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Resume på dansk 

Turbulens – i form af standardafvigelse af vindhastighedsfluktuationer – og andre 
strømningskarakteristika er forskellige i henholdsvis den fri strømning og strømnin-
gen i det indre af vindmølleparker. Derfor må dimensioneringsforudsætningerne for 
møller i parker ændres for at give samme sikkerhed mod brud som for enkeltstående 
møller. Standardafvigelsen af vindhastighedsfluktuationer er en kendt nøgleparame-
ter, for ekstrem- såvel som udmattelseslaster, og i denne rapport søges det sandsyn-
liggjort, at det er nok alene at tage hensyn til den ændrede turbulensintensitet i møl-
leparken ved udmattelsesberegninger. Andre strømningsparametre som turbulen-
sens skala og horisontale og vertikale gradienter af middelvindhastigheden vides 
også at have indflydelse på møllernes strukturelle dynamik. På den anden side er 
disse parametre korreleret med turbulensen, negativt eller positivt, og dermed kan 
en justering af turbulensintensiteten, hvis nødvendigt, repræsentere disse. Således er 
der i rapporten givet modeller for gennemsnitsturbulensen i mølleparken samt for 
turbulensen direkte i skyggen af en anden mølle. Endvidere er principperne for ad-
dition af udmattelsesvirkningen af de forskellige lasttilfælde givet. Kombinationen 
af lasttilfælde involverer en vægtningsmetode omfattende hældningen af det aktuel-
le materiales Wöhler-kurve. Dette er  i sammenhængen nyt og nødvendigt for at 
undgå overdreven sikkerhed med hensyn til stålkomponenter og ikke-konservatisme 
for glasfiberarmerede plastmaterialer. Den foreslåede metode giver betydelig reduk-
tion i antallet af beregninger i dimensioneringsprocessen. Status for anvendelsen af 
modellen er, at den per august 2001 indgår i Dansk Standards standard for kon-
struktion af vindmøller, DS 472 (2001), samt at den er inkluderet i den tredje og 
sidste udgave af den internationale standard for vindmøller, IEC61400-1 (2005). 

Også ekstrembelastninger under normal mølledrift i mølleskygge og effektiviteten 
af meget store mølleparker behandles. 
Summary in English 

Turbulence – in terms of standard deviation of wind speed fluctuations – and other 
flow characteristics are different in the interior of wind farms relative to the ambient 
flow and action must be taken to ensure sufficient structural sustainability of the 
wind turbines exposed to “wind farm flow”. The standard deviation of wind speed 
fluctuations is a known key parameter for both extreme- and fatigue loading, and it 
is argued and found to be justified that a model for change in turbulence intensity 
alone may account for increased fatigue loading in wind farms. Changes in scale of 
turbulence and horizontal flow-shear also influence the dynamic response and thus 
fatigue loading. However, these parameters are typically – negatively or positively 
– correlated with the standard deviation of wind speed fluctuations, which therefore 
can, if need be, represent these other variables. Thus, models for spatially averaged 
turbulence intensity inside the wind farm and direct-wake turbulence intensity are 
being devised and a method to combine the different load situations is proposed. 
The combination of the load cases implies a weighting method involving the slope 
of the considered material’s Wöhler curve. In the context, this is novel and neces-
sary to avoid excessive safety for fatigue estimation of the structure’s steel compo-
nents, and non-conservatism for fibreglass components. The proposed model offers 
significant reductions in computational efforts in the design process. The status for 
the implementation of the model is that it became part of the Danish standard for 
wind turbine design DS 472 (2001) in August 2001 and it is part of the correspond-
ing international standard, IEC61400-1 (2005). 

Also, extreme loading under normal operation for wake conditions and the effi-
ciency of very large wind farms are discussed. 
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Foreword 
The report is to be considered as one independent thesis, in which use is made of 
previous work by the author – viz. the emphasised references in the reference list. 
Thus, while some results have previously been published, other parts appear in this 
report for the first time. 

In particular three publications are central relative to the themes of the report. Thus, 
the model for effective turbulence was summarized in Frandsen and Thøgersen 
(2000). Herein, the background and validity of the method are dealt with in detail. 
The model for ambient turbulence within wind turbine clusters was reported in 
Frandsen and Madsen (2003). Likewise, the model for wind speed deficit in large 
wind farms is one of the central ideas of the report, Frandsen et al (2004). 

To a large extent, the report is serving as documentation for the revision of the Dan-
ish standard on wind turbine design and safety DS 472 (2001) and the International 
Electrotechnical Commission’s standard IEC61400-1 (2005), the aim being to com-
pile evidence that the model for effective turbulence in its relative simplicity ade-
quately accounts for increased fatigue loading in wind turbine clusters. The status 
by mid-2005 for implementation of the model is that it has become a non-normative 
amendment to DS 472 (2001) and IEC61400-1 (2005). 

The author feels compelled to state that the efforts presented in the report are multi-
disciplinary, covering areas like atmospheric boundary layer flow, wake-flow mod-
elling, structural mechanics and materials’ science. Embracing these disciplines 
made it necessary (at least for the author) to select and apply models that dedicated 
specialists may find rudimentary. 

In developing the model, P. Hauge Madsen and C. Eriksson have been instrumental 
in their insistence on an applicable and easy-to-use form of the model. 

The following colleagues have provided valuable comments to the report: N.J. 
Tarp-Johansen, R. Barthelmie, L. Kristensen and P. Hauge Madsen. 

SEAS and Bonus Energy (now Siemens) have kindly made data available and Risø 
National Laboratory, the Danish Energy Agency and the EU Commission financed 
major parts of the work, on which the report is based. 

Throughout the report the SI metric system is applied and/or assumed if nothing 
else is mentioned. 

With acceptance of the Evaluation Committee minor amendments were made No-
vember 2006. 
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1 Introduction 

Over a 30-year period, wind power technology has developed from being marginal 
to a significant contributor to the power supply, delivering by the end of 2004 
approx. 20% of Danish electric energy. Over three decades, the energy production 
costs (DKK/kWh) have been reduced by a factor of three, bringing the technology 
close to competitiveness relative to conventional energy sources. 

The contemporary electricity-generating wind turbine consists of the rotor with 
three (less frequently two) blades mounted on a hub, the main shaft, the nacelle that 
houses a gearbox, generator and auxiliary equipment, the tower, the control system 
and possibly a transformer. The machine may be operated at fixed or variable rota-
tional speed. Limiting aerodynamic power to the capacity of the generator or opti-
mizing power output may be done passively with stall control or actively by pitch-
ing the blades. The single-most descriptive parameter of a wind turbine is the swept 
area of the rotor, which signifies the possible kinetic energy capture. The swept 
area is the circular disc covered by the blades during their rotation. Though fre-
quently being used as a short characterisation of a wind turbine, the capacity of the 
generator is secondary, being selected to match the size of the rotor and/or the op-
erational strategy. 

 

The mentioned reduction of cost of energy was achieved by refinement of the rotor 
aerodynamics, improvement of gearbox, generator and control system, and not least 
by optimisation of design against structural failure. When the wind turbine is parked 
with locked rotor, the loads and response calculations are similar to those of any 
civil engineering structure. The principal loading stems from the wind, and decom-
posing wind speed in a vertical mean wind speed profile and turbulent fluctuations 
around the mean facilitates response calculations, Figure 1.1. 

U
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Mean wind speed

Turbulent
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Figure 1.1 Wind loading of a wind turbine structure. Wind speed is decomposed in 
its 10min mean and turbulent fluctuations around the mean. From design calcula-
tions, cross-sectional forces, deflections and material stress are determined. 
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When the machine is in operation, wind load is still the main contributor to struc-
tural loading, though also dynamic gravity loading of the rotating blades becomes 
important. Basically, wind forces on the tower are the same as for the non-operating 
wind turbine. However, during operation flow forces acting on the blades com-
pletely dominate. And while the wind turbine typically is shut down when the wind 
speed exceeds 25 m/s – far below extreme wind conditions – the blade tips on the 
operating wind turbine are continuously exposed to flow speeds in excess of the 
blade tip speed, 60-90 m/s. Thus, for the major part of its lifetime parts of the wind 
turbine rotor is exposed to severe flow speeds and ultimate loading of the structure 
may well happen during normal operation. 

Designing the structure, both ultimate and fatigue loading must be considered. As it 
turns out, fatigue loading during normal operation frequently becomes decisive. As 
will become evident, the dynamic response that may result in fatigue failure is to a 
large extent governed by turbulent wind speed fluctuations. 

When the development of a code of practise for design of wind turbines was initi-
ated in the early 1980'ies, wind turbines were deemed “civil engineering structures” 
rather than the possibly more obvious “machines”. Following that choice, national 
and international wind turbine standards were created in the spirit of civil engineer-
ing traditions. In essence, the standards comprise of a number of load cases, each of 
which the structure must be able to withstand. A load case is a set of specific values 
of external conditions – i.e. mean wind speed, turbulence intensity and air density – 
and “states” of the wind turbine. The significance of the complex of load cases is 
that applying the load cases to the structure through design calculations, these will 
in aggregate result in (at least) the same ultimate and fatigue loading as the real-life 
loading over a chosen number of years. 

In the context of designing a wind turbine structure, many load cases additional to 
those relevant for other civil engineering structures emerge. Such load cases include 
the load effect of turbulence generated by operating wind turbines, neighbouring 
the considered unit. 

1.1 Need and purpose of work  
Thus, the main purpose of the work presented was to conceive and justify a simple, 
yet not over-conservative model for flow conditions in wind turbine clusters – a 
model applicable for structural design against fatigue failure. The proposed model 
encompasses all physical effects of the wind farm on the airflow and offers a sig-
nificant reduction in the required design computations. 

The alternative to such a model is an order of magnitude more simulation runs with 
the aeroelastic computer codes used in contemporary wind turbine design. Without 
the model, simulations must be carried out for a large range of wind directions with 
no wake effects from neighbouring wind turbines to wind directions with wake ef-
fects. Also, since the distance to the neighbouring wind turbines varies – and thus 
the magnitude of the wake effects – separate simulations must be carried out to ac-
count for each individual wake. 

The presented effort is mainly directed toward fatigue-inducing loads. However, 
there is a similar need for reduction of computer simulation runs in connection with 
extreme loading in the interior of wind farms. A rational approach to the derivation 
of the distribution of extremes, not conditioned on wind direction, is offered. 

Somewhat off the main topic – structural loading – the report also addresses the 
potential problem that very large wind farms, as those being planned and built off 
the coasts of Denmark, may significantly affect the local wind climate, which in 
turn may result in disappointingly low energy production from the wind farms. 
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1.2 Specific background 
No existing national or international standards had specific normative1 or non-
normative directives on how to deal with the irregular flow in the interior of wind 
farms in the context of fatigue loading of the wind turbines. The Danish standard on 
wind turbine design, DS 472 (1992), merely mentioned that wake effects should be 
taken into account and that – if simplified design rules for smaller machines (rotor 
diameter less than 25m) were applied – the distance between wind turbines in wind 
farms should be larger than 5 rotor diameters. The previous edition of the interna-
tional standard IEC61400-1 (1999) limited its guidance to stating “Wake effects 
from neighbouring machines shall be considered for WTGS (wind turbine generator 
systems) operating in wind farms”. Though not being a standard as such, the Tek-
nisk Grundlag (1992) does give specific directions on how to include wake effects 
when the Danish Approval Scheme for Wind Turbines is applied. 

To deal with these deficiencies, numerous research efforts have addressed various 
parts of the problem, though loads and structural response have been investigated 
considerably less than measurement and modelling of the wake-airflow itself, Cre-
spo et al (1999a). The wake-load modelling, which has been done primarily sug-
gests extensive schemes of load cases to cover the real-life loads. 

The Vindeby Wind Farm 

One particular data set has played a central role in the analyses of this report, namely 
data from a large experiment set up at the Vindeby Wind Farm, see Figure 1.2. The 
wind farm was built to demonstrate the wind energy possibilities in the relatively 
shallow waters off the shores of Denmark. Thus, the wind farm was intended for 
gaining general operational experience and to compile data on the energy potential 
and structural loads offshore, including the impact of wake effects on structural 
loading. 

The measurements at the offshore Vindeby Wind Farm – consisting of 11 450kW 
BONUS machines (3-bladed, stall controlled, rotor diameter 35m and hub height 38m 
above mean sea level) located 1.5 to 3 km off the coast of the island Lolland – were 
carried out over a stretch of years. The wind farm was commissioned and set into op-
eration in September 1991. The 11 machines are arranged in two rows, with 6 in one 
row and 5 in the other. The orientation of the rows is 140o azimuth so as to minimize 
wake effects, the predominant wind direction being west-southwest. The distance 
between the turbines in each row is 300m (8.5 rotor diameters) and the distance be-
tween the two rows is likewise 300m. The water depth varies between 3 and 5m. 

Two machines, 4W and 5E, were identically instrumented for structural measure-
ments: flap- and edgewise bending moments on one blade, bending moment in tower 
base, active and reactive power (voltage and current), yaw position and operational 
status. Three 48m meteorological towers were erected. One tower was located on land 
to provide information on the change of wind characteristic when the wind was com-
ing from land, one (SMW) was placed to the west of the wind turbines, serving basi-
cally as a reference mast, but in certain wind directions it measured double-wake con-
ditions, and one (SMS) was placed at an imaginary wind turbine position in the west-
ern row to measure the flow in multiple-wake situations. All meteorological towers 
were equipped with cup anemometers in at least 5 levels, and wind direction and tem-
perature sensors. Also, two 3-D sonic anemometers were employed. At the base of 
one of the sea-bottom-based towers wave heights were measured. 

Sensor signals from the offshore meteorological towers were fed through multi-core 
cables to one of the instrumented wind turbines from where they were relayed – to-
gether with sensor signals from the wind turbines – through an optical fibre cable to 
the central data storage and processing computer, which was placed in a cabin at the 
                                                        
1 Meaning “shall be used”. 
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