2. Information required for review

3. Public Participation in review

4. Advantages and disadvantages — balance

5. Long-term project-Permit Compliance

6.  Proactive Planning and Evaluation of Cumulative Effects

7. Quality of Review
3. Framework for ReviewingWind Energy Proposals
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Challenges in the Implementation
of Wind Energy Projects: Case Study

Section 4
Challenges in the Implementation
of Wind Energy Projects:
Case Study Malta
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Contents

¢ [ntroduction to non-technical issues
* Wind power in the built environment
* Acceptance issues

» Stakeholders

¢ Critical Issues

* Non-Technical Issues

e Case Study:Malta
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Introduction on non-technicalissues

Building and maintenance Legislation / policy
Architecture Planning
History and heritage Permission procedures
Environmental effects Tourism

Safety

Societal acceptance

Life Cycle Analysis Economics & financial support

Market acceptance .
Business models

Community acceptance |
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Wind Power in the Built Environment

Offshore Near-shore On land (usually rural)
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Wind Power in the Built Environment

Infrastructures

Near dwellings Urban

——
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Wind Power in the Built Environment

TU 1304 - WINERCOST — Napoli, Italy -23-28.04.2017
Dr.Ruben Paul Borg — UrbanWind Energy:Social,Planning and Environmental Considerations.

Wind Power in the Built Environment
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Acceptance issues

Market
acceptance
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Acceptance issues

Implementation strategies
Visualization

Social marketing / communication
Checklists / guidelines |

Practical application of scientific results
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Neighbours
Heritage protection

Media

Politicians
Health authority
Police

Environmental NGO

Stakeholders — Urban Wind-Energy Projects

BuildingAuthority
Architects

Tourism agency

Investors / banks

Science

Urban planners

What would they say?

TU 1304 - WINERCOST — Napoli, Italy -23-28.04.2017
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Stakeholders — Municipality

european
energy award

Mobility
Public transport, parking,public
spaces pedestrians, bicycles

vA

.ﬂ—_ﬂ’
i 9 Y
Y,

Internal organisation
Education, controllingsupply

Communication
Cooperations, events,
marketing, encouragement

J

Planning / development
Principles, energy planning,
construction controlling
- J N
Energiestadt

- 4

Communal buildings european energy award

Analysis, renovation,
maintenance
. v \.
Provision, waste
| Electricity, heat,renewables,

water,waste
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Critical Issues

* Movement / rotation + flickering / technical element

https://www.youtube.com/watch?v=MbleQiUtelQ

* Visual Impact on Buildings —Audible
* Threat for birds & bats

¢ Several Permissions needed

CLEAN ENERGY
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Non-Acceptance
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Acceptance
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Work of IEAWind Task 28

www.socialacceptance.org

The International Energy Agency
Impl ting Ag tfor C in the Research
Development, and Deployment of Wind Energy Systems

iea wind

[Task 28, Social Acceptance of Wind Energy Projects O

Task 21, Soclal Acceptance of Wind Energy Projecis O
e R g ]
e

— [ i
e, oo e e I = 5
a7 TN . iy R — p——

e

1EA Wind Task 28 L S T R RER LR T :--'“"'. P Comsiey  Lomgunge Losi B il
Wind Energy [P — oot
Sost Kocageancs ot WooaErargy o et o Domalient  SreekTsl g w  wes AW
b I o
|- ot e 1 S Gy I
9
Large-scale wind deployment, I~
social acceptance - .
Robert Harbaty,'* Stefanie Huber’™ and Geraint Elin’ i
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Non-Technical Issues

* Various issues need to be taken into account

* Efficient turbines at the right places with enough wind
resources — implementation requires more

* There is no receipe for acceptance — but attention to people
and their needs is a good first step.

¢ Stakeholder Involvement

e Critical Issues -Acceptance
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Case Study - Malta

Case Study Malta:

e Historic Context of Wind Energy Structures:Stone
MasonryWindmills &Water Pumps.

* Implementation of Wind Energy projects in Malta
e Grid Connected Micro-Wind Turbine Projects

e Guidelines for Micro-WindTurbines
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History of Wind Energy in Malta

= T2’ KolaWindmill (Gozo) with surrounding open space.

*  Windmills perched on the high Bastions ofValletta

TU 1304 - WINERCOST — Napoli, Italy -23-28.04.2017
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Stone MasonryWindmills

e Corn Grinding mills for the Production of flour.The first Corn grinding
mills were driven by animals.

¢ Construction of Windmills:16th century.

¢ Windmills constructed in stone masonry in the 16t Century in Malta after
the arrival of the Knights of the Order of St John in 1530.(c.37 windmills)

* The first were constructed in Senglea in the Grand Harbour in 1532 by
Grand Master Llsle Adam (1530-1534) and at Fort St EImo in 1582.

* Grand Master Nicolas Cotoner (1663-1680): | Owindmills.

e Grand Master Gregorio Carafa (1680-1690): | 0windmills.

* Grand Master Ramon Perellos y Rocafull (1697-1720): 3 / 4windmills.
* Grand Master Manoel deVilhena (1722-1736):8 / 9Windmills.
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Stone Masonry Windmills
* New windmills constructed in stone masonry in the |9t
Century in Malta during the British Period (c. 38 windmills).

* Increase in animal driven grinding mills which could be
operated for longer periods. c.1860.

* Increased competition led to operational difficulties for the
windmills.

* Introduction of steam driven grinding mills led to a sharp
decline in the operation of windmills.

* Introduction of fuel operating grinding mills in the mid 20t

century. I
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Stone MasonryWindmills
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Stone Masonry Windmills

*  Windmills constructed on high ground and open space close to the
villages.

* Exposed ground, high on the bastions in the Cities.

* Stone masonry structures, consisting of three or more storeys:Two
storey base with a rectangular plan and a cylindrical structure on
top supporting the 6 sails.

* Rectangular, Circular or Octagonal base stone masonry structure.
e External Timber structure to support the sails.

* Internal Timber structure and mechanism, grindingstone.
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Water pumps

* Chicago windmill (Raddiena) Water pumps:micro-scale.
* Have been used for irrigation in rural Malta: 20t Century.

¢ 300 windmills were listed across Malta and Gozo in 2001. Farmers
replaced the windmill with electric water pumps: deteriorating
windmill steel structures.

* Ministry for Resources and Rural Affairs — University of Malta
project: upgrading the rotor design structure’s aerodynamics to
improve water-pumping efficiency and maintain the original visual
appearance of a multi-bladed rotor.

* Grid-connected turbine producing electricity: clean energy
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Water pumps
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Grid-Connected Micro-Wind Turbine Systems [A]

Ref. Location Location Year of
Installation

1 University Horizontal Msida Fortis Horizontal 1.5 2003 Urban Area
Axis
2 University Vertical Axis  Msida Enervolt Vertical 3 2010 Urban Area
3 Xrobbil-ghagin Xrobb il- Proven Horizontal 6 2008 Non-Urban
Horizontal Axis Ghagin
4 Xrobb il-ghagin Vertical Xrobbil- Aeolos Vertical 6 2008 Non-Urban
Axis Ghagin pending Tech.
Issues
5 Enemalta - Vendome, Mgarr Proven Horizontal 2.5 2008 Non-Urban
Ramlet il-Qortin
6 Cirkewwa Ferry Cirkewwa n/a Horizontal 15 2012 Non-Urban
Terminal
7 Wasteserv (Luga) Luga Proven Horizontal 25 n/a Non-Urban
8 Wasteserv (Hal Far) Hal Far Proven Horizontal 2.5 2008 Non-Urban
9 Wasteserv (Mriehel) Mriehel civic Horizontal 1 2008 Urban
amenity
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12

13

14

15

16

17

18

19

L] L] L] L]
Grid-Connected Micro-Wind Turbine Systems [B]
Location Type Year of
Installation
Naxxar — Solar Naxxar Fortis Horizontal n/a Non-Urban
Solutions — Tal-Balal
Balzan — San Anton Balzan n/a Vertical n/a n/a Urban
Pembroke Primary Pembroke Helix Vertical 2/4.5 n/a Urban
School - Vertical Axis
Wasteserv Mriehel Helix Vertical 2 /4.5 n/a Urban
Chicago Wind Turbine  n/a um Horizontal n/a n/a Under Design
Phase
Smart City — Lamp Smart City n/a Vertical <1 n/a -
Posts
Ta'Qali - Parks Ta’ Qali Recowatt Vertical =0.3 n/a Non-Urban
Naxxar GS Roundabout ~ Naxxar Bergey Horizontal =0.3 n/a Urban
Gozo Econotechnique  Gozo Vertical n/a n/a Non-Urban
Summary:
UrbanWindTurbine = 2 HAWT and 5VAWT
Non-Urban Turbine = 5 HAWT and 3 VAWT
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Guidelines: Mlicro Wind Turbines

* Approved planning guidance for micro wind turbines, with an energy
generating capacity of up to 20kWV.Intended to promote renewableenergy
and cleaner resources of energy production (MEPA,Malta)

* Main issues for wind turbines: visual impact, noise, vibrations and potential
effects on local ecology; Cumulative impact of multiple turbineinstallations,
especially in urban areas. Potential impact that the turbines may have on
the surrounding environment as well as other possible causes of nuisance
to surrounding receptors.

* Guidelines favour installation of micro wind turbines in industrial areas, on
the roofs of large buildings or within the curtilage of large buildings
surrounded by large grounds situated in ODZ areas (hospitals, schoolsand
other infrastructural facilities).

* Guidance on the potentially acceptable locations, size, efficiency and
feasibility aspects.Due to the lack of information,the policy adopts a
precautionary approach in urban areas due to lack of information on
potential amenity impacts such as visual, noise andvibrations.

TU 1304 - WINERCOST — Napoli, Italy -23-28.04.2017 7
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Guidelines: Micro Wind Turbines

e MEPA proposed partnership with public agencies, research institutions and NGOs
to fund and carry out research to assess the potential impacts — particularly visual,
noise and vibrations — of this infrastructure on residential buildings and
townscapes.

* Results of these studies are envisaged to be a determining factor in any possible
wider dissemination of micro wind technology in urban areas.

¢ The guidance calls for the need of a sensitive siting as a key element in reducing
the visual impact, improve the general perception related to this technology and
make them more acceptable to the public.

* Turbines are ideally located high up to take advantage of the prevailing winds; the
policy proposes maximum overall height limitations for turbines as a mitigation
measure against visual impact; tower mounted turbines not recommended within
the grounds of historic buildings because of their conservation value.

e Larger wind turbines assessed within government’s Proposal for an Energy Policy
of 2009, other supporting documents published by the Malta Resources Authority
(MRA), and all relevant studies necessary to inform decisions on any future
applications for such development. (outside the scope of the Micro Turbine
guidance).

TU 1304 - WINERCOST — Napoli, Italy -23-28.04.2017
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Wind Energy in Malta

PLANNING GUIDANCE FOR

MICRO-WIND TURBINES

¢ Planning Guidance for Micro-
WindTurbines

* Studies for the impact of off-
shore / on-shore wind farms.

e Concerns regarding the
Feasibility in the Maltese Islands.

¢ Current trend of increased
promotion of PV Farms to reach
2020 targets.
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Challenges in the Implementationof
Wind Energy Projects / UrbanWind Energy:Survey

Section 5
Challenges in the Implementation of
Wind Energy Projects / Urban Wind Energy:

Survey

TU 1304 - WINERCOST — Napoli, Italy -23-28.04.2017
Dr.Ruben Paul Borg — UrbanWind Energy:Social,Planning and Environmental Considerations.

Environmental, Social and Planning Aspects

WINERCOST -TUI1304 Horizon 2020 COST:Work Group 3

Social, Environmental and PlanningAspects

* WG3A:Non-technical issues of WET (Wind EnergyTechnology)
including societal acceptance, European energy policy and
municipalities-researchers-industries dialogue.

* WG G3B: Societal acceptance, European BWT (Built Environment
Wind Energy Technology) policy and other non-technical BWT
issues.
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Environmental, Social and Planning Aspects

*  Work Group 3: Initiating a social debate on the use of BWT with
municipality authorities in the presence of the rest of the
stakeholders.

*  Work Group 3: psychologists, sociologists, urbanists together with
engineers and other scientists will for first time collaborate
towards a societally accepted strategy, in dialogue with the
municipality authorities and the industry, on a successful urban
habitat integration of BWT.

* Feedback from experts from international energy fora on this
subject along with energy economics.

TU 1304 - WINERCOST — Napoli, Italy -23-28.04.2017
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(1) Stakeholders Survey

l. In your opinion, what are the main benefits of Urban WindTechnology?
2. How has Urban Wind Technology been delivered and managed so far in your region?

3. What are the main planning and environmental considerations relating to Urban Wind
Technology in your region?

4. What are the main concerns and issues regarding social acceptance of Urban Wind
Technology in your region?

5. Are you aware of any policies, guidelines or legislation relating to Urban Wind Technology
in your region!? If yes, please provide references.

6. Are you aware of any financial incentives to support Urban Wind Technology in your
region? If yes, please provide references.

7. Are there any notable successes or failures in Urban Wind Technology in your region? If
yes, please provide references.

8. Do you think that the implementation and adoption of Urban Wind Technology needs to
be improved in your region? If yes, please provide details.

TU 1304 - WINERCOST — Napoli, Italy -23-28.04.2017
Dr.Ruben Paul Borg — UrbanWind Energy:Social,Planning and Environmental Considerations.

312



(2) Barriers and Limitations to Urban Wind Technology
(&)
Preliminary:

* Define the Scale of urban wind turbine: Micrwind Trubine Limit of powerset.
Limit on size, how is it connected to the grid.

¢ Define the Context of UrbanWindTechnology:Location including building
integrated or at a defined distance from building/s.
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(2) Barriers and Limitations to Urban Wind Technology
B)
Points for Discussion:

I. How has Urban Wind Technology been delivered and managed so far in your region?

2. How do you_rate the implientation so far of Urban Wind Technology in your Region?
3. In your opinion, what are the main benefits of Urban WindTechnology?
4. In your opinion what are the main limitations of Urban Wind Technology?

5. What are the main planning, environmental or other considerations relating to Urban
Wind Technology implimentation in your region?

6. Are you aware of any policies (including incentives), guidelines or legislation relating to
Urban Wind Technology in your region? If yes,please provide references.

7. Are there any notable successes or failures in Urban Wind Technology in your region? If
yes, please provide references.

8. Is there room for improvement in the implementation and adoption of Urban Wind
Technology in your region? If yes, please provide details.
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because:

1)Energy projects originate from an EP that seeks to secure energy supply
and mix

2)SA influences the EPas the implementation of the project results in either
social acceptance or opposition that influences policy makers at the strategic
level.

Direct influences on strategic decision-making are, the state of the
environment, the economy and the society.

AEOLUS4FUTURE | Workshop on inability and Life Cycle
Coimbra, 17-18 October 2016
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Decentralized energy and theories of public
perception

*  Based on Devine-Wright (2012) and IEA task 28 reports,

Adopting decentralized energy systems

*  Encourages energy citizenship

*  Encourages engagement with energy systems

«  altruistic values of caring about climate change will increase the appeal of engaging with micro generation
*  The social rejection for the construction of nuclear plants

¢ That societies are less individualistic, lazy and passive and seek to be engaged and socially motivated to deal with
the micro generation systems,

«  and would allocate the necessary time to familiarize with the technology and be able to run it properly.
BUTALSO

¢ While there is evidence on the ground that this is happening with PV and solar heating systems, this is not the case
for urban wind generation.

¢ Weneed to instigate a cultural change: we cannot rely on this as lay people are usually used to the ‘plug and
forget’ attitude they have with centralized energy supply
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CLIMATE CHANGE AGREEMENTS
FREE MARKETS FLOW OF ELECTRICITY GENERATED FROM RENEWABLE ENERGY

The way in which supranational influences national wind energy objectives,
-The structure of the electricity market,
_the choice of development model or the choice of financial and legal instruments.

SOME QUESTIONS

LETS COMPARE CANADA To GERMANY.........cccoviiiiinnnns

For example, the attitude of the Canadian federal government towards climate change and the significant
presence of oil sands in Alberta do not help the various Canadian provinces to establish binding and ambitious
Framework

This is in contrast to the situation in the European Union(EU), given that the EU has played the leading*climate” roles in the
early 2000s by imposing RE guidelines and reference targets on each member state

Why Did it take 20 years within the same legislative framework to implement Wind Turbines between Demark and
the UK?
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11/10/2016

theguardian
« , : P ——
’ Ger@anx s renewables revolution Bemctemesr  Germany takes steps to roll back
is making it harder to have a renewable energy revolution

renewables revolution in Austria
and other European countries,”
Austria’s environment minister,
Andra Rupprechter, told Der

Spiegel.

“Germany produces too much
cheap energy, which countries like
Austria then have to absorb.With
the current prices for energy,
investing in hydro or wind energy
without state support is no longer
competitive.”
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The C: ive UK a wi of support f i (June 18%, 2015)
Denmark's wind power surplus

The Great Belt
SHOMW

Wind power generates 140% of Denmark's electricity demand

201 5/jul/ 10/denmark-wind-windfal er-exceed-electricity-di d
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The national Context

Top down approach
When the modes of action and preferred policy instruments are part of a
‘top-down’ tradition of state intervention based on large- scale
infrastructure programs and large industrial conglomerates.

The existing energy mix

In Germany this led to wind energy being adopted in the 1980 while in France
(nuclear energy) and Canada (Hydro power and oil availability) in the early
2000s (20 years apart)

- the perceived need for wind energy is less obvious, whichstrengthens
opposition movements to projects and limits the political support for RE

TU 1304 | WINERCOST | Napoli (Italy), 23-28 April 2017
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The PUBLIC ISSUE- Perceptions
versus
implementation

The 89 % share of EU citizens who are in favour of
wind power; according to a 201 | poll.

Survey in London, UK
90% of respondents expressed that renewable energy was a good idea,

however, only 2 O /0 of respondents indicated that it was at least fairly likely that they would install a
renewable energy system, such as a wind turbine (Sauter and Watson, 2007).
Research in other parts of Europe and the USA found similar results (Sims and Dent, 2007; Wolsink, 2007).

These results suggest the social-political acceptance of RBSW is high, but it is not translating into high market
acceptance.

Rel:Feurtey,E. I Kout A, 612, Sucer, . pp 14551470

While community members often express supportive attitudes towards wind energy,
these attitudes are not usually exhibited behaviourally because of a reluctance to
implement such projects locally [ — an
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What the public aretold....

* 3.7% The percentage of global electricity supplied by
wind power.

* Wind power installed more than any other form of
power generation in Europe in 2015, accounting for
44% of total 2015 power capacity installations.

* It takes a wind turbine 3-6 months to recoup the
energy that goes into producing, operating and
recycling the wind turbine after its 20 to 25 year
lifetime.

AEOLUS4FUTURE | Workshop on inability and Life Cycle
Coimbra, 17-18 October 2016
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Electrical Generation Forecasts from Bloomberg

NEW ENERGY

OUTLOOK 2016 / Bloomberg
Figure 1: Global installed capacity In 2012 and 2040 and p capacity . by gy (GW)
2018 Annual capacity additions, 2016-40 (GW) 2040

"
1:.!_ v | %

&

2018 2020 2025 2030 2035 2040
wCoal mGas sNuclear sHydo » Wind 1 Sodar u Other e Flexicle Capactty

Source: Blocmberg New Enargy Finance. Nots: Flasible canacity inchuides power storags, demand rasconse, and oihe: pofantal rasolirses

Cheaper coal and cheaper gas will not derail the transformation and decarbonisation of
the world's power systems. By 2040, zero-emission energy sources will make up 60% of
installed capacity. Wind and solar will account for 64% of the 8.6TW of new power
generating capacity added worldwide over the next 25 years, and for almost 60% of the
$11.4 trillion invested.

AEOLUS4FUTURE | Workshop on inability and Life Cycle
Coimbra, 17-18 October 2016
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The good, the bad! Earth is a finite resource

* The public agree on the fact that it is

* Clean technology

A farmer from lowa who uses one tenth of a hectare for a wind turbine could earn about $USD 10,000 per year, compared to about$USD 300 using
the same area to grow corn for ethanol. Source lobal ind-i b (accessed October 2016)
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Saving Water......

* 109 Amount in $billion invested in wind power
globally, making it one of the fastest growing
industrial segments in the world (source BNEF).

e 387  The amount of million cubic meters of water
use avoided by wind energy in the EU, equivalent to
the average annual household water use of nearly 7
million EU citizens (source:EWEA).

¢ 2,000 The amount of water in litres that wind
power can save per MWh against other energy
sources (source: US Department of Energy).
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A graphical representation

All the earths water (860
miles in diameter)

Fresh liquid water in the
ground, lakes, swamps, and
rivers (169.5 miles in
diameter)

Fresh-water lakes and
rivers (34.9 miles in
diameter)

Wind as an architectural formgiver

* Historically expressed as means to introduce fresh
air for comfort

In Contemporary architectural forms
|- For maintaining air quality (fresh air intake)
2- A building form generator

3- For energy generation
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Let me mix youup

M v
sl
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Moving on to wind energyintegration

Bahrain World trade Centre -Solar Wind” bridge concept rom fafian designers Francesco Cofarossi, Giovana Saracino and
Note: the arrow shape of the bridges holding the turbines.... Luisa Saracino
Courtesy: d-bric 1777 Upicturestt4
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The questions....

* The public acceptance issue....

* Appreciation as a reliable technology or a mere
symbol for urban sustainability

* A supporting energy generation technology to urban
living! How much visual engagement do the public

tolerate?
TU 1304 | WINERCOST | Napoli (ltaly), 23-28 April 2017
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Wind Power within Urban Contexts

¢ Generally there are three methods of integrating wind turbines into the built
environment;

-The first is the building integrated wind turbines, where a separate wind turbineis located on
a free-standing tower away from the building itself;

-The second is the building mounted wind turbines, where
the wind turbine is installed
onto the building structure

-The third is the building augmented wind turbines
where the building form is shaped
to concentrate wind flow and is shaped to)
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Intentions, reality and the media

© Image courtesy of
Jane Coltman, Northumberland Gazette , 12 of January Saturday |1 February, 2012
hml and Northumberland Gazete,.

DEFRA Lion House Northumberland

TU 1304 | WINERCOST | Napoli (Italy), 23-28 April 2017
Neveen Hamza-Accepting winds of change

327




What went wrong!

‘Much-criticised wind turbines on the edge of Alnwick have been out of action for almost half the

time they have been installed, according to figures released following a Freedom of Information Act

request by the Gazette.The statistics, provided by the Department for Environment, Food and Rural
Affairs (Defra), show that the three generators at its flagship Lion House were offline for a total of
494 days since they went live on March 2, 2009. By comparison, they were working for 581 days

during the same period.

*  ‘The problems arose after a world-wide recall by the turbine manufacturer, Proven Energy, which
discovered a fault with its P-35 model in 2009. Proven finally went bust last September, but was sold
by receiver KPMG to Irish renewables firm KingspanWind

)
Jane Coltman, Northumberland Gazette , 12 of January Saturday |1 February, 2012
tml and Northumberland Gazete,.
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What went wrong!

Left:The Green Building in Temple Bar,Dublin

* Anderson et al.(2008) studied the Green Building inTemple
Bar,. The application resulted in excessive noise, vibration, and
eventual cracking of the turbine blades.The wind turbines were
determined to be uneconomical and were eventually replaced by
photovoltaic cells
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What went wrong!

The Kirklees council building (civic centre 3) in the
town centre of Huddersfield,UK

The view of a wind turbine that doesn’t rotate or even worse that is known to rotate
without yield; increases public scientism of these systems (Kirklees Environment Unit
Report,2006).
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‘It seems that the posh folks living in the upper floor penthouses objected to the
noise and vibration of the spinning blades, prompting project director lan Bogle to
suggest that they should be turned off between | |pm and 7am each night
(Londonist, March 2010).

Although local press blamed it on the vibration,Tom Hawkins commented
(http://www.urban75.org/blog/)

‘Its not so much the noise or vibration that has shut the turbines off, more like the
£54,000 + vat a year maintenance costs for generating hardly anything that is the
real factor. | know, | was involved in the second year budget for that building.”

The strata voted ‘one of
Britain’s ugliest buildings’
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50 Herz Building-Berlin-2016
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Hexham Abbey and community
rejection for a wind turbine

Focus groups with community leaders
h " N .

witha

Interviews with Church clergy
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http://www.ibispower.eu/products/powernest-2/
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Sheerwind's ducted wind
turbine prototype.

While all the ethical theories of public participation and awareness point out to strategies that may improve engagement with micro
generation such as of citizenship.

What is the tolerance for the length of visual and noise exposure to urban wind turbines?

This draws on the analogy of visualizing the human body as a set of valves and pumps or do we prefer to
see it the way we are used to?

Would ducted wind turbine with their huge structure offer a visually less intrusive model

How much of it do we wantto
see?

TU 1304 | WINERCOST | Napoli (Italy), 23-28 April 2017
Neveen Hamza-Accepting winds of change

Images courtesy of SOM

Pearl RiverWindTower-China-SOM

Building augmented wind
turbines: Exposing the statement
hiding the technology
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Qingdao Tower: Four
ducted vertical-axis wind
turbines (VAWTS) will be
installed in the building’s
angular crown.
Image courtesy of SOM

Both towers exploit air accelerating through the
vents by placing power-generating wind turbines
hidden in the building structure
.The power satisfies only a small percentage of
the towers' consumption needs and will take a
relatively long 10 years to pay for themselves,.
Luke Leung, SOM's director of sustainable
engineering services,says:
‘clients see value in the ideas the turbines

and the q ions they p ke.”
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¢ The societal acceptance of urban wind generation has been affected by experience and media exposure.

*  Building augmented wind turbines are for performance reasons only integrated in towers and one off
iconic structures. Still being seen by the public and design teams alike as a token gesture to sustainability
and environmental values

*  Although research suggests that public perceptions and acceptance of micro wind generation maybe supported
by value believes and excitement in participation in new forms of technology, there is no evidence
found that this is the case on the ground

*  Public perceptions and their engagement with the market dictates growth patterns and can underpin
incentivization schemes and government policy. Similarly this also affects building regulations.

¢ Architectural styles and the integration of renewables are directly affected by all of the above factors. It is
interesting to see the discourse on how much of micro renewable energy should be seen and heard
by the public.

* This in its wake will lead to raising questions on how to advance other forms of micro generation from

wind such as the ducted systems and the possible involvement of artists to improve the aesthetic of these
systems.

Conclusions
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