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PREFACE

The number of installed wind turbines, world wide as well as in Europe, is increasing rapidly. At the end
of 1997, the total amount of wind power had reached 7600 MW, almost 4800 MW was found in Europe .
Wind energy has realized a substantial improvement in system reliability as well as a considerable
reduction in costs over the recent years. The electricity production in regions with high average wind
speeds is now competitive with conventional production methods °.

The increase in industrial activity in wind energy in turn generates a demand for standardized methods of
design, testing and certification of wind turbines. This demand is partly covered by the activities of
standardization bodies (CEN/CEGELEC, IEC), however a number of bottle-necks in knowledge and
technical harmonization still exists. It was the objective of the European Wind Turbine Standards project
(EWTS), the predecessor of the current project, to remove some of the constraints and bottle-necks and
contribute to the harmonization. EWTS was completed in the beginning of 1996, but during its execution a
number of technical items evolved that still required further investigation. Therefore, a continuation of the
project was defined: EWTS-II, to address items that could not be completed. These items were:

1. load spectra and extreme wind conditions;

2. quantification of failure probabilities,

3. integration of blade tests in design;

4. power performance in complex terrain;

5. site evaluation..

This report presents the results of these investigations.

Furthermore, the previous EWTS project started to establish an organisation of qualified measurement
institutes in the field of wind energy, the MEASNET organisation. MEASNET unifies measurement
procedures of the participating institutes and guarantees qualified measurements and mutual acceptance
among its members. MEASNET was formally established during EWTS-II. A summary on its results is
included in the executive summary. More details on the structure of MEASNET, its in house measurement
procedures and the rules for acceptance are presented in a separate report”.

We want to express our gratitude to the European Commission and to the national governments for
sponsoring this project and we hope that it has brought the work on wind turbine standardisation a step
further.

Jos Dekker and Jan Pierik,
June 1998,
Petten, The Netherlands

" International Wind Energy Development: World Market Update 1997. BTM Consult
? Inaugural speech of Prof. dr. ir. G.A.M. van Kuik, June 1998, Delft
? Implementation of the Network of European Measurement Institutes, MEASNET
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Executive Summary

EXECUTIVE SUMMARY

1. LOAD SPECTRA AND EXTREME WIND CONDITIONS

1.1 Introduction

The subproject Load Spectra and Extreme Wind Conditions will generate technical background
information to facilitate the development and improvement of the European Wind Turbine Standards in
the framework of CENELEC.

The objective of this subproject is to provide guidelines for:

e description of the wind condition in wind farms,

e description of the wind condition in complex terrain

e investigation and evaluation of extreme wind conditions.

All the investigations were performed with reference to the IEC-1400-1 standard.

The turbine classifications in IEC-1400-1 are defined in terms of mean wind speeds, turbulence
intensities, and a procedure to determine the extremes. The IEC-1400-1 defines four standard classes I, II,
III, IV and an S class. In the S-class, all the wind field parameters have to be specified by the
manufacturer. The mean wind speeds in class I to IV are 10m/s, 8.5m/s, 7.5m/s and 6m/s, respectively.
The wind speed is assumed to be Raleigh distributed. In addition the standard classes are divided into a
high and low turbulence class A and B.

The turbulence classes are defined to cover an extended range of wind turbine operation, including
operation in wind farms and complex terrain. Even so, the standard states, that the modified turbulence
structure in complex terrain and wake effects must be taken into account in the fatigue analysis of the
wind turbines. However no commonly accepted procedures or guidelines exist for the estimation of the
relevant turbulence parameter for the two above mentioned types of wind turbine operation. Based on the
knowledge of the ambient wind and turbulence distribution, and assumptions of the wind farm
configuration, the presented subproject “Load Spectra and Extreme Wind Conditions” provides guidelines
for estimation of the wake turbulence for wind farm operation. In the same way, the fatigue relevant
turbulence characteristics for complex terrain are investigated. The extreme wind conditions given in the
IEC 1400-1 are evaluated from a theoretical and practical point of view. Guidelines are given how to
estimate the extreme wind conditions from the actual wind distribution and the turbulence intensity level.

1.2 Wind farms-Wind field and turbine loading

When operating under wake conditions, an increase in fatigue consumption of wind turbines has been
observed. The changes in the load patterns originate both from modifications in the mean wind field and
from modifications in the turbulence field. By means of a parameter study, the significant wind field
parameters, in relation to the increased wind turbine fatigue consumption in wakes, are identified. The
analysis is based on a large number of aeroelastic simulations for five significantly different wind turbine
concepts. The effect on selected equivalent loads, originating from realistic perturbations in the selected
parameters, is determined by means of a two level factorial method.
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It has been demonstrated that the deterministic wake deficit as well as the modified turbulence
characteristics (turbulence length scale, turbulence intensity, and coherence decay) all are of primary
importance in relation to fatigue loading in wake conditions. Furthermore the effects of each of the above
parameters appeared to be approximately additive in a fatigue life consumption sense.

Finally a set of simple models has been investigated and subsequently proposed for the quantification of
the identified key parameters. The result is that the wind farm effects are easily included in the IEC 1400-
1 by including wake load cases simply defined by suitable modifications in the parameters presently used
in definition of the conventional load cases.

1.2.1 Conclusions

A procedure for wake load predictions, and its possible inclusion in the IEC-code framework is
established. The overall philosophy is to preserve the existing division in four wind turbine classes, and
simply supplement the existing load specifications with quantitative wake load specifications.

This procedure is limited to single wake situations, but it is supposed to apply also for multiple wake
situations. A detailed investigation has been performed to quantify the wake load situation. The
investigation falls into three phases: a crude identification of key wake wind field parameters, a
quantification of the identified key parameters and finally a detailed key parameter identification based on
predicted wake characteristics.

Applying a two level-factorial method it has been demonstrated that, in the present analysis, 10-minutes
simulation time series are a sufficient representation of the individual load situations to yield significant
results.

The main findings from the investigation are:

e All four investigated parameters representing the wake wind field, wake deficit, wake turbulence,
length scale, and wake coherence—were demonstrated to be significant in relation to increased fatigue
life consumption in wakes compared to ambient conditions.

e [tis possible to quantify the relevant wake parameters by use of simple models.

The fatigue contributions, caused by the investigated four parameters, are shown to behave
additively. This implies, that a simple approximate method, involving only a very limited number of
aeroelastic calculations, can be applied for fatigue estimates taking into account the detailed wind
farm topology and the particular wind turbine concept.

e The effect due to increased turbulence intensity is crucial and usually dominates the fatigue effects
caused by the other investigated parameters with a factor of 2 to 3.

e The different turbine concepts and different load types act differently with respect to parameter
sensitivity. This fact demonstrates the appropriateness of a detailed wake load estimation based on the
philosophy applied here, compared to the “all factors in one parameter” approach previously used.

1.3 Complex terrain and fatigue loading

The aims of this subtask are:

e to investigate the effect of the terrain complexity on the wind field properties that drive the fatigue
loading of wind turbines (like wind shear, Reynolds stresses, etc.).

e to investigate and quantify the impact of the above properties on fatigue loading for machines of
different size and design philosophy.

The first goal is met by analysing the available experimental complex terrain wind databases, as well as by

performing systematic parametric runs for simple, 2-D, configurations including single and tandem hill
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layouts. In the latter case, results are presented in terms of speed-up and turbulent kinetic energy
distributions. The second goal is met through parameter identification (PI) procedures applied on both
measurements and computational -aeroelastic- results. “Fatigue influence” matrices are, thus, established
for different machine sizes and concepts. Recommendations are made on how to include the present
findings into the IEC Standards.

When a turbine is erected at a site which differs significantly from the design conditions of the IEC
standard, the fatigue and the extreme loads have to be recalculated. The estimation of the turbulence
parameters at a specific site must be part of the site assessment procedure. If a turbine, designed according
to the standard classes, is intended to operate at a site with a Weibull shape factor k lower than 1.8, the
fatigue load has to be recalculated using the actual Weibull parameters. The actual extreme wind speed
events at the site need to be re-evaluated also.

It is felt that the 16% to 18% turbulence intensity values used in the IEC 1400-1 standard can cover
complex terrain operation with turbulent intensities from 13% up to 15% respectively, without additional
design calculations. It was estimated that this 3% extra turbulent intensity value can compensate a 20 %
increase in fatigue loading due to overall complex terrain effects. When a machine is intended to operate
at a complex terrain site with a turbulent intensity larger than 15%, the fatigue loads have to be re-
evaluated based on the actual values of the Weibull parameters and turbulence conditions at the site.

The wind shear law used in the standards can be maintained, having in mind that a conservative estimation
of complex terrain loading is thus achieved.

Sites with wind inclination more than 20 degrees should be considered within the (S)pecial class context.

A site assessment of a complex terrain site must, as a minimum include the following parameters:

e  Weibull scale and shape factors C and k;

e turbulence intensity;

e flow tilt (inclination) angle;

Characteristic values of the remaining wind field parameters can be selected on basis of these values.

1.4 Extreme wind climate events

Critical loads result in responses that exceed the limits beyond which structural damage or irreversible
change may be expected. Thus the designer is interested in the number of times, or the probability, that
large loads and resulting large responses may occur during the life of the system.

In the IEC 1400-1 standard divides the wind regime for load and safety considerations into normal wind
conditions which will occur frequently during normal operation of the wind turbine, and extreme wind
conditions which are defined as having a 1 year or 50 year recurrence period. The extreme wind
conditions are used to determine critical design loads which the turbine must withstand during its lifetime.
These extreme conditions include peak wind speeds due to storms and rapid changes in wind speed and
direction.

The objective of this part of the project is to review the models for extremes of the IEC 1400-1 standard,
in particular to investigate whether the specified values for the extremes correspond to the assigned
probability .

To this end a theoretical approach is adopted by using Extreme Value Theory rather than to perform yet
another analysis of wind speed time series. Although measurements should ultimately be decisive, it is
obviously dangerous to infer statistics of extremes from a necessarily limited set of data.

Using Extreme Value Theory it is shown that, given a certain knowledge of the climatology, it is possible
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to derive statistical characteristics of extreme wind conditions which are believed to be important for wind
turbine design, e.g. the survival wind speed, extreme gusts and extreme wind direction changes. In the
present report the limit distributions of these three extreme wind conditions have been investigated,
assuming that the climatology (the Weibull distribution, the annual average turbulence intensity, the
turbulence model etc.) is defined by the IEC wind turbine classes I through IV. In addition the sensitivity
of the extremes for the shape parameter k investigated.

With the assumptions given above the derivation of the probability density functions (pdf) and the limit
distributions (cdf) for the 10-minute average and 3-second average extreme wind speed is straightforward.
It is shown that, given a certain confidence level, the magnitude of the extreme wind speed strongly
depends on the shape, k, and scale parameter, C, of the parent Weibull distribution. Smaller shape
parameters lead to higher extreme values and vice versa. The influence of the shape parameter becomes
pronounced when k < 1.8.

Comparison with the IEC values shows that the reference wind speed V., is acceptable for sites with k >
1.77, i.e. for most flat terrain sites in Europe. This is also the case for the extreme 3-second average wind
speeds V.; and V.so (the so-called ‘survival wind speeds’) given in the IEC extreme wind speed model
(EWM). But it should be noted that the annual extreme 3-second average wind speed with a recurrence
period of one year, V., has been redefined to the “annual characteristic largest 3-second average wind
speed.”

If a wind turbine has to be designed for complex terrain (1.4 < k < 1.5, say), then it is recommended to
increase the ratio of the reference wind speed to the annual wind speed to V,.¢/V.. = 6.6. In that case, the
expressions for V.so and V., given by the IEC, still hold.

Assuming longitudinal wind speed fluctuations ur; and ur; at the same location but at different instants t,
and t, to be jointly normal, the conditional pdf f{us, - un/ ur;) is derived and the limit distribution
function is computed through numerical integration. For extreme gusts not only a strong dependence on
the parameters of the parent Weibull distribution is found, but also on the assumed turbulence model, viz.
Von Kérméan or Kaimal, which determines the temporal correlation as function of the time lag T =t, - t;
and the integral time scale (L/U).

The magnitude of the extreme gust is inversely proportional to the shape parameter k of the parent
Weibull distribution. The gust speed increases for increasing time lag T until the time lag is greater than
the integral time scale (L/U), then the gust speed hardly changes anymore. Given the same confidence
level, gust values are greater for a starting wind speed at V. than for a starting wind speed at V.

The values found for the extreme 3-sec average gusts with a confidence level of 98% are much larger than
the values specified by the IEC 1400-1 standard. This was to be expected because experience using the
IEC standard has shown that the Normal Turbulence Model (NTM) leads in most cases to higher loads
than the extreme operating gust, indicating that the extreme operational gust model is too benign with
respect to actual external conditions.

New analysis of the extreme operating gust, performed by a working group of the IEC (TC88/WG7),
based on measurements from the German lowland and from Californian sites, shows a ratio of gust
magnitude, Vg, to standard deviation, G, of about 4.8, indicating that ‘real’ extremes will yield much
higher ratio’s, close to values found in the present project, which are estimated to vary between 4.4 for
wind turbine class IV and 7 for wind turbine class 1. Therefore it must be concluded that acceptance of the
new model of the extreme operating gust for the second edition of the IEC standard, proposed by the
above mentioned working group, would definitely be an improvement.

The derivation of a probability density function f,(6) for the wind direction can be found in the literature.
It can be shown that this angular pdf only depends on the reciprocal value of the turbulence intensities and
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the non-dimensional ratio of the standard deviation of the u and v component of the wind (a measure of
the anisotropy of the fluctuations). Because of the non-Gaussian tail of fy( 6) it cannot be assumed that the
density function f, , (6,,6,) is jointly normal and it turns out to be impossible to derive, from first

principles, this density function in closed form. Numerical integration proved to be too costly.

To circumvent this problem an exponential type density function is fitted to fg(6) and the extreme value
analysis is performed in much the same way as for the extreme gusts. Given the uncertainties in the
present analysis the comparison with the IEC values is very limited. It is clear, however, that the IEC
values are too benign. Again the newly proposed formulation for the next edition of the IEC standard will
be an improvement.

Finally some attention is given to some rare meteorological phenomena— tornadoes and downbursts—
which quite likely will induce extreme wind loads, but which are not included in the extreme climate
events of the IEC standard.

To conclude:

e Probability density functions and distribution functions have been derived for extreme wind speeds,
extreme gusts and extreme wind direction changes. With these density functions it is not only possible
to assign a probability to certain extreme wind conditions, but it is also possible to construct a
standard where the model for extreme winds and the model for ‘normal’ turbulence and the site
classification are logically related, both mathematically and physically.

e The derived distribution functions have been used to compute the magnitude of extreme wind speeds,
extreme gusts and extreme wind direction changes with a confidence level of 98%. Comparison with
the values given by the IEC 1400-1 standard confirms the observation that the IEC values for extreme
gusts are generally too benign. It is recommended however to re-evaluate the distribution function for
the extreme wind direction change.

¢ Finally a rare meteorological phenomenon, called a downburst, is described, which should be included
in the extreme climate events of the IEC standard.

2. QUANTIFICATION OF FAILURE PROBABILITIES

Presently, wind turbines are being designed in accordance with deterministic design rules embedded in
standards like the IEC 1400-1 and various national standards and certification criteria. These rules concern
the design of the load carrying components and the design of safety and control systems.

2.1 Target values for structural reliability

For a safe design of load carrying components a margin is introduced between the design value of the
strength and the characteristic value of the load. Over the years various methods to define safety margins
have been used, but nowadays the concept of the partial safety factors is commonly embodied in the
structural design codes. The determination of the magnitude of the partial safety factors can be done
empirically. However, a probabilistic approach is preferred, because in this way uncertainties in the load
and the strength can be considered in a more rational manner. This probabilistic method has been applied
already in other branches of industry like offshore and civil engineering, but is not introduced in the wind
energy branch yet. As the concept of probabilistic calibration of partial safety factors is fairly new in the
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wind turbine community the principles behind the method were examined as part of the EWTS-I
subproject “Calibration of Safety Factors”. To calibrate partial safety factors based on a probabilistic
method target values for the structural reliability of load carrying components have to be drawn up. This
aspect has been considered in the current subproject by means of a literature study. From this literature
study it is concluded that:

e The Scandinavian countries and The Netherlands seem to be leading in the application of structural
reliability methods.

e The code which is not local to a country, but shall be applied Europe-wide, is the Eurocode 1.

Therefore, it is recommended to apply the safety level of the Eurocode to wind turbines, which would

mean a yearly safety index of 4.7, corresponding to a failure probability of 10%/year.

2.2 Guidelines for data collection and parameter estimation

Generally, the control systems have to keep the wind turbine within its design limits during normal
operation and have to ensure that electrical energy is generated and supplied to the grid in an efficient
manner. In case of a failure or in case of abnormal external conditions, the control systems in combination
with the safety systems also have to keep the turbine within its design envelope to prevent damage or
unsafe operation. As a consequence of a failure of a safety system, the wind turbine can run into
overspeed and is operating beyond design conditions. This can lead to catastrophic failures like blade
rupture. Scenarios, how a wind turbine can run into overspeed or failed operation, are derived by means of
a qualitative Probabilistic Safety Assessment (PSA). With a quantitative PSA it is also possible to
calculate the frequency of occurrence of for example overspeed. PSA’s for wind turbines have been
carried out successfully in various countries. Because it is expected that PSA’s will be used more and
more, guidelines or recommended practices were formulated as part of the EWTS-I subproject
“Assessment of Wind Turbine Safety; Recommended Practices”.

Because the treatment of data for the quantification was beyond the scope of the EWTS-I project, this
aspect has been considered in the current subproject. Guidelines to collect data for quantitative safety and
reliability analyses have been formulated, based on a limited benchmark study.

As guidelines for data collection and parameter estimation, it is recommended to use as starting basis:
e the guidelines as outlined in the LW 15/75 and NEWECS-45 studies reports; and
e the recommended practices from the EWTS-I project.

In addition to these reports, the following is recommended:

1. The recommendations set out in the LW15/75 and NEWECS-45 studies can be used for design of
specific data collection and parameter estimation. Also, the recommendations of the LW 15/75 study
on the use of generic data are still valid.

2. Preferably, use should be made of standard, proven methods as laid down in reliability handbooks.
Preferably, computerised versions of (generic) databases and existing software for reliability data
analysis should be used.

3. Generic wind turbine data sources can be used if no specific data are available or if there are no time
or resources available to collect design specific data.

4. Generic wind turbine data sources can be used to provide data on a high level, e.g., an estimate of
blade failure frequency to be used in risk studies, or for frequencies of certain initiating events, e.g.,
grid loss.

5. If generic data are used to estimate a particular parameter (e.g., a failure rate), the following should be
documented clearly for each parameter estimated:

e the reference(s) to the source(s) used,
e adiscussion why the source is considered valid or why the source is used,
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e the calculation procedure to arrive at the final estimate if multiple sources are used.
6. If engineering judgement is used to provide an estimate, the reason for this should be indicated.
Engineering judgement should be used to provide an estimate if design specific or generic sources do
not provide an adequate answer.

2.3 Risks to the public

As mentioned above failure of the safety system might lead to catastrophic failures like blade rupture,
which can cause risks to the public. In that way it is of great interest for e.g. authorities, especially in
densely populated areas. To judge whether a risk is unacceptable, limits have to be indicated above which
the risks become unacceptable (maximum permissible levels).

From a literature study it is concluded that risk criteria related to the risk to the public, applicable for
wind turbines are:

e the individual risk and

e the group risk (as defined in the official Dutch premises for risk management).

For these two criteria, the following target values are recommended:

Individual risk

For the use of the individual risk a risk target level of 10”/year is recommended. The individual risk is
independent of the site of the wind turbine (park) and can be calculated without knowing the exact
location of the installation. Note that the term ‘risk limit’ is not used but instead the term ‘risk target’,
because risk limits are not commonly used in all EU countries.

Group risk

The target value for the group risk is that the likelihood of an accident with 10 deaths occurring should not
exceed one in every hundred thousand years (10”/year). The aim of setting target values for group risk is
to prevent social disruption (the death of a group of people all at once). Accidents with even more serious
consequences lead to correspondingly greater degrees of disruption. It is therefore assumed that an n-times
larger impact than 10 deaths should correspond with an n-squared smaller probability of such an accident
occurring. The actual group risk is expressed as a so-called Complementary Cumulative Distribution
Function (CCDF).

2.4 Final recommendations

The main recommendations resulting from this EWTS-II subproject are summarised as follows:

e The guidelines formulated as part of this EWTS-II subproject can be an aid to collect data and to use it
wisely for the purpose of safety and reliability studies of wind turbine designs.

e Qualitative safety and reliability studies are recommended very strongly as a minimum, as these
studies result often in the identification of design errors (e.g., no or too less redundancy, no defence
for certain events). Quantification, even with only the use of generic data sources, often results in a
good ranking of the important event sequences, component failure modes, and systems. A
combination of generic data and engineering judgement can always be used, although the reliability
analyst should be aware of the limitations. In this way, a design can be made (more) balanced.

e Quantitative safety and reliability studies should be used primarily for the ‘relative’ (qualitative)
purposes outlined above. The use of absolute figures and absolute criteria should be avoided.

European Wind Turbine Standards II XV



Executive Summary

3. INTEGRATION OF BLADE TEST IN DESIGN

3.1 Introduction

The objective of this part of the project is to develop a recommended methodology to include full-scale
blade tests in the wind turbine design process. Actual test and measurement procedures do not need to be
addressed here, especially because they are in development under the co-ordination of a working group of
IEC TC-88WGS8.

During the performance of the work a continuing discussion has been held whether the general objective,
the deliverables and the activities to be performed are in compliance with each other. Full scale blade
tests, as performed nowadays, are executed to demonstrate adequate safety margins and to verify design
calculations. This means that the performance of mechanical tests on rotor blades is already a fact today,
although the tests are usually performed at the end of the design process. Consequently the test results are
not used to upgrade the design, unless the experiments showed that the design criteria are not met. So the
tests are performed to demonstrate, to a reasonable level of certainty, that specified limit states of the rotor
blades are not reached, provided that they are produced according to the specifications. In other words that
the rotor blade will survive the design load spectrum. The usefulness of these tests for the designer to
improve the design formed the main discussion point within this EWTS II subproject.

Use has been made of the reports and guidelines of the SFAT and IEC-TC88 WGS8 documents.

The deliverables of the work as reported, contain information concerning recommended methodologies to
include blade tests in the wind turbine design process in order to, demonstrate adequate safety margins and
to verify design calculations.

3.2 Technical description

General
The full scale tests as discussed here, are split up in (blade) property tests, i.e. the eigenfrequencies, mass
etc. , strength tests, and fatigue tests.

Property tests

These tests are intended to check whether properties, like mass, centre of gravity, eigenfrequencies and
static strength are (almost) equal to the values assumed in the load spectrum calculations. When they
differ to much, the loads used to verify the structural design are not valid any more. The actual allowable
margin, between measured values and the values assumed in the aeroelastic calculations can easily be
determined using calculations in which the most critical parameters are varied some percents up or down.
When the most important statistics, such as maximum, minimum and standard deviation, or for example a
fatigue equivalent load range, differ a lot, the sensitivity of that parameter is large and consequently the
allowable margin is small.

Mass and centre of gravity are the most easiest measurements to perform. The values give a very good
indication whether the blade has been produced according to the specifications.

Stiffness is very important, it indicates whether tower clearance is sufficient and together with the mass
distribution it provides the input for the calculation of the natural frequencies. The stiffness distribution is
not that easy to determine, especially when the lay-up of the laminates across the cross-section is not
symmetric and coupling between deformation modes has to be taken into account.

Natural vibration tests. Results are very important to verify whether the aeroelastic calculations have been
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performed on an accurate model of the wind turbine (rotor blades). The eigenfrequencies are not that
difficult to determine, however the actual mode shape is more difficult to measure. Differences compared
with the assumed values should be consistent with the differences between assumed mass and stiffness
distribution.

Static tests
The static test results are used to verify whether the structural design is sufficient. This test can be
performed in a number of selected directions.

When it is the intention to go to ultimate load or failure load one has to be very careful which direction is
tested first. The most likely direction to fail first should be tested last.

The results, usually strain gauge readings on a number of selected spots give a fair indication whether the
structural design is accurate enough to predict the strains/stresses. Strain/stress concentrations are difficult
to determine due to the fact that only a limited number of strain gauges will or can be monitored.

When failure occurs at an early stage in the test, a careful examination of the failure and the (test) loading
compared to the design loading, has to be made in order to make sure that differences between design and
test loading are not the cause of the early failure.

Fatigue tests
The fatigue test has limited value for the designer, especially when the designer wants to improve the
design from the test results.

The main reason is that the test loading differs much from the design loading, due to the fact that a test is
made up of only 3 .10 ® to 10”7 cycles and the design loading comprises up to 5 .10 ® cycles. For coupon
fatigue tests the scatter in allowable number of cycles is almost a factor of 10. When only 1/3 of that
scatter is present at a full scale test, the results of two or even more tests are needed to obtain clear
conclusions, except when a failure occurs early in the fatigue test.

3.3 Conclusions

For designers the blade property and static test are the most important tests. The design load spectrum
and structural integrity can be checked to a large extent. The fatigue test which is of less use for the
designer, is however a very valuable test to check all details of design and manufacturing. Errors or
design flaws which remain unnoticed easily during the other tests, will show up clearly in a fatigue test.
Spots with high strains e.g. in corners where strain gauges can not be applied, will crack and this will
indicate that the design requirements are not met.

4. POWER PERFORMANCE IN COMPLEX TERRAIN

4.1 Introduction

It is widely accepted that in spite of the fact that during the last years the wind energy technology and
industry attained an outstanding progress, further research is needed on specific technical and non-
technical issues. The prominent issues are related to system integration, cost-effectiveness improvement as
well as standardisation and certification. All these issues are strongly dependent on the power performance
verification and assessment practices. Recently, several EU funded research projects as well as
standardisation bodies were concentrated on the different aspects of this issue.
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The research , presented within this EWTS II subproject, is intended to clarify the status of power

performance verification and assessment in complex terrain, putting emphasis on the following items:

e power performance verification for wind turbines operating in complex terrain,

e assessment of developed, applied and verified tools for WECS power performance in complex
terrain.,

e assessment of the available international and national standards.

The major achievements of the project are:

e presentation and assessment of various power performance measurements regarding wind turbines of
different size and control strategy,

e presentation and assessment of alternative power performance verification practices

e identification and quantification of the terrain induced effects on the power performance of wind
turbines,

e assessment of the existing recommendation and standardisation documents and identification of all
inefficiencies that influence the power performance assessment and verification in complex terrain,

e construction of the technical basis for the development of a reliable procedure for power performance
measurements in complex terrain.

4.2 Technical description

The project scientific and technical description and progress is presented for each task separately, as
follows:

Inventory of existing information on the issue of power performance measurements in complex
terrain.

The literature research resulted in many topic-related articles and documents, yet it provided a limited
readily exploitable information for complex terrain measurements. The survey and the resulting
conclusions regarded topography effects, effect of obstacles, site calibration practices, alternative power
curve measurement procedures and site dependent wind characteristics effect on power curve.

Assessment of power performance measurement campaigns and site calibration techniques. Focus
on comparison of different power curve measurements at different sites through annual energy
production estimation and uncertainty estimation for power curve and annual energy production.

Several power performance campaigns have been analysed in order to assess the recommended procedures
regarding site calibration, power curve determination and annual energy production uncertainty
estimation. The analysed data regarded wind turbines of different size and control strategy operating at
different sites, as shown in table 1.1 where an overview of the experimental and analysis work performed
within the project is presented.

In the field of site calibration different techniques were assessed, namely a nacelle cup anemometer at a
downwind parked turbine and the use of a meteorological mast prior wind turbine erection. Moreover the
application of numerical site calibration was judged also.
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Table 1.1. Overview of experimental and analytical research within EWTS-ILIV.

Wind turbine Terrain  Institute Site calibration AEP  Uncertainty Parameter
technique estimation estimation identification
WINCON complex CRES nacelle cup on running WT Yes Yes Yes
110XT nacelle cup on parked WT
(110kW, stall) rotor disk measurements
VESTAS V27 complex CRES nacelle cup on parked WT Yes Yes Yes
(225kW, pitch)
flat RISO reference mast Yes Yes No
flat DEWI reference mast Yes Yes No
flat WINDTEST reference mast Yes Yes No
MADE AE-30 flat CIEMAT reference mast Yes Yes Yes
complex CIEMAT reference mast Yes Yes Yes
NORDTANK complex =~ CRES calibration prior WT Yes Yes Yes
500/37 erection
(500kW, stall) nacelle cup on parked WT
flat RISO reference mast Yes Yes Yes
complex NEL numerical simulation Yes Yes Yes
complex NEL numerical simulation Yes Yes Yes
flat DEWI reference mast Yes Yes Yes
flat WINDTEST reference mast Yes Yes Yes
NEDWIND complex  DEWI nacelle cup on running WT Yes Yes No
500kW
ELKRAFT flat RISO nacelle cup on running WT Yes Yes No
IMW

Assessment of power curve evaluation using nacelle anemometers.

The assessment of the nacelle anemometer on running machines was performed on a wide range of wind

turbine sizes ranging from 110kW up to IMW machines (see table 1.1).

The following conclusions were drawn from this research:

e the correct application of the methodology and the transfer of the calibration formula to other wind
turbines of the same make and type, presupposes that the wind turbine rotor settings, yaw behaviour,
the position on the nacelle anemometer are unchanged as well as that the terrain remains flat.

e the dependency of the calibration formula to wind and wind turbine parameters was found to be
limited. On the other hand these effects are expected to be magnified in cases where wind structure
and wind turbine response at the calibration site compared with the testing site are quite different.

e lower scatter in the measured power curve as a function of the nacelle wind speed may be obtained.

e the introduction of the nacelle cup calibration formula introduces a statistical error that should be
taken into account in the uncertainty estimation.

e The use of nacelle wind speed measurements may decrease he error induced by site calibration
significantly in cases where large discrepancies are encountered between the measured and reference
wind speed.

Parametric analysis of the available power curve measurements for the identification of the site
related effects influencing the power performance behaviour.
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The parameter identification of wind turbine power performance regarded the quantification of the
dependency of power characteristics on wind deterministic and stochastic characteristics, especially mean
value and standard deviation.

The following issues were clarified by means of this parameter identification procedure:

e identification and quantification of the wind parameters that affect power performance,

e assessment of the sensitivity of power characteristics for wind turbines of different size and control
system,

e assessment of the sensitivity of power characteristics for the same wind turbine type when operated in
different sites,

e assessment of causal parameters in relation to complex terrain characteristics

e assessment of a power curve normalising procedure based on parameter identification results .

An analytic method is introduced covering parameter identification tasks in power performance
measurements. The developed tool is based on multivariate regression analysis with a backward parameter
elimination technique in order to account for the statistically insignificant parameters. The method was
applied for the parameter identification of the power performance of wind turbines operating at different
sites, both flat and complex. The parameters chosen to comprise the model set describe the deterministic
part of the wind, the main turbulent characteristics, the turbulence length scale as well as the wind speed
distribution. The examined dependent variables were the mean power output, the standard deviation of the
power output and in the case of pitch controlled machine the response of the control system. The effect of
the above parameters was identified and quantified. It appeared that except from the mean wind speed
other parameters, related to the deterministic as well to the stochastic wind characteristics are affecting the
power performance of the turbine and should be considered within power performance assessment
procedures. The parameter identification procedure was applied to the following cases: 225kW pitch
regulated, 110kW stall regulated, 300kW stall regulated and 500kW stall regulated. Moreover, a separate
investigation on the sensitivity of power performance on turbulence, wind shear and atmospheric stability
has been performed on a 3MW wind turbine.

Assessment of existing guidelines and their validity for complex sites. Identification of drawbacks
connected to the application of existing guidelines and recommendations for power performance
measurements in complex sites. The assessment was focused on the recommendations of IEC 1400-1
ed.2. Certain inefficiencies, related to site calibration and uncertainty estimation procedures, were
identified.

The assessment of the existing standards and recommendations regarded the following issues:

e status of wind turbine power performance assessment and verification (existing standards, EU project
results, contractual matters, market needs etc.),

e review of characteristics of complex terrain and their effect to power performance ,

e points that are not adequately described by the present IEC 1400-1 ed.2 document, particularly in
relation to complex terrain (site calibration, uncertainty estimation etc.),

e recommendations for performing power performance assessment and verification in complex terrain.

The discussed critical points regarded the following issues:
test site requirements,

characterisation of wind speed sensors,

influence of wind mean and turbulent structure,

site calibration,

response system ,

measurement analysis,

contractual aspects.
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The derived practical recommendations for power performance assessment in complex terrain followed
from the identified inefficiencies of the IEC 1400-1 ed.2. and regarded the following issues:

definition of site complexity,

selection and characterisation of instrument configuration,
wind turbine control system response,

site calibration,

normalisation procedure,

uncertainty estimation procedure,

power curve measurements of wind farms.

Drafting of a status report providing a comprehensive overview of the up to date available
information on power performance in complex terrain and of the proposed solutions and results of
the parameter identification.

The final technical report includes the following items:

¢ introductory review on project background, objective, working methodology and project scientific and
technical performance,

e review on power performance measurements focusing on the effects of terrain orography on wind
field, site calibration, alternative methodologies for power measurements and effects of turbulence and
shear on power curves,

e presentation of the experimental research and analysis performed by the participants within the
project,

e review of the experimental research on alternative power performance methodologies, namely using a
nacelle cup anemometer on a running wind turbine of by using the upwind rotor averaged wind speed
as reference,

e presentation of the parameter identification procedure background and results. Analysis was
performed on all available data bases regarding wind turbines of different size and control strategy,

e review of the assessment of existing guidelines for power performance,

e presentation of practical recommendations and conclusions.

5. SITE EVALUATION

Over the ten to fifteen years that commercial wind farm development has been a reality throughout
Europe, the term “site assessment” or “site evaluation” has generally tended to be associated with the
prediction of the energy yield potential of a site prior to the installation of wind turbines. Hence,
historically, the evaluation has usually been restricted to the assessment of the site annual average wind
speed and wind speed distribution. However, as the economic and design margins on wind turbines and
wind farms become tighter, the need to quantify and minimise all aspects of risk has become more
important. The site evaluation is at the core of this risk evaluation process and consequently needs to
consider more than just energy yield potential if other aspects such as turbine integrity and safety are to be
assessed.

This is addressed in the latest draft edition of the IEC wind turbine safety standard (IEC-1400-1 “Safety of
Wind Turbine Systems”, Edition 2) which necessitates a site evaluation. Although IEC 1400-1 (ed2)
explicitly states what the scope of the site evaluation must be, it does not give guidance on how to do it.
Therefore, the intention of this sub-project has been to provide information and methods which will be of
practical use to those involved in the application of the IEC standard.
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The approach taken may be summarised as follows:

e asurvey of consultants and test organisations offering site assessment/evaluation services in each of
the EC countries taking part in the ongoing project was made in order to determine the various
methodologies used .

e the survey results were collated in a database and interpreted to identify national or other trends.

e with regard to mean wind speed prediction, which is but one aspect of site evaluation, a detailed
review of the results of numerous well documented modelling and measurement based evaluation
techniques was carried out and hence guidelines for the application of the techniques were proposed.

e the more promising new or revised modelling based evaluation techniques for mean wind speed
determination were implemented using various test cases to assess their repeatability and usefulness.

e a detailed investigation of the background principles and theory relating to “other” site wind
parameters was carried out and summarised. Hence a list of instructions for the practical determination
of these other parameters was written, including a summary of instrumentation requirements.

5.1 Survey of European Consultants

Consultants and test organisations in Denmark, Germany, Greece, Netherlands, Spain and United
Kingdom were individually contacted to determine the scope and methods used for site evaluation, with
the emphasis on mean wind speed prediction techniques as it was anticipated that this was the most
commonly assessed parameter. Consequently 71 responses to the survey were received out of a total of
about 100 consultants approached.

5.2 Database

The survey results reveal strong national and topographical trends governing the extent and method of site
assessment. Countries with generally flat or simple terrain rely mainly on modelling or calculation based
techniques whereas the countries with complex terrain primarily use measurement based techniques,
sometimes in combination with modelling for short distance spatial extrapolation of wind speed. In certain
countries the mean wind speed evaluation is carried out as a legal requirement but primarily with regard to
the aspect of energy yield rather than structural integrity. Of the measurement based techniques used,
variations on the Measure-Correlate-Predict (MCP) technique are most common whereas the most popular
model in use is WAsP. Of the other parameters assessed by measurement, turbulence intensity and the
mean shear layer characteristic were typically determined.

As a separate exercise a review of the sources and types of input data available commercially within each
country for use with modelling or MCP type techniques was carried out. The main specifications of terrain
contour maps and long term wind speed data available in each country are summarised.

5.3 Mean Wind Speed Prediction

A comprehensive review of the technical status of modelling and measurement based techniques was
carried out. As dictated by the results of the survey, specific emphasis was placed on WAsP and MCP
with a view to proposing guidelines for use.

In the case of WASsP the main recommendations for successful implementation are:

e both the reference and predicted sites are subject to the same weather regime

neutral atmospheric conditions prevail

the surrounding terrain is sufficiently gentle and smooth to ensure mostly attached flows

the reference data are reliable

the description of the background roughness length must be as accurate as possible The MCP
technique can be successfully applied where the following conditions can be satisfied:
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e validated, long-term and short-term concurrent measured reference wind speed data are available at a
reference site within the same climatological zone as the prediction site.

e validated prediction site wind speed measurements are available for a period of at least 8 months and
more typically 12 months or more.

5.4 Mean Wind Speed Modelling Technique Enhancements

Perhaps the major shortcoming in the commercial use of wind flow models (and MCP) is the difficulty in
the quantification of uncertainties. In this report a philosophy for the assessment of uncertainty is
proposed which, although not necessarily easy to apply to wind models, does highlight the components of
uncertainty of relevance. Derivation of a specific parameter (Ruggedness Index) for categorising terrain
has been summarised from recent literature and is proposed as a useful technique for identifying when the
limits of applicability of a model may have been exceeded.

5.5 Other Parameters

Methods for assessing parameters other than mean wind speed are proposed. In each case, the theoretical
background is also presented.

The following parameters have been considered:

reference wind speed

characteristic turbulence intensity at 15 m/s

annual average wind speed distribution

normal wind profile

turbulence length scales

coherence

standard deviation ratios

negative gust

Recommendations for instrumentation and measurement requirements are given in each case. As certain
parameters require the use of an ultra-sonic anemometer and as this is still a rather specialised instrument a
review of important points on the use and interpretation of data arising from this device is presented.

It is believed that the information presented in this report will provide useful guidance to those involved in
site evaluations and, especially with regard to the other parameters, collates relevant practical information
and knowledge in one convenient document for the first time. However, more practical experience of
applying the recommended techniques should be gained to determine if all of the proposals are indeed
sufficient.

6. IMPLEMENTATION OF EUREC-AGENCY MEASNET

6.1 Introduction

More than three years ago the six the European institutes CIEMAT, CRES, DEWI, ECN, NEL, RIS@ later
joined by WINDTEST, decided to improve their measurement quality jointly in order to avoid any
problems of future mutual recognition. Measurements performed by the institutes, even applying the
existing IEA, IEC and other standards and recommendations, showed remarkable differences in their
results, a situation which is unacceptable in an open international market. To improve this unsatisfactory
situation the above mentioned test centres worked together in the projects “European Wind Turbine
Standards I and II” co-financed by the European Commission and agreed to form a grouping called:
MEASNET, Network of European Measuring Institutes.
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During the two projects special attention was given to the anemometer calibration procedure. Due to the
third power dependence of power from wind speed, the main emphasis had to be concentrated on a
accurate anemometer calibration. Specially the problem of the use of different wind tunnels for
anemometer calibration had to be solved. Basis for all performed harmonisation and quality evaluation
work were round robin tests and agreed quality evaluation procedures.

Within the two above mentioned projects, the main task of the project team consisted of creating an organ-
isational structure and of establishing rules and requirements which will guarantee that high quality meas-
urements are carried out by the participants. In effect, the objective of this project was to arrive at the
situation where the measuring institutes are able to perform measurements of equal quality which are
sufficient for the mutual comparison and acceptance.

MEASNET is not restricted to the actual founding members but also open for other institutions as long as
they are independent of industry and fulfil the membership requirements set up by MEASNET. All
member institutes ensure compliance with the agreed measurement procedures by obtaining and
maintaining EN 45001 accreditation. Measurements will not be done by MEASNET but by each
participating institute. Customers therefore have the advantage to contract that MEASNET member for a
measurement, which offers the best commercial conditions.

6.2 Internal Structure and Requirements of MEASNET

6.2.1 Structure of MEASNET

To ensure high quality measurements, uniform interpretation of standards and recommendations as well as
interchangeability of results, the members established an organisational structure for MEASNET
(Fig. 6.1). Within this structure mutual periodical quality procedures for measurements and evaluations
will be performed. The highest tier is the Council of Members. An Executive Board, composed of three
representatives from different member institutes executes the tasks delegated by the Council of Members.
One or more Expert Groups, specialising in certain measurement tasks, advise and support the Executive
Board and the Council of Members on the definition of the measurement procedures. Assessment Teams
are established to perform assessments for the admission of new members and for quality confirmation of
MEASNET members. MEASNET members must be accredited to EN 45001 for the MEASNET approved
measurements.
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Council of Members

Executive Board

Expert Group A Expert Group B Expert Group N

Assessment Team A Assessment Team B Assessment Team N

Figure 6.1 Organisational structure of MEASNET

6.2.2 Requirements of MEASNET

In order to ensure generally acceptable, high quality measurements the member institutes shall fulfil the
following requirements:

legally independent from industry.

adequate experience in the field of wind energy and wind energy related measurements.

qualified and experienced measurement staff.

carry out measurements according to the MEASNET rules and procedures, at least power performance
measurements.

EN 45001 accreditation of the agreed measurement procedures. If the EN 45000 accreditation system
is not implemented in the home country of the organisation, the agreed alternative acceptance
requirements will be applied*).

presentation of measurement results according to the MEASNET format.

accept the policy of co-operation and exchange of information on measurement and evaluation
procedures and on problems arising in measurement campaigns.

MEASNET members will accept each other results as far as they are carried out according to the
MEASNET procedures.

MEASNET members will subject themselves to an internal MEASNET quality evaluation
programme.

*) If the EN 45000 accreditation system is not implemented in a country, the MEASNET Council of
Members will decide on alternative acceptance procedures for the candidate organisation.

MEASNET membership is not restricted to the member institutes but is open for other organisations as
long as they are independent of industry and fulfil the membership requirements set up by MEASNET.
The seat of MEASNET is the address of the institute of the current Executive-Chairman of MEASNET.
Actual address for 1997 and 1998 is DEWI in Germany. As this seat will change with the Executive-
Chairman the formal contact address of MEASNET for initial contacts is the seat of the EUREC-Agency
in Leuven.
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MEASNET c/o EUREC-Agency
Kapeldreef 75
3001 Leuven - Heverlee, Belgium
Tel.: ++32-16-281-522
Fax.: ++32-16-281-510
All commercial contacts can be made of course directly with the desired member institutes.

6.3 MEASNET Recognised Measurements

During the course of the two projects, the members of MEASNET agreed on the following measurement
and quality evaluation procedures to be performed under the MEASNET quality criteria:

e anemometer calibration

e power performance
e noise

e power quality.

Special attention was given to the calibration of anemometers as the most crucial part of a power curve
measurement. As an intermediate result of the round robin tests was agreed that not all MEASNET
members are approved for absolute anemometer calibrations. Absolute anemometer calibration is
considered to be a general commercial service offered to customers. The not approved institutes may
perform relative calibrations which allow for own power curve measurements only. In the beginning of
the project it was not foreseen to distinguish between the two calibration methods, but it turned out to be
necessary. Until the end of the project the participants did not obtain an agreement about relative
calibration method due to missing experience.

All agreed measurement procedures except power quality, take into account the final and draft documents
of international organisations, e.g. IEC, IEA and in addition requirements derived from results of related
projects and measurement experiences. The agreed noise measurement procedure is an example for the
necessity of additional MEASNET measurement requirements. The performed round robin evaluation of a
measured data set led, after some necessary correction measures of the different institutes, to comparable
results because the IEC recommendation concerning the evaluation of tonality was improved.

For the power quality measurement procedure a IEC standard is not yet existing. Therefore the members
of MEASNET decided to use the respective German guidelines until IEC recommendations will be
worked out. At the moment Germany is the only country, where such measurements are required by the
utilities. In Germany this guidelines for power quality measurements had been worked out during the last
two years by a group of experts coming from the involved measurement institutes, industry, utilities and
state governments. They include two years of experience gained by the three German measurement
institutes and therefore are already a good starting point for a future international harmonisation within
MEASNET.

A MEASNET member must at least be approved for power performance measurements. This requirement
was established to guarantee that MEASNET members have enough experience and understanding in
wind energy related questions. In the actual status of the project not all founding members have finished
yet the quality evaluation procedure for the different agreed measurements. A member must not be
approved for all measurement types and can be approved for additional measurements at any time he
performed successfully the quality evaluation procedure. The MEASNET measurement approval is valid
for five years as far as the institute passes successfully all internal quality evaluation programmes during
this time and maintains the accreditation to EN 45001. An official MEASNET acceptance document
indicates the measurement types for which the MEASNET member is approved for. Customers should ask
the institute of their choice to present this document.
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Measurement reports performed under the quality criteria of MEASNET will be stamped by the measuring
institute with a stamp which consists of the MEASNET logo and, written around the logo, the name of the
institute. As an example the general logo of MEASNET is shown in Fig. 6.2.

Figure 6.2 Logo of MEASNET

MEASNET is now operative and the institutes are allowed to offer their MEASNET approved, high
quality measurements from October 1997 on.

6.4 Performed Quality Evaluations

Several quality evaluations have been made during the two projects. The most intensive one was for
anemometer calibration, because a procedure had to be found, how to judge the quality of the wind tunnel
which should be used for the anemometer calibration. The standard anemometers in use by each institute
were sent around for calibration to each of the MEASNET founding members. One of the evaluation
difficulties was how to define the correct wind speed reference to which the calibration results of each
institute had to be compared. After an additional evaluation of the influence of anemometers under skew
wind flow conditions and after several correction measures a mutually agreed comparison base was found.
As a result of this round robin the institutes decided to have the above mentioned two types of approved
anemometer calibrations, the absolute and the relative anemometer calibration.

Other round robin evaluations were performed for power performance and noise measurements. In both
cases a set of measured data were sent around for evaluation by the individual institutes. Differences in the
evaluation results were discussed and led to correction measures concerning the established measurement
and quality evaluation procedures. All round robin tests showed, that the idea of MEASNET to harmonise
the interpretation of standards and the applied measurement methods is of very high importance.
Guidelines for evaluation, for example stated in the existing IEC standards, even when correctly applied
led to different interpretations of requirements and consequently to differences in the results.

6.5 Conclusion

MEASNET members are interested commercially in performing measurements in the field of wind
energy. In spite of all difficulties encountered during the project the institutes always found a solution
which could be accepted finally by all members. It was of great advantage for the progress of the work
that the experts of the founding members are used to work together in many other joint European research
projects since more than a decade. As a result of their intensive and detailed work, MEASNET members
now mutually accept their measurement results and guarantee high quality by regularly performed quality
evaluation programmes.
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The advantages for the industry to contract a MEASNET institute are:

e the measurements are accepted in other countries,

e are of high and comparable quality,

e and can be ordered on the basis of competitive offers from the member institutes.

For the first time measurement institutes work together and were able to find agreed procedures with the
goal to harmonise the interpretation of measurement procedures established in international standards and
recommendations. The different performed quality evaluation tests during the course of the two projects
showed the necessity of such a grouping, if measurements performed by different institutes shall be
comparable to each other. The fact that all MEASNET members are also engaged in the different existing
IEC, IEA and CENELEC working groups will help to integrate the gained MEASNET experience in the
respective international measurement standards and recommendations.

At the moment MEASNET is only a wind energy activity. But the participants are convinced that
measuring institutes engaged in other renewable energies will encounter the same harmonisation problems
when they have to enter a real commercial market situation. Perhaps MEASNET serves as an example for
them of how to work together and solve the harmonisation and quality evaluation problems.
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Abstract

When operating under wake conditions, an increase in fatigue life consumption on wind turbines has been
observed. The changes in the load patterns originate both from modifications in the mean wind field,
and from modifications in the turbulence field. By performing a parameter study, the significant wind
field parameters, in relation to the increased wind turbine fatigue consumption in wakes, are identified.
The analysis is based on a large number of aeroelastic simulations and it has been performed for five
significantly different wind turbine concepts. For each of these the effect on selected equivalent loads,
originating from realistic perturbations in the selected parameters, is determined by means of a two level
factorial method.

It has been demonstrated that the deterministic wake deficit as well as the modified turbulence character-
istics — turbulence length scale, turbulence intensity, and coherence decay — all are of primary importance
in relation to fatigue loading under wake conditions. The effects of each of the above parameters was
furthermore shown to be approximately additive in a fatigue life consumption sense.

Finally a set of simple models has been investigated which subsequently resulted in a recommendation
for the quantification of the identified key parameters. The recommendation can serve as a resource for
certifying bodies and is further, if it is found appropriate, easily included in the IEC—code framework.
The wake load cases is thus simply defined by suitable modifications in the parameters presently used in
definition of the conventional load cases.
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1 INTRODUCTION

An increasing part of the future wind turbines will be erected in wind farms due to the diverted reduction
in grid costs, the limited number of sites with optimal wind potential, and environmental requirements.
Therefore, prediction of the wind induced loads in wind farms is of vital importance.

Measurements have revealed an increased loading of wind turbines sited in wind farm configurations
compared to stand alone turbines, other things being equal. The fatigue loads on a turbine is a combination
of periodic deterministic loads, associated with gravity and mean wind field, and turbulence induced loads.
The increase in fatigue consumption in wind farms originates both from modified mean wind field and
from modified turbulence field. One possible strategy to account for increased wake loads is to collect the
total impact from wake operation in only one parameter — often chosen as the turbulence intensity which
is a parameter experienced to be of significant importance [1]. However, this method has the drawback
that its generality is affected by the fact that it is based on the choice of a specific fatigue evaluation model
and a limited number of predefined Wohler exponents and wind turbine concepts. Moreover, it excludes
the detailed wind farm topology from being taken into account and fails to reflect, that the induced loads
on different component categories respond individually on the different elements in the total wind load
modification.

Therefore a more detailed description is required, not only for design approval of a specific site, but
especially in relation to optimization of wind turbines suited for wake operation. Consequently it is
of importance to investigate in details the impact arising from wake modifications of the individual
parameters constituting the conventional wind field description.

One of the important conclusions from the "Dynamic Loads in Wind Farms II" project [1]* is that the
stochastic component of the fatigue loading, caused by wake turbulence, is dominant compared to the
periodic deterministic contribution, and that partial wake operation does not represent a significantly more
severe fatigue loading regime than a full wake operation. Based on this knowledge it has been decided to
(conservatively) limit the present investigation to an artificial situation defined by a partial wake deficit
combined with a full wake turbulence formulation. For decreasing spacing, the degree of conservatism
associated with the partial wake formulation of the deficit is believed to increase.

In order to simplify the task further, only single wake situations are considered and in turn assumed
representative for wake loading in general. Bearing in mind that the turbulence part of the fatigue loading
in a wind farm is dominant compared to the periodic deterministic contribution, the single wake approach
is justified by measurements from the Sexbierum wind farm. Here it has been observed that double
wake situations mainly differ from single wake situations by reducing further the mean wake wind speed,
whereas the turbulence field is only marginally modified?.

Based on the above described simplifications, a detailed analyses has been performed in order to quantify
the wake load situation. The analysis falls into three phases.

The first phase embraces a parameter study aiming at identifying the key wake wind field parameters
responsible for increased wind turbine fatigue life consumption in wakes compared to ambient conditions.
In this part of the analysis, crude estimated wake characteristics are obtained from relevant measurements
and these are only meant to be of the correct order of magnitude.

!Final report p. 105-106.
2Dynamic Loads in Wind Farms II — Final report p. 104.
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The second phase deals with a possible quantification of the identified key parameters from the first
phase. This phase embraces collection of significant wake measuring data and a subsequent verification
of simple models predicting the key parameters.

The third and final step is to repeat the parameter study performed in the first phase, with the simple
experimentally based wake characteristics replaced by more detailed predictions from selected models,
and to draw the final conclusions.
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2  WAKE WIND FIELD STRUCTURE

When operating in a wake situation, the mean wind profile as well as the turbulence characteristics
experienced by a turbine, are modified compared to the ambient situation.

For relevant turbine spacings, the modified mean wind profile is characterized by adding a bell-shaped
velocity deficit to the a priori wind shear profile associated with the undisturbed flow. The modified
turbulence field is primarily the consequence of creation of turbulence in the free shear layer between
the retarded wake flow and the undisturbed free stream. Hence the modified wake turbulence field is in
general characterized by an increased turbulence intensity, a decreased turbulence length scale and an
increase in the coherence decay. As no significant qualitative modifications in the spectral shape has been
observed, the turbulence description in the present study follows the traditional description of turbulence
in flat and homogeneous terrain®. Thus, the wind farm effects are condensed only in the modification of
the mean wind shear profile and three parameters defining the turbulence field.

2.1 Delimitations

Basically, the present investigation is associated with wake conditions in flat and homogeneous terrain,
as only turbulence structures typical for those terrain conditions have been considered.

In order to simplify the situation only single wake situations are considered, and these are in addition
assumed to be representative for wake loading in general. This delimitation is closely linked to an
important conclusion from the "Dynamic Loads in Wind Farms II" project [1]* where it is stated that the
stochastic component of the fatigue failure loading, caused by wake turbulence, is dominant compared to
the periodic deterministic contribution. Bearing that in mind, the approach is justified by measurements
from the Sexbierum wind farm, where it has been observed that double wake situations mainly differ
from single wake situations by reducing further the mean wake wind speed, whereas the turbulence field
is only marginally modified®.

An other important result, originating from the same report, is that partial wake operation does not
represent a significantly more severe fatigue loading regime than a full wake operation. Based on this
knowledge it has been decided to (conservatively) limit the present investigation to an artificial situation
defined by a partial wake deficit combined with a full wake turbulence formulation. It is assumed that
this artificial wake situation, to a reasonable degree, is representative for fatigue wake loading in general.
For decreasing spacing, the degree of conservatism associated with the partial wake formulation of the
deficit is believed to increase.

The situation is further simplified by assuming the mean velocity field modifications in the mean wind
direction to be of "first order importance", whereas mean wind field modifications related to the two
remaining directions are considered to be of "second order importance". Only modifications of "first
order importance" are considered.

At down stream distances, corresponding to traditional spacings in wind farms, it is assumed that only
the surface— and wake shear mechanisms contribute significantly to the turbulence production. When
the two shear turbulence contributions have scales of comparable orders of magnitude, it is reasonable to

3The Kaimal turbulence spectrum and the Davenport coherence model are applied in the analysis.
“Final report p. 105-106.
®Dynamic Loads in Wind Farms II — Final report p. 104.
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expect the resulting spectral shape to be qualitatively invariant, which is also confirmed by measurements.
However, the parameters characterizing the particular spectra will be modified. Modifications related
to turbulence intensity and turbulence length scale for all three turbulence components are considered,
whereas only possible changes in the wu—autocorrelation is investigated. In other words wake aspects
related to auto— and cross correlations, involving any of the v— and w- turbulence components, are
neglected.

2.2 Preliminary parameter study

The present section deals with a preliminary parameter study aiming at identifying the key wake wind field
parameters, responsible for increased wind turbine fatigue consumption in wakes compared to ambient
conditions. In the previous section, the array of parameters, with potential significant impact on wake
fatigue life consumption, has been limited to mean wake velocity deficit, turbulence intensity, turbulence
length, and coherence decay.

In this initial parameter study the situation is further simplified, as the turbulence intensity— and turbulence
length scale wake modifications, associated with turbulence components perpendicular to the mean wind
direction, have been neglected due to an assumed dominating influence from the u—component. To
summarize, the parameters included in the present parameter investigation are :

e Longitudinal mean wind field wake deficit (the only parameter with a deterministic character).
e Standard deviation of the u—turbulence component expressed in terms of turbulence intensity.
e Turbulence length scale related to the u—turbulence component.

e Spatial uu—coherence expressed in terms of coherence decay.

Crude estimates of the above wake characteristics are obtained from relevant measurements®, supple-
mented with a numerical determination of the wake deficit form, and at this stage the wake parameters
are only meant to be of the correct order of magnitude.

Basically, the analysis is defined by selecting a number of turbine concepts and turbine spacings. In
order to represent a broad spectrum of different wind turbine concepts and sizes, four fundamentally
different horizontal axis wind turbine types have been considered — a stall regulated three—bladed turbine,
a pitch regulated three—bladed turbine, a three bladed variable speed turbine, and a large two—bladed
pitch regulated turbine. The main data, describing the investigated turbines, are summarized in the
Appendices A-D. For each turbine type, two turbine spacing situations (5 rotor diameter spacing (5D)
and 8 rotor diameter spacing (8D)) have been investigated based on criteria as relevance, representative
situations, and finally that the scenarios are covered by the available measurements.

The basic philosophy in the parameter investigation is then, for each wind turbine concept, to choose
two sets of reference situations — one related to a wind farm configuration with 5D spacing, and an other
related to a wind farm configuration with 8D spacing.

Each set of reference situations contains a (common) reference situation, related to ambient conditions in
flat and homogeneous terrain, and a reference situation related to the wake situation (5D or 8D spacing).

5The order of magnitude of the selected parameter variations are based on analysis of measurements performed at the Danish
Noerrekaer Enge and Vindeby wind farms.
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For each reference set, the effect on selected fatigue loads, originating from first order variations in each
of the investigated parameters (for a number of different mean wind speeds), is subsequently determined
from aeroelastic simulations. For each mean wind speed regime and for each turbine concept, a two level
factorial design method [16] is subsequently used to identify the effect of each parameter. The procedure
is described in more detail in chapter 3.

2.2.1 Reference sets

The defining parameters are given in Table 2.1 and Table 2.2, where I* denotes the turbulence intensity
associated with the turbulence u—component, L* is the length scale related to the turbulence u—component,
and a* is the coherence decay constant in a Davenport formulation of the spatial uu—coherence. The
maximum value of the deterministic wake deficit is denoted V;. The reference situation corresponding
to ambient conditions has been selected with no mean wind shear. Usually the shear is relatively small
across the rotor plane, and as the present investigation moreover focus only on relative differences, the
simplification is justified for the present purpose.

The wake deficit, the wake turbulence intensity, the wake length scale, and the wake coherence decay
factor depend on the ambient mean wind velocity and on the turbine concept. However, as the quantities
in the tables below are only meant to be of the correct order of magnitude, constant values have been
specified for reasons of simplicity.

The interpretation of the above described parameters, in terms of load case definitions, is specified below.

Table 2.1 Reference set no. 1 (5D spacing).

Ambient conditions | Wake conditions (5D spacing)
yaw—error 0 deg. 0 deg.
slope of terrain 0 deg. 0 deg.
AV 0 m/s 1.5 m/s
I 15 % 18 %
L 600 m 300 m
a* 8.8 25

Table 2.2 Reference set no. 2 (8D spacing).

Ambient conditions | Wake conditions (8D spacing)
yaw—error 0 deg. 0 deg.
slope of terrain 0 deg. 0 deg.
AV 0 m/s 1 m/s
I 15 % 17 %
L* 600 m 360 m
a* 8.8 25
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Wake deficit

The focus is on a (partial) single wake situation, which is assumed to be the most severe case of operation,
although no dramatic deviation compared to the full wake situation is expected. The partial wake situation
to be considered is (rather arbitrarily) defined as the situation where the blade tip passes through the center
of the wake (and thus including the wake deficit part characterized by a large horizontal gradient). It
is presumed, that the deficit is positioned at the side of the rotor giving rise to maximum impact on the
fatigue loads.

The explicit shape of the wake deficit has been based on UPMWAKET calculations through an iterative
procedure, where the particular wind turbine thrust coefficient was adjusted until the specified deficit
magnitude was obtained.

Turbulence intensity

The turbulence intensity is always defined with the ambient mean wind speed at hub height, Va, as the
normalizing factor.

Turbulence length scale

The longitudinal turbulence length scale is given with reference to a standard Kaimal formulation of the
turbulence spectrum, S(f), as formulated in the Danish Code of Practice [18] :

£8(f) _ fL./Va 2.2.1.1)

o3 (1+ 1.5%)5/3 ’

where o2 denotes the variance of the longitudinal turbulence component, and f is the frequency measured
in hertz.

If the Kaimal formulation given in the IEA 1400-1 document is adopted, the length scales specified in
Table 2.1 and Table 2.2 should be divided by a factor of 4.

Coherence decay factor

The coherence function is, in the present context, defined as the magnitude of the complex cross—
spectral density of the longitudinal wind velocity components, corresponding to two spatial separated
points, divided by the squareroot of the product of the respective autospectrum functions. The standard
Davenport formulation is adopted :

Coh(s, f) = exp [—a" (f‘_/—jﬂ , (2.2.1.2)

where s denotes the magnitude of the projection of the separation vector between the two spatial points
on a plane perpendicular to the average wind direction.

" A brief description of this code is presented in section 2.4.6.
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2.2.2 Results
The main conclusions from the investigation are :

e The mean wind deficit, increased turbulence intensity, decreased turbulence length scale as well
as increased coherence decay should all be considered as significant in relation to increased wind
turbine fatigue life consumption in wakes compared to ambient conditions.

e The effects on fatigue loading, originating from the investigated parameters, act approximately
additively.

2.3 Wake measurements

In order to form a general view of the available experimentally based wake characteristics, and furthermore
to establish a basis for verifying available wake models against experimental data, it was decided to
establish a database of wake measurements. Each of the project participants have selected at most 15 of
their most suitable measured campains and these are collected in the table presented in Appendix F. The
table contains parameters describing the wake situation (turbine separation measured in rotor diameters,
turbine type, atmospheric stability expressed in terms of the Richardson number, ambient mean wind
speed at hub height etc.) as well as parameters describing the wake wind field. The wake wind field
parameters are defined as follows :

o The wake deficit is described in terms of the maximum wake deficit AV within the wake.

e The ambient turbulence intensity, I, is defined as the standard deviation of the horizontal turbu-
lence component (as it is usually obtained from cup anemometer measurements) divided by the
undisturbed mean wind speed V,,. Both values refer to turbine hub height.

e The wake turbulence intensity, I,,, is defined as the maximum standard deviation of the horizontal
turbulence component within the wake divided by the undisturbed mean wind speed at turbine hub
height.

e The ambient turbulence length scale, L, is defined as the (Kaimal) length scale of the u—turbulence
component, corresponding that particular frequency, f, where half of the turbulence energy relates
to frequencies heigher than fr. LY refers to the turbine hub height.

e The wake turbulence length scale, LY., is defined in analogy with the ambient turbulence length.
Ly, refers to the position within the wake where the reduction in the length scale takes its maximum.

e The ambient transversal turbulence component, o7, refers to the turbine hub height.

e The wake transversal turbulence component, o, refers to the position within the wake where the
maximum value is obtained.

e The ambient coherence decay factor, a,, relates to a Davenport coherence description. Both
horizontal and vertical separation are accepted, and to facilitate the use of cup anemometers, the
decay factor relates to the horizontal turbulence component. Vertical and horizontal separation are
indicated by adding a "V" or a "H" to the table value.
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e The wake coherence decay factor, a,, relates to a Davenport coherence description. Both hori-
zontal and vertical separation is accepted, and the decay factor relates to the horizontal turbulence
component. Vertical and horizontal separation are again indicated by adding a "V" or a "H" to the
table value.

2.4 Wake models

The overall conclusion from the initial parameter study is that the induced mean wind deficit, the
increased turbulence intensity, the decreased turbulence length scale, as well as the increased coherence
decay should all be considered as significant modifications in relation to increased wind turbine fatigue
life consumption in wakes compared to ambient conditions.

The present section is concerned with a possible quantification of these parameters, in a wake situation,
as function of the involved turbine characteristics and the ambient meteorological conditions. The
performance of a number of available models is investigated. The study is based on the wake measurements
supplied by Teknikgruppen, ECN and Risoe, and described in the previous section 2.3. The measurements
include a wide range of different wind turbines and ambient meteorological conditions.

24.1 GCL-model

The model [2] encompass a semi—analytical description of the wake deficit and a set of simple empirical
relations providing the relevant characteristics (turbulence intensity as well as the turbulence length scale)
for the turbulence field in a wake. The empirical expressions are based on full scale measurements and
are applicable for both stall—, pitch— and variable speed regulated turbines.

In order to enable the treatment of data from model experiments performed in wind tunnels, the expression
for the turbulence intensity has been made non—dimensional and is thus slightly modified compared to
the expression given in the above reference. Moreover, one of the boundary conditions for the deficit
model was modified in order to reflect the blocking effect from the ground (in a simple manner).

Deficit

Neglecting the blocking effect originating from the ground, the wake behind a wind turbine is considered
a free turbulence region. Problems involving free turbulence are often of the same nature as boundary
layer problems in the sence that the size of the free turbulence region in the direction perpendicular to
the mean flow is considerably smaller than the size in the mean flow direction. The model is thus based
on the presumption that the wake region can be adequately described by Prandtl’s (rotational symmetric)
turbulent boundary layer equations (large Reynolds numbers assumed).

Assuming similarity between deficits at different distances from the upstream turbine and moderate
amplitudes of the deficit, the following assymptotic expressions are obtained for the mean wind speed
deficit, AV, and for the wake radius, R,, :

R, = (%) " (33)H(CrAn)}, (2.4.1.1)
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—% (CrAz2)

=
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™

where z and r denote axial and radial directions, A is the rotor area, C denotes the rotor drag coefficient,
V, the ambient mean wind velocity at hub height, and c; is the non—dimensional mixing length defined
by

¢ =1(CrAz)~3 (2.4.1.3)

with [ being Prandtl’s mixing length.

This expression separates to some degree the rotor specific drag dependance, and [ is consequently
expected to be relatively insensitive to both the size and the design of the rotor.

With C'r determined either from measurements or from a simple aerodynamic calculations, two parameters
have to be evaluated from boundary conditions — one is the position of the rotor relative to the applied
coordinate system, and the second is the non—dimensional mixing length c;.

The first boundary condition to be satisfied is that the wake radius at the rotor position equals the rotor
radius.

The second boundary condition is an empirical relationship stating that the wake radius at 9.5 rotor
diameters distance from the turbine can be determined by R, 9.5p = max(1.08D,1.08D + 21.7D(I, b
0.05)), where D and I denotes the rotor diameter and the (horizontal) ambient turbulence intensity,
respectively. This boundary condition essentially states that the expansion of the wake is dominated by
ambient cross flow turbulence — however for sufficiently small ambient turbulence intensity the turbulence
contributions from wake shear, blade tip vortices, and hub vortices ensures a turbulence intensity level
corresponding to minimum 5%. If the wake radius, determined according to the above prescribtion,
exceeds the hub height, the blocking effect is taken into account by applying a wake radius equal to the
mean of R,, 9 5p and the hub height as a "design wake radius" at 9.5 rotor diameters distance from the
turbine.

The performance of the model appears from the Table 2.3, where S denotes the turbine spacing expressed
in rotor diameters, and AV is the mean wind deficit.

Some deviation between measurements and model predictions are encountered, especially for the results
associated with the Sexbierum wind farm. However, no systematic trend was observed in the deviations.
As the model is based on an asymptotic theory, it might be somewhat conservative for very close
spacings [19].

Turbulence Intensity

At down stream distances corresponding to traditional spacings in wind farms, it is assumed that only
the surface— and wake shear mechanisms contribute significantly to the turbulence production. It is
moreover assumed that the turbulence fluctuations, originating from these two sources, are statistically
independent such that the turbulent energies are additive in the energy sense. Normalizing with respect to
the undisturbed mean wind velocity, the total turbulence intensity of the along wind turbulence component
in the wake, I?!,, is expressed as

w
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Table 2.3 Measured wake deficit values compared to GCL-model predictions.

S D Hub Cr | Stability | Amount V., 1, Mea. | Est. | Rel.
[D] | [m] | Height Ri of Data | [m/s] | [%] | AV | AV | dev.
[m] [hours] [%]
2.0 28 31 0.67 | neutral 0.5 99 | 140 | 44 2.1 | -52
5.3 28 31 0.76 | neutral 9.0 7.3 119 1.2 1.2 0

53 28 31 0.70 | neutral 4.5 9.1 129 | 1.4 1.2 | -14
5.3 28 31 0.59 | neutral 7.5 11.5 | 13.7 | 1.6 1.2 | -25
7.5 28 31 0.76 | neutral 4.5 7.5 109 | 0.6 1.1 83

7.5 28 31 0.70 | neutral 1.5 9.1 142 | 0.7 0.8 14
145 | 28 31 0.75 | neutral 16.0 79 | 11.7 | 0.5 0.6 | 20
145 | 28 31 0.69 | neutral 11.0 9.3 12.7 | 0.5 0.6 | 20
145 | 28 31 0.59 | neutral 4.0 11.7 | 13.8 | 0.3 0.6 | 100
4.2 23 30 0.44 0.04 0.33 142 | 5.6 4.5 34 | -24
6.1 23 30 0.67 -0.3 0.33 9.7 6.4 2.4 2.3 -4

6.1 23 30 0.87 -0.15 0.33 6.3 6.9 1.6 1.8 13

6.1 23 30 0.87 -1.25 0.33 6.7 5.4 1.8 2.7 | 50

6.1 23 30 0.81 -0.5 0.5 7.8 6.3 19 | 23 | 21
42 | 23 30 0.86 -1.0 0.33 6.9 4.8 30 | 39 | 30
6.1 23 30 0.79 -2.0 0.5 8.0 6.3 1.8 | 23 | 28
42 | 23 30 0.83 -6.5 0.33 7.5 6.0 30 | 29 | -3
42 | 23 30 0.71 -1.7 0.33 9.6 7.7 34 | 25 | -27
42 | 23 30 0.83 0.07 0.5 7.9 3.8 43 | 52 | 21

4.2 23 30 0.3 0.01 0.166 174 | 7.0 46 | 2.2 | -52
4.2 23 30 0.52 0.03 0.166 134 | 43 53 | 46 | -13
4.2 23 30 0.5 0.03 0.166 13.7 | 59 53 34 | -36

4 30 35 0.75 0.285 73 | 105 | 3.6 1.6 | -56
4 30 35 0.75 0.356 7.7 8.9 36 | 20 | 44
4 30 35 0.75 0.356 81 | 109 | 3.5 1.7 | -51
7 30 35 0.57 0.711 13.6 | 7.2 2.8 1.9 | -32
7 30 35 0.75 0.569 10.1 | 9.5 2.7 1.8 | -33
7 30 35 0.74 0.996 10.0 | 9.1 23 1.8 | -22
7 30 35 0.74 0.356 8.9 96 | 23 1.5 | -35
5 027 ] 031 | 091 0.006 413 | 9.0 | 1.05 | 1.2 | 14
7.5 | 0.27 0.3 0.87 0.008 4.1 9.0 | 1.03 | 09 | -13
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It =\/I2+ 12, (2.4.1.4)

where subscripts a and w refer to ambient and wake, respectively. The specific wake contribution, I,
depends on both the down wind distance and the undisturbed mean wind velocity, and is (for spacings
larger than two rotor diameters) determined as :

I,=0295"13/1-+1-Crp, (2.4.1.5)

where S denotes the spacing expressed in rotor diameters and Cr is the rotor thrust coefficient.

The proposed model has the correct qualitative— and asymptotic features as I, increases for increasing
Cr, decreases for increasing S, and tends to zero for S approaching infinity.

The performance of the model appears from the Table 2.4.

The model is based on the maximal change in a standard deviation profile (which is usually associated to
the upper part of the rotorplane) normalized with the undisturbed mean wind velocity at hub height. The
reason is, that the wind field modelling in most aeroelastic models operate with only one value for the
turbulence intensity — we have then selected a slightly conservative value for that parameter.

In some of the experiments the spatial resolution was limited, and as a consequence the estimated values
were expected to be moderately conservative. This is also reflected in the table above, except for a few
very large deviations related to measurements with practically no increase in the turbulence intensity,
originating from the wake situation. In general, a satisfactory agreement is encountered.

Turbulence Length Scale

When the two shear turbulence contributions have scales of comparable orders of magnitude, it is
reasonable to expect the resulting spectral shape to be qualitatively invariant compared to the ambient
situation. However, the resulting length scale is modified. The modified length scale depends on the rotor
thrust coefficient, the spacing distance, the rotor diameter, and the undisturbed turbulence length scale.
Assuming an approximate linear relationship between thrust coefficient and mean wind speed (for a stall
controlled turbine), and refeering to a Kaimal formulation of the turbulence spectrum, the length scale
for the u turbulence component inside a wake, L, is determined from :

C(122(1-2)
LZ) == LZ 1 — min W, 0.9 , (2416)

where LY denotes the u—turbulence length scale in the undisturbed flow, V, is the undisturbed mean wind
velocity at hub height, and the reduced spacing, S,., between the turbines is defines as :

S, =284 (§—2)%8  forS >2. (2.4.1.7)

The undisturbed length scale and the resulting wake length scale refer to conditions at hub height. L}
is seen to be monotonous in V,, L¥, S,, and D. However, the dependence on D is not pronounced for
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Table 2.4 Wake turbulence intensities compared to GCL-model predictions.

S D Hub Cr | Stability | Amount Va I, | Mea. | Est. | Rel.
[D] | [m] | Height Ri of Data | [m/s] | [%] | Iu: I,: | dev.
[m] [hours] (%] | [%] | [%]
2.0 28 31 0.67 | neutral 0.5 99 | 140 | 16,5 | 205 | 24
5.3 28 31 0.76 | neutral 9.0 73 | 119 | 162 | 16.8 4
53 28 31 0.70 | neutral 4.5 9.1 129 | 16.2 | 17.1 6
5.3 28 31 0.59 | neutral 7.5 115 | 137 | 175 | 169 | -3
8.5 35 37 0.52 | neutral 4.0 11.1 6.8 11.0 | 104 -5
9.5 35 37 0.57 | neutral 100 | 72 | 11.3 | 108 | 4
7.5 28 31 0.76 | neutral 4.5 7.5 109 | 14.0 | 15.2 9
7.5 28 31 0.70 | neutral 1.5 9.1 142 | 143 | 173 | 21
14.5 28 31 0.75 | neutral 16.0 7.9 11.7 | 123 | 144 17
145 | 28 31 0.69 | neutral 11.0 93 | 127 | 12,6 | 150 | 19
14.5 28 31 0.59 | neutral 4.0 11.7 | 13.8 | 14.7 | 155 5
4.2 23 30 0.44 0.04 0.33 14.2 5.6 6.6 10.6 | 61
6.1 23 30 0.67 -0.3 0.33 9.7 64 | 114 | 122 | 7
6.1 23 30 0.87 -0.15 0.33 6.3 6.9 113 | 144 | 27
6.1 23 30 0.87 -1.25 0.33 6.7 54 | 125 | 138 | 10

6.1 23 30 0.81 -0.5 0.5 7.8 63 | 129 | 135 | 5
42 | 23 30 0.86 -1.0 0.33 6.9 48 | 156 | 150 | 4
6.1 23 30 0.79 -2.0 0.5 8.0 6.3 | 135 | 133 | -1
42 | 23 30 0.83 -6.5 0.33 7.5 6.0 | 16.0 | 150 | -6
42 | 23 30 0.71 -1.7 0.33 9.6 7.7 | 13.0 | 144 | 11
42 | 23 30 0.83 0.07 0.5 7.9 38 | 107 | 143 | 34

42 | 23 30 0.3 0.01 0.166 174 | 70 | 93 | 10.1 | 9
42 | 23 30 0.52 0.03 0.166 134 | 43 6.6 | 109 | 65
42 | 23 30 0.5 0.03 0.166 13.7 | 5.9 6.6 | 11.4 | 73

4 30 35 0.75 0.285 73 | 105 | 15.1 | 16.6 | 10
4 30 35 0.75 0.356 7.7 89 | 13.7 | 157 | 15
4 30 35 0.75 0.356 81 | 109 | 154 | 169 | 10
7 30 35 0.57 0.711 13.6 | 7.2 93 | 114 | 23
7 30 35 0.75 0.569 10.1 | 95 | 122 | 143 | 17
7 30 35 0.74 0.996 10.0 | 9.1 | 119 | 140 | 18
7 30 35 0.74 0.356 8.9 96 | 11.1 | 143 | 29
5 027 | 031 | 0091 0.006 413 | 90 | 141 | 16.8 | 19
7.5 | 0.27 0.3 0.87 0.008 4.1 9.0 | 123 | 149 | 21
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Table 2.5 Wake length scales for u—turbulence components compared to GCL—model predictions.

S D Hub Cr | Stability | Amount Va LY | Mea. | Est. | Rel.
[D] | [m] | Height Ri of Data | [m/s] | [%] Ly Ly | dev.
[m] [hours] [m] | [m] | [%]
2.0 | 28 31 0.67 | neutral 0.5 9.9 1070 | 140 149 7
53| 28 31 0.76 | neutral 9.0 7.3 1052 | 359 343 -5
53| 28 31 0.70 | neutral 4.5 9.1 1035 | 421 475 13
53| 28 31 0.59 | neutral 7.5 11.5 | 1363 | 788 776 -2
85| 35 37 0.66 | neutral 14.0 9.0 940 | 505 530 5
42 | 23 30 0.44 0.04 0.33 14.2 | 1306 | 598 797 33
6.1 | 23 30 0.67 -0.3 0.33 9.7 1380 | 846 | 717 | -15
6.1 | 23 30 0.87 -0.15 0.33 6.3 1776 | 672 | 448 | -33
6.1 | 23 30 0.87 -1.25 0.33 6.7 1849 | 975 559 | 43

6.1 | 23 30 0.81 -0.5 0.5 7.8 | 1730 | 837 | 687 | -18
4.2 | 23 30 0.86 -1.0 0.33 6.9 | 1592 | 635 | 317 | -50
6.1 | 23 30 0.79 -2.0 0.5 80 | 1711 | 828 | 705 | -15
4.2 | 23 30 0.83 -6.5 0.33 7.5 | 1868 | 616 | 479 | -22
42 | 23 30 0.71 -1.7 0.33 9.6 | 1196 | 690 | 504 | -27
4.2 | 23 30 0.83 0.07 0.5 7.9 672 | 598 | 210 | -65

42 | 23 30 0.3 0.01 0.166 17.4 | 1840 | 1270 | 1251 | -1
4.2 | 23 30 0.52 0.03 0.166 13.4 | 902 | 543 | 531 -2
42 | 23 30 0.5 0.03 0.166 13.7 | 1693 | 708 | 1008 | 42

4 30 35 0.67 0.285 7.3 644 | 138 | 159 15
4 30 35 0.67 0.356 7.7 920 | 184 | 253 | 37
4 30 35 0.67 0.356 8.1 736 | 230 | 233 1

the usual size of wind turbines. For large turbine spacings or for large mean wind speeds, L tends to
approach LY, and the expression thus exhibit the correct asymptotic behaviour.

In the Table 2.5, the performance of the model has been compared to measured values. The model is
calibrated to a Kaimal formulation of the length scale, and where data were given with reference to a Von
Karman formulation, they have been converted into a Kaimal formulation.

Considering the large uncertainties related to the determination of the length scale in general, the agree-
ment between measurements and predictions is considered satisfactory — especially when bearing in
mind that fatigue estimates, based on aeroelastic calculations, is rather unsensible to relatively moderate
variations in the length scale.

In analogy with the turbulence intensity parameter, and for the same reasons, the present model is based
on the maximal changes in a length scale profile. This is also reflected in the estimates, as most of these
underpredict the measured values.

Coherence decay

Initiated by the indications from the initial parameter study, a simple attempt has been performed to extend
the original model-complex also to take into account modification of the cross—correlation between
turbulence components in a wake situation. In accordance with the assumptions introduced in beginning
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of this chapter, the considerations to follow are limited to only uu—coherences. The investigation is based
on a relatively slender data material®.

The tendencies displayed, in the Swedish and the Danish measured uu—coherence decay factors, seems
at first to be somewhat contradicting, as the Danish results indicate no wake effect on vertical coherence
for a 7.5 diameter spacing, whereas the Swedish results show a marked effect for a 6.1 diameter spacing.
However, forcing the wake effect to be neglectable for spacings larger than 7.5 diameters and maximal
for a 2 diameter spacing, introduces some harmony in the interpretation.

The two sets of experiments operate with different values of the vertical spacing, as the Danish results
relates to a 13 m spacing, whereas the Swedish measurements operate with 6.4 m and 4.7 m spacing.
Thus the coherences evaluated based on the Danish measurements will decay somewhat faster with the
frequency than the Swedish coherences. However, the Danish results are based on very long runs which
(more than) compensate for the loss in statistical significance due to the faster decay®.

The coherence is given a Davenport—formulation and is thus expressed as

Coh(s, f) = {/exp (_a;_f) , (2.4.1.8)

where f is the frequency in [Hz], s is the separation in [m], V, is the (ambient) mean wind speed in [m/s].
The ambient (undisturbed) coherence decay factor, a,, is determined by [8]

Zaverage

12 + 1A% forlateral separation

Zaverage

12 + 2222l for vertical separation
G, = (2.4.1.9)

with the measuring heights denoted by z;, 2>, the average of these equal to 2,perqge, and Ay being the
lateral separation.

Intuitively, it is felt that the relative change of the coherence decay factors for lateral and vertical
separations should be of the same order of magnitude. Both the lateral and the vertical coherences is,
as expected, strongly effected by the wake for small wind turbine separations, whereas for moderate
separations they are unaffected. As stated above, the wake influence is assumed to be negligible for
spacings larger than 7.5 rotor diameters, and maximal for a spacing equal to 2 rotor diameters.

Basing the lateral wake coherence decay modification on the Danish measurements and the vertical wake
coherence decay modification on both Swedish and Danish data, the following expression for the wake
coherence decay factor, a,,, is proposed

(2.4.1.10)

_J A+ Ky)a, for 2<S5<75
Gw = a, for 75<8 ’

where S denote the spacing expressed in rotor diameters and the wake correction factor, K, is given by

8The data material reproduced in the Appendix F.
9The coherence decay is mainly determined based on values in the frequency band corresponding to coherence values between
0.3 and 1.0
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Table 2.6 Measured wake coherence decay compared to model predictions.

S | Stability | Amount Va Mea. Est. Mea. Est.
D] Ri of Data | [m/s] | 1+ K2 | 1+ KE | 1+KY | 1+KY
[hours]

2 neutral 3.0 ~11.3 2.6 2.8

2 neutral 1.5 ~ 11.7 32 1.9

2 neutral 1.5 ~ 14.7 3.8 2.9

4.2 -1.0 0.33 6.9 1.8 1.8
4.2 -6.5 0.33 7.5 1.9 1.9
4.2 -1.7 0.33 9.6 2.4 23
4.2 0.03 0.166 134 3.0 3.1
4.2 0.03 0.166 13.7 34 3.1
4.2 0.04 0.33 14.2 33 32
4.2 0.01 0.166 17.4 2.1 34
6.1 -0.15 0.33 6.3 1.2 1.3
6.1 -1.25 0.33 6.7 1.5 1.3
6.1 -0.5 0.5 7.8 1.7 1.4
6.1 -2.0 0.5 8.0 1.9 1.4
6.1 -0.3 0.33 9.7 1.9 1.6

7325 for V, <6
K,={ 2251V, -C,) for 6<V,<15 . (2.4.1.11)
4T 5 for 15 <V,

5.

ot

For vertical separation C; = 1 and for horizontal separation C; = 2. For spacings less than 2 rotor
diameters the value of the wake coherence decay factor is assumed to equal the value related to a 2
diameter spacing.

The model performance is illustrated below, where K| u‘f refers to vertical separation, and K f refers to
horizontal separation.

The agreement is satisfactory. However, the data material is somewhat limited which might affect the
generality of the proposed estimation procedure.

Most turbulence generators do not have the ability to take into account coherence decay factors depending
on spacing direction, nor on the magnitude of the spacing. In general, the turbulence generators presume
constant coherence decay factors, and the derived coherences (refeering to a particular site) thus depend
only on frequency and on the absolute value of the spacing. In this situation the mean of cohence decay
factors estimated for horizontal- and vertical separation, respectively, is recommended, and in case the
ambient coherence factor is determined from the above expression (2.4.1.9) , a vertical separation of 2/3
of the rotor diameter should be specified in order to assure satisfactory agreement for eddies with the
maximal potential for aerodynamic impact.

Transversal turbulence

So far the investigations have concentrated on the along wind turbulence component v only, as this
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component is the main responsible for the fatigue load generation, and as most available measured
data are based on cup anemometer recordings (giving the horizontal velocity component and in a first
order approximation the along wind turbulence intensity). However, the fatigue effect originating from
the transversal components is not negligible. Therefore, a relation between the v— and w—turbulence
components and the u—component is of interest. The derivation to follow is also an extension compared
to the original model concept.

In analogy with the considerations related to the u—component, it is assumed that the transversal turbulence
can be properly described by adjusting the spectral parameters related to a traditional description of the
ambient turbulence in flat homogeneous terrain. Thus, the qualitative characteristics of the turbulence
are presumed to be preserved, and here the wind farm effects are condensed in a suitable modification of
only a few parameters.

At this stage, there is limited information available on the wake behaviour of the transversal components,
and the available material is dealing with only two of the above mentioned parameters — the turbulence
intensity and the turbulence length scales.

Turbulence intensity

For flat and homogeneous terrain, the following relations express the standard deviations of the turbulence
components, c%, ¥, and o* as

ol & Zofj, (2.4.1.12)
1
or 5o, (2.4.1.13)

where subscript "a" indicate ambient values.

In a wake, the turbulence tends to be more isotropic, and the above relations are modified to [9]*°

ol ~ 0.80% (2.4.1.14)

0¥ ~ 0.60" (2.4.1.15)

where subscript "w" indicate wake—values.

0Tn the analysis, the relation between turbulence components turn out to depend on the measuring height, and the presented
values is the most conservative ones in the sence that they produce the largest standard deviations.
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Turbulence length scales

Let the u—, v—, and w— turbulence components inside as well as outside the wake be described by power
density spectra of the Kaimal form,

LF)V
(L4 2fLk/V)3/37

Sk(L*, f) = (c*)? (2.4.1.16)

in the neutral regime, where k substitutes either u, v or w. Assuming local isotropy in the inertial subrange
for sufficiently small eddies, the following relations hold for the spectral components:

CSJLN) . SJLhf) 3
flgglo S.(L7, ) = flggo S (L") =7 2.4.1.17)

The proportion 3:4 in relation (2.4.1.17) does not express lack of isotropy, but is a consequence of the
turbulence component u being directed along the mean wind direction.

For flat and homogeneous terrain, combining expressions (2.4.1.12), (2.4.1.16), and (2.4.1.17) leads to
the following relation

limM_hm L %4-%[,3/17& 5/3_§
fow S f) e () Ly \FHaLy/Ve) 4

from where the proportion between the v— and u length scales can be derived as'!

LY 3x9)°%?
L_Z:<4>:<16> —0.27. (2.4.1.18)

In analogy, the value for the proportion between the w— and u length scales in homogeneous terrain can
be determined to

w

L
a _ 0.08. 2.4.1.19
Ty 0.08 ( )

Similar considerations related to the wake situation, and thus based on relations (2.4.1.14), (2.4.1.15),
(2.4.1.16), and (2.4.1.17), lead to

Zw ), 2.4.1.20
7o =033 ( )
L’w

“w .14, 24121
o ( )

1 {sing the value 0.8 as the proportion between the v and w standard deviations, we arrive at the value 0.33 for proportion
between the v and u length scales, which corresponds to the value given in the code IEC-1400-1.
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2.4.2 SF-model

Also the present empirical method [3] is based on full scale measurements and works by specifying
an effective turbulence intensity (or design turbulence intensity) in the mean wind direction, aiming
at substituting a detailed wake calculation, when determining fatigue life consumption by means of
aeroelastic models.

The wake effects, associated with the mean wind deficit, the decreased turbulence length scale, and the
increased coherence decay, concerning the fatigue loading of a wind turbine is thus included in this
effective turbulence intensity. As a consequence the effective turbulence intensity is usually conservative
compared with measured physical values.

The effective turbulence intensity, I, '?, is determined from :

It =4 22Ty (2.4.2.1)

The performance of the model appears from the Table 2.7. Apparently the model is not capable of
handling near wake situations, as the 2D situation is leading to a 185% deviation. It is often found in
wind tunnel measurements that up to 2D spacing, the shear stress profile develops very slowly in single
wakes, by which transfer of momentum from the outher flow to the wake is limited [10],[11].

As expected, the model is somewhat conservative when compared to the measured (physical) wake values.
However, as the model contain all wake effects in one number, a quantitative comparison is difficult.

2.4.3 DR-model
This model describes the increased fatigue loading in wakes by modifying the ambient turbulence intensity
and is the procedure applied in the present "Danish Recommendation".

When wind turbines are erected in a wind farm cluster with a distance between the turbines of at least 5
rotor diameters, or in a wind farm array with a mutual distance of at least 3 rotor diameters, the increase
in fatigue loading, originating from the change in mean wind field and turbulence structure, can be taken
into account by specifying a design turbulence intensity*?, I, as:

I, =2+ 12, (2.4.3.1)

where I, is an additional wake contribution expressed by

I, = B8,3,0.15. (2.4.3.2)

In the above expression, (3, denotes a correction factor related to the mean wind hub velocity, whereas
0, is a correction factor related to the distance between the wind turbines. These correction factors are
obtained from Figures 2.1, 2.2 and 2.3, respectively.

2Normalized with respect to the ambient mean wind speed at hub height.
13Normalized with respect to the ambient mean wind speed at huh height.
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Table 2.7 Wake turbulence intensities compared to SF-model predictions.

S D Hub Cr | Stability | Amount Vs 1, Mea. | Est. | Rel.
[D] | [m] | Height Ri of Data | [m/s] | [%] | Iwe | IY%. | dev.
[m] [hours] [Po] | [%] | [%]
2.0 28 31 0.67 | neutral 0.5 9.9 14.0 | 16,5 | 47.0 | 185
5.3 28 31 0.76 | neutral 9.0 7.3 119 | 162 | 21.6 | 33
53 28 31 0.70 | neutral 4.5 9.1 129 | 162 | 21.6 | 33
5.3 28 31 0.59 | neutral 7.5 11.5 | 13.7 | 175 | 21.0 | 20
8.5 35 37 0.52 | neutral 4.0 11.1 | 6.8 | 11.0 | 11.5 5
9.5 35 37 0.57 | neutral 100 | 7.2 | 113 | 11.3 0
7.5 28 31 0.76 | neutral 4.5 7.5 109 | 14.0 | 16.8 | 20
7.5 28 31 0.70 | neutral 1.5 9.1 142 | 143 | 18.7 | 31
145 | 28 31 0.75 | neutral 16.0 7.9 11.7 | 123 | 134 9
145 | 28 31 0.69 | neutral 11.0 9.3 127 | 126 | 142 | 12
145 | 28 31 0.59 | neutral 4.0 11.7 | 13.8 | 147 | 15.0 2
4.2 23 30 0.44 0.04 0.33 142 | 5.6 6.6 | 182 | 176
6.1 23 30 0.67 -0.3 0.33 9.7 64 | 114 | 16.0 | 41
6.1 23 30 0.87 -0.15 0.33 6.3 69 | 11.3 | 18.1 | 60
6.1 23 30 0.87 -1.25 0.33 6.7 54 | 125 | 17.6 | 41

6.1 23 30 0.81 -0.5 0.5 7.8 6.3 | 129 | 173 | 34
42 | 23 30 0.86 -1.0 0.33 6.9 48 | 156 | 247 | 38
6.1 23 30 0.79 -2.0 0.5 8.0 6.3 | 135 | 17.2 | 27
42 | 23 30 0.83 -6.5 0.33 7.5 6.0 | 16.0 | 245 | 53
42 | 23 30 0.71 -1.7 0.33 9.6 7.7 | 13.0 | 233 | 79
42 | 23 30 0.83 0.07 0.5 7.9 3.8 | 10.7 | 24.1 | 125

4.2 23 30 0.3 0.01 0.166 174 | 7.0 93 | 159 ] 71
4.2 23 30 0.52 0.03 0.166 134 | 43 6.6 | 193 | 192
4.2 23 30 0.5 0.03 0.166 13.7 | 5.9 6.6 | 194 | 193

4 30 35 0.75 0.285 73 | 105 | 15.1 | 259 | 72
4 30 35 0.75 0.356 7.7 89 | 13.7 | 253 | 85
4 30 35 0.75 0.356 81 | 109 | 154 | 26.1 | 69
7 30 35 0.57 0.711 136 | 72 | 93 | 13.8 | 49
7 30 35 0.75 0.569 10.1 | 95 | 12.2 | 16.6 | 36
7 30 35 0.74 0.996 10.0 | 9.1 | 119 | 16.2 | 37
7 30 35 0.74 0.356 8.9 96 | 11.1 | 16,5 | 48
5 027 ] 031 | 091 0.006 413 | 9.0 | 141 | 22.8 | 6l
7.5 | 0.27 0.3 0.87 0.008 4.1 90 | 123 | 163 | 33
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Figure 2.1 Wind speed correction factor.
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Figure 2.3 Distance correction factor for wind turbines in a wind farm cluster.
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The performance of the model appears from the Table 2.8.

Table 2.8 Wake turbulence intensities compared to DR—model predictions.

S D Hub Cr | Stability | Amount Va I, | Mea. | Est. | Rel.
[D] | [m] | Height Ri of Data | [m/s] | [%] | Iu: I,: | dev.
[m] [hours] (%] | [%] | [%]
5.3 28 31 0.76 | neutral 9.0 73 | 119 ] 162 | 162 | O
53 28 31 0.70 | neutral 4.5 9.1 129 | 16.2 | 16.9 5
5.3 28 31 0.59 | neutral 7.5 115 | 137 | 175 | 176 | 0
8.5 35 37 0.52 | neutral 4.0 11.1 6.8 11.0 | 10.1 -8
9.5 35 37 0.57 | neutral 10.0 7.2 11.3 | 104 -8
7.5 28 31 0.76 | neutral 4.5 7.5 | 109 | 14.0 | 132 | -6
7.5 28 31 0.70 | neutral 1.5 9.1 142 | 143 | 16.1 12
145 | 28 31 0.75 | neutral 16.0 79 | 11.7 | 123 | 139 | 13
14.5 28 31 0.69 | neutral 11.0 9.3 12.7 | 12.6 | 14.7 17
145 | 28 31 0.59 | neutral 4.0 11.7 | 13.8 | 14.7 | 15.7 7
4.2 23 30 0.44 0.04 0.33 142 | 5.6 6.6 | 125 | 89
6.1 23 30 0.67 -0.3 0.33 9.7 6.4 114 | 9.9 -14
6.1 23 30 0.87 -0.15 0.33 6.3 69 | 11.3 | 102 | -10
6.1 23 30 0.87 -1.25 0.33 6.7 54 12.5 9.2 -26

6.1 23 30 0.81 -0.5 0.5 7.8 63 | 129 | 98 | -24
4.2 23 30 0.86 -1.0 0.33 6.9 48 | 156 | 13.8 | -12
6.1 23 30 0.79 -2.0 0.5 8.0 6.3 | 135 | 98 | -27
4.2 23 30 0.83 -6.5 0.33 7.5 6.0 | 16.0 | 142 | -11
4.2 23 30 0.71 -1.7 0.33 9.6 7.7 | 13.0 | 15.0 | 16
4.2 23 30 0.83 0.07 0.5 7.9 3.8 | 10.7 | 134 | 26

42 | 23 30 0.3 0.01 0.166 174 | 70 | 93 | 11.1 | 19
42 | 23 30 0.52 0.03 0.166 134 | 43 6.6 | 125 | 90
42 | 23 30 0.5 0.03 0.166 13.7 | 5.9 6.6 | 13.0 | 96

4 30 35 0.67 0.285 73 | 105 | 15.1 | 169 | 12
4 30 35 0.67 0.356 7.7 89 | 13.7 | 16.0 | 17
4 30 35 0.67 0.356 81 | 109 | 154 | 17.2 | 11
7 30 35 0.42 0.711 13.6 | 7.2 9.3 9.9 6
7 30 35 0.66 0.569 10.1 | 95 | 122 | 121 | -1
7 30 35 0.66 0.996 100 | 9.1 | 119 | 11.8 | -1
7 30 35 0.66 0.356 8.9 96 | 11.1 | 122 | 10
5 027 | 031 | 0091 0.006 413 | 90 | 141 | 146 | 4
7.5 | 0.27 0.3 0.87 0.008 4.1 90 | 123 | 11.7| -5

Despite the simplicity of the model, the agreement between model predictions and measurements is
satisfactory except for a few very large deviations. This is somewhat surpricing, as the philosophy behind
the model is the same as for the the SF—model — namely to consentrate all wake effects in only one
parameter (turbulence intensity). Therefore more conservative results were expected.
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2.4.4 TNO-model

This empirical model [4] originates from work carried out in the "Dynamic Loads in Wind Farms (I)"
Joule project and has been further assessed by the Dutch TNO laboratory. It is based on extensive
measurements of wind turbine arrays in an atmospheric boundary layer wind tunnel. The model specifies
the increased turbulence intensity in the wake, I“,**, compared to the ambient conditions as well as the
maximal wake deficit, AV.

Turbulence Intensity

The wake turbulence intensity is determined from the expression

Ly =+12+12, (2.4.4.1)

with the additional wake contribution determined from

X —0.96
I, =131C%"1>°% (X—) , (2.4.4.2)
F

where C'r denotes the rotor thrust coefficient, X is the downwind distance, and X  denotes the beginning
of the far wake section given by

d(]. - C)XN
Xp =~ 7= 2.4.4.3
F e(]. _ d) ) ( )
with d and e conveniently introduced as
d =+/0.214 + 0.144m , (2.4.4.4)
e =+/0.134 + 0.124m , (2.4.4.5)
and m determined by
! (2.4.4.6)
m=———:. 4.4.
Vv1-Cr
The extension of the wake near field, Xy, is expressed by
Xy = Ho (2.4.4.7)

where the involved quantities are determined by

M Normalized with respect to the undisturbed ambient mean wind speed.
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1-m)y14
(@) _(-mVIEtm (2.4.4.8)
dz ) . 9.76(1 + m)
(@) = /0.075I021 1 0.457 x 10-3\OT1L+202) (2.4.4.9)
d.’L’ A
and
R, — g m ;r L (2.4.4.10)

where A denotes the tip speed ratio, and D is the rotor diameter.
The performance of the TNO-model, regarding turbulence intensities, appears from the Table 2.9.

Some deviations are encountered between measurements and model predictions. However, there is no
systematic trend, except that the model tend to yield conservative results in situations with low ambient
turbulence intensities.

Deficit

With the nomenclature introduced above, the maximal wake deficit is expressed as

—1.25
AV = AVy (X—> , (2.4.4.11)

N

where X denotes the down wind distance from the turbine, and

AVy = 0.56C + 0.255. (2.4.4.12)

The performance of the deficit prediction is illustrated in the Table 2.10.

Some deviations between measurements and model predictions are encountered, and there is a clear
tendency for the model to underpredict the deficit.

2.4.5 MM-model

The MM-model predicts velocity deficit as well as turbulence intensity and turbulence length scale in
wake situations. Contrary to most other models, the present approach operate with the consept "transport
time" instead of downstream distance. The transport time is calculated using Taylors hypothesis. The
model is described in detail in model [5].
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Table 2.9 Wake turbulence intensities compared to TNO-model predictions.

S D Hub Cr | Stability | Amount Vs 1, Mea. | Est. | Rel.
[D] | [m] | Height Ri of Data | [m/s] | [%] | Iu: I,: | dev.
[m] [hours] [Po] | [%] | [%]
2.0 28 31 0.67 | neutral 0.5 9.9 14.0 | 16.5 | 36.7 | 122
5.3 28 31 0.76 | neutral 9.0 7.3 119 | 162 | 16.2 0
53 28 31 0.70 | neutral 4.5 9.1 129 | 16.2 | 180 | 11
5.3 28 31 0.59 | neutral 7.5 11.5 | 13.7 | 17.5 | 18.7 7
8.5 35 37 0.52 | neutral 4.0 11.1 | 6.8 | 11.0 | 8.1 | -27
9.5 35 37 0.57 | neutral 100 | 7.2 | 11.3 | 83 | -27
7.5 28 31 0.76 | neutral 4.5 7.5 109 | 140 | 133 | -5
7.5 28 31 0.70 | neutral 1.5 9.1 142 | 143 | 17.1 | 19
145 | 28 31 0.75 | neutral 16.0 7.9 11.7 | 12.3 | 12.5 2
145 | 28 31 0.69 | neutral 11.0 9.3 12.7 | 12.6 | 13.5 8
145 | 28 31 0.59 | neutral 4.0 11.7 | 13.8 | 147 | 14.6 0
4.2 23 30 0.44 0.04 0.33 142 | 5.6 6.6 9.8 48
6.1 23 30 0.67 -0.3 0.33 9.7 64 | 114 | 9.7 | -15
6.1 23 30 0.87 -0.15 0.33 6.3 6.9 | 11.3 | 104 | -7
6.1 23 30 0.87 -1.25 0.33 6.7 54 | 125 | 9.0 | -28

6.1 23 30 0.81 -0.5 0.5 7.8 6.3 | 129 | 10.0 | -23
42 | 23 30 0.86 -1.0 0.33 6.9 4.8 | 15.6 | 10.7 | -32
6.1 23 30 0.79 -2.0 0.5 8.0 63 | 135 | 99 | -27
42 | 23 30 0.83 -6.5 0.33 7.5 6.0 | 16.0 | 124 | -22
42 | 23 30 0.71 -1.7 0.33 9.6 7.7 | 13.0 | 145 | 11
42 | 23 30 0.83 0.07 0.5 7.9 38 | 10.7 | 94 | -12

4.2 23 30 0.3 0.01 0.166 174 | 7.0 9.3 | 10.1 9
4.2 23 30 0.52 0.03 0.166 134 | 43 6.6 8.8 | 33
4.2 23 30 0.5 0.03 0.166 13.7 | 5.9 6.6 | 10.8 | 64

4 30 35 0.75 0.285 73 | 105 | 15.1 | 18.0 | 19
4 30 35 0.75 0.356 7.7 89 | 13.7 | 159 | 16
4 30 35 0.75 0.356 81 | 109 | 154 | 185 | 20
7 30 35 0.57 0.711 13.6 | 7.2 9.3 8.8 -5
7 30 35 0.75 0.569 10.1 | 95 | 122 | 125 | 2
7 30 35 0.74 0.996 10,0 | 9.1 | 119 | 119 | O
7 30 35 0.74 0.356 8.9 96 | 11.1 | 125 | 12
5 027 ] 031 | 091 0.006 413 | 9.0 | 141 | 219 | 56
7.5 | 0.27 0.3 0.87 0.008 4.1 9.0 | 123 | 15.7 | 28
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Table 2.10 Measured wake deficit values compared to TNO-model predictions.

S D Hub Cr | Stability | Amount Vs 1, Mea. | Est. | Rel.
[D] | [m] | Height Ri of Data | [m/s] | [%] | AV | AV | dev.
[m] [hours] [%]
2.0 28 31 0.67 | neutral 0.5 99 | 140 | 44 5.4 23
5.3 28 31 0.76 | neutral 9.0 7.3 119 | 1.2 1.0 | -17
5.3 28 31 0.70 | neutral 4.5 9.1 129 | 1.4 1.4 0

5.3 28 31 0.59 | neutral 7.5 115 | 13.7 | 1.6 1.9 19
7.5 28 31 0.76 | neutral 4.5 7.5 109 | 0.6 0.7 17
7.5 28 31 0.70 | neutral 1.5 9.1 142 | 0.7 0.9 29
145 | 28 31 0.75 | neutral 16.0 79 | 11.7 | 0.5 0.3 | -40
145 | 28 31 0.69 | neutral 11.0 9.3 12.7 | 0.5 04 | -20
145 | 28 31 0.59 | neutral 4.0 11.7 | 13.8 | 0.3 0.5 67
4.2 23 30 0.44 0.04 0.33 142 | 5.6 4.5 32 | -29
6.1 23 30 0.67 -0.3 0.33 9.7 6.4 2.4 1.4 | -42
6.1 23 30 0.87 -0.15 0.33 6.3 6.9 1.6 0.8 | -50
6.1 23 30 0.87 -1.25 0.33 6.7 5.4 1.8 0.9 | -50

6.1 23 30 0.81 -0.5 0.5 7.8 6.3 1.9 1.1 | 42
42 | 23 30 0.86 -1.0 0.33 6.9 4.8 3.0 1.6 | -47
6.1 23 30 0.79 -2.0 0.5 8.0 6.3 1.8 1.1 | -39
42 | 23 30 0.83 -6.5 0.33 7.5 6.0 3.0 1.7 | -43
42 | 23 30 0.71 -1.7 0.33 9.6 7.7 34 23 | -32
42 | 23 30 0.83 0.07 0.5 7.9 3.8 4.3 20 | -54

4.2 23 30 0.3 0.01 0.166 174 | 7.0 4.6 34 | -26
4.2 23 30 0.52 0.03 0.166 134 | 43 53 33 | -38
4.2 23 30 0.5 0.03 0.166 13.7 | 5.9 53 33 | -38

4 30 35 0.75 0.285 73 | 105 | 3.6 1.6 | -56
4 30 35 0.75 0.356 7.7 8.9 3.6 1.7 | -53
4 30 35 0.75 0.356 81 | 109 | 3.5 1.8 | -49
7 30 35 0.57 0.711 13.6 | 7.2 2.8 1.2 | -57
7 30 35 0.75 0.569 10.1 | 95 2.7 1.1 | -59
7 30 35 0.74 0.996 10.0 | 9.1 23 1.1 | -52
7 30 35 0.74 0.356 8.9 96 | 23 1.0 | -57
5 027 ] 031 | 091 0.006 413 | 90 | 1.05 | 1.24 | 18
7.5 | 0.27 0.3 0.87 0.008 4.1 9.0 | 1.03 | 0.78 | -24
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Velocity deficit

The decay of the relative maximal velocity deficit downstream a wind turbine is expressed as the sum of
the thrust coeficient, C'r-, and a function of the transport time downstream the wind turbine, together with
a time scale, t;:

t
7= 0.4ln (70) +Cr. (2.4.5.1)

The transport time ¢ = & is used since it was found that the development of the flow is depending on
how long time the processes have been active.

Immediately downstream the turbine, the relative velocity deficit has two peaks, situated at the midle
section of the blades, but with increasing transport time behind the turbine, momentum transport towards
the centre gradually wipes out the two peaks and one maximum will occure at the centre line. The
time needed to obtain only one maximum is defined as %y, and depends on atmospheric stability, turbine
characteristic, and the roughness length at the site. For neutral stratification ¢, can be written :

1 H\ R

where w is the rotational frequency in [Hz], R rotor radius, H hub height, and z, the roughness length.

For sufficently long transport time the calculated relative velocity deficit becomes smaller than zero; hence
the model is not valid for very large transport times. When this situation occured in the calculations, the
deficit was set equal to zero. Also, the model is not valid for transport times shorter than the time t,,
although a value can be calculated.

For transport times where the model is applicable, the spatial distribution Av(y, z) in the vertical (z) and
lateral (y) directions is approximated by a Gaussian distribution as

Avly,2) AV (_ﬁ) (exp <_ﬂ> + exp <_ﬂ>> , (2.4.5.3)

V. V. 20?2 202 202

where o, and o, are the normalized lateral and vertical standard deviations.

The performance of the model is illustrated in the Table 2.11.

The results reveal some deviations, especially for large turbine spacings. The agreement with the Swedish
measurements, which has been used for the calibration of the model, is exelent.

It is a prerequisite for application of the model that a representative surface roughness can be defined,
and consequently situations with roughness changes might cause problems.

Turbulence intensity

The centreline turbulence intensity found in the wake I, canbe expressed as

s Lwte
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Table 2.11 Measured wake deficit values compared with the MM-model predictions.

S D Hub Cr | Stability | Amount Va I, | Mea. | Est. | Rel.
[D] | [m] | Height Ri of Data | [m/s] | [%] | AV | AV | dev.
[m] [hours] [%]
2.0 28 31 0.67 | neutral 0.5 99 | 140 | 44 | 6.86| 56
5.3 28 31 0.76 | neutral 9.0 7.3 11.9 1.2 1.3 9
53 28 31 0.7 | neutral 4.5 9.1 | 129 | 14 | 189 | 35
5.3 28 31 0.59 | neutral 7.5 11.5 | 13.7 1.6 2.2 37
7.5 28 31 0.76 | neutral 4.5 75 | 109 | 06 | 039 ]| -35
7.5 28 31 0.7 neutral 1.5 9.1 142 | 0.7 | 0.63 | -10
145 | 28 31 0.75 | neutral 16.0 79 | 11.7 | 05 0 -100
14.5 | 28 31 0.69 | neutral 11.0 9.3 12.7 | 0.5 0 -100
145 | 28 31 0.59 | neutral 4.0 11.7 | 13.8 | 0.3 0 -100
4.2 23 30 0.44 0.04 0.33 142 | 5.6 4.5 4.7 6
6.1 23 30 0.67 -0.3 0.33 9.7 6.4 2.4 2.6 10
6.1 23 30 0.87 -0.15 0.33 6.3 6.9 1.6 1.8 15
6.1 23 30 0.87 -1.25 0.33 6.7 54 1.8 1.7 -4
6.1 23 30 0.81 -0.5 0.5 7.8 6.3 1.9 2.0 6
4.2 23 30 0.86 -1.0 0.33 6.9 4.8 3.0 2.8 -6
6.1 23 30 0.79 -2.0 0.5 8.0 6.3 1.8 1.9 5
4.2 23 30 0.83 -6.5 0.33 7.5 6.0 3.0 3.1 1
4.2 23 30 0.71 -1.7 0.33 9.6 7.7 3.4 3.7 7
4.2 23 30 0.83 0.07 0.5 7.9 3.8 4.3 4.3 0
4.2 23 30 0.3 0.01 0166 174 | 7.0 4.6 4.9 5
4.2 23 30 0.52 0.03 0.166 134 | 4.3 53 5.2 -1
4.2 23 30 0.5 0.03 0.166 13.7 | 59 53 5.2 -2
4 30 35 0.75 0.285 7.3 10.5 3.6 2.1 -42
4 30 35 0.75 0.356 7.7 8.9 3.6 22 | -38
4 30 35 0.75 0.356 81 | 109 | 3.5 24 | -33
7 30 35 0.57 0.711 13.6 | 7.2 2.8 004 | -98
7 30 35 0.75 0.569 10.1 | 9.5 2.7 1 0.65| -76
7 30 35 0.74 0.996 10.0 | 9.1 23 054 | -77
7 30 35 0.74 0.356 8.9 9.6 23 048 | -79
5 027 | 031 | 091 0.006 413 | 90 | 1.05 | 1.09 | -4
7.5 | 0.27 0.3 0.87 0.008 4.1 9.0 | 1.03 | 0.9 8
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B to\ AV
I =I,+06(1—-2) —. 2454
wt + ( t) 7. ( )

The turbulence intensity determined according to the above procedure, corresponds to the measured value
normalised with the local mean wake velocity, which is indicated by equipping the turbulence intensity
parameter with a "tilde".

The performance of the model is illustrated in the Table 2.12, where the results presented have been
recalculated and normalised with the ambient wind speed, using the ratio between measured wake
velocity and ambient velocity.

Some deviations are encountered but there is no systematic trend.

Length scale

In the MM-model, the characteristic length scale calculated is L,,,, — the wavelength with most energy.

D
Ly, = (A__V> (2.4.5.5)

Va

This model can only be compared with data from Alsvik, since there has not been any calculations of this
variable for the other sites.

The agreement between predictions and measurements is satisfactory.

24.6 UPMWAKE-model

In contradiction to the other presented models, the UPMWAKE model requires more comprehensive
calculations. The model [6] takes into account the atmospheric stability, described by the Monin—
Obukhov length, and the surface roughness in the description of the undisturbed flow. The perturbations,
introduced in the basic flow by a wind turbine, are described in terms of fluid dynamic equations for
conservation of mass, momentum, energy, turbulent kinetic energy, and dissipation rate of the turbulent
kinetic energy. The modeling of the turbulent transport terms is based on the k—e model for closure of
the turbulent flow equations.

The set of equations is discretized by means of the finite difference method and solved numerically using
the SIMPLE algorithm [7]. The parabolic approximation has been made, and the numerical solution of
the parabolic equations has been carried out using an alternating direction implicit (ADI) method. The
resulting wake model is three dimensional, and the output is velocity deficit and turbulence intensities.

Velocity deficit

The performance of the model is illustrated by the example calculations given in the Table 2.14.
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Table 2.12 Measured turbulence intensity values compared with the MM-model predictions.

S D Hub Cr | Stability | Amount Va I, | Mea. | Est. | Rel.
[D] | [m] | Height Ri of Data | [m/s] | [%] | Iu: I,: | dev.
[m] [hours] (%] | [%] | [%]
2.0 28 31 0.67 | neutral 0.5 99 | 140 165 | 64 | -61
5.3 28 31 0.76 | neutral 9.0 73 | 119 | 162 | 16.8 4
53 28 31 0.7 neutral 4.5 9.1 129 | 16.2 | 184 14
5.3 28 31 0.59 | neutral 7.5 115 | 13.7 | 17.5 18 3
7.5 28 31 0.76 | neutral 4.5 7.5 109 | 14.0 | 124 | -11
7.5 28 31 0.7 | neutral 1.5 9.1 142 | 143 | 16.1 | -13
8.5 35 37 0.52 | neutral 4 11.1 6.8 11 17.3 | -58
9.5 35 37 0.57 | neutral 10 72 | 113 | 106 | -6
14.5 28 31 0.75 | neutral 16.0 7.9 11.7 | 12.3 | 11.7 -5
145 | 28 31 0.69 | neutral 11.0 93 | 127 | 12,6 | 12.7 1
14.5 28 31 0.59 | neutral 4.0 11.7 | 13.8 | 14.7 | 13.8 -6
4.2 23 30 0.44 0.04 0.33 14.2 5.6 6.6 7 6
6.1 23 30 0.67 -0.3 0.33 9.7 6.4 2.4 2.6 8
6.1 23 30 0.87 -0.15 0.33 6.3 6.9 | 11.3 | 15.1 | 34
6.1 23 30 0.87 -1.25 0.33 6.7 54 | 125 | 12.8 2

6.1 23 30 0.81 -0.5 0.5 7.8 63 | 129 | 135 | 5
42 | 23 30 0.86 -1.0 0.33 6.9 4.8 | 15.6 | 12.1 | -22
6.1 23 30 0.79 -2.0 0.5 8.0 63 | 135 | 132 ] -2
42 | 23 30 0.83 -6.5 0.33 7.5 6.0 | 16.0 | 13.7 | -14
42 | 23 30 0.71 -1.7 0.33 9.6 7.7 | 13.0 | 132 | 2
42 | 23 30 0.83 0.07 0.5 7.9 38 | 108 | 93 | -14

42 | 23 30 0.3 0.01 0166 174 | 70 | 93 5.8 | -38
42 | 23 30 0.52 0.03 0.166 134 | 43 6.6 | 6.5 -2
42 | 23 30 0.5 0.03 0.166 13.7 | 5.9 6.6 | 7.2 9

4 30 35 0.75 0.285 73 | 105 | 15.1 | 22 46
4 30 35 0.75 0.356 7.7 89 | 13.7 ] 20 46
4 30 35 0.75 0.356 8.1 | 109 | 154 | 22 43
7 30 35 0.57 0.711 13.6 | 7.2 9.3 7.2 | -23
7 30 35 0.75 0.569 10.1 | 95 | 122 | 124 | 2
7 30 35 0.74 0.996 100 | 9.1 | 119 | 115 | -3
7 30 35 0.74 0.356 8.9 96 | 11.1 | 12.0 | 8
5 027 | 031 | 0091 0.006 413 | 90 | 141 | 162 | 15
7.5 | 0.27 0.3 0.87 0.008 4.1 9.0 | 123 15 22
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Table 2.13 Measured L,,,,, values compared with the MM-model predictions.

S D Hub Cr | Stability | Amount Va L, | Mea. | Est. | Rel.

[D] | [m] | Height Ri of Data | [m/s] | [%] L, L, | dev.

[m] [hours] [m] | [m] | [%]
42 | 23 30 0.44 0.04 0.33 142 | 234 59 73 24
6.1 | 23 30 0.67 -0.3 0.33 9.7 168 82 93 13

6.1 | 23 30 0.87 -0.15 0.33 63 | 114 | 69 92 | 33
6.1 | 23 30 0.87 -1.25 0.33 6.7 | 290 | 66 87 | 32

6.1 | 23 30 0.81 -0.5 0.5 7.8 | 605 | 70 9% | 37
421 23 30 0.86 -1.0 0.33 69 | 852 | 44 53 | 21
6.1 | 23 30 0.79 -2.0 0.5 80 | 490 | 75 99 | 32
421 23 30 0.83 -6.5 0.33 7.5 | 440 | 57 57 0
42| 23 30 0.71 -1.7 0.33 96 | 317 | 60 64 7
421 23 30 0.83 0.07 0.5 79 | 106 | 36 42 17

421 23 30 0.3 0.01 0166 174 | 685 | 132 | 87 | -34
421 23 30 0.52 0.03 0.166 134 | 166 | 71 58 | -18
421 23 30 0.5 0.03 0.166 13.7 | 137 | 53 59 11

Table 2.14 Measured wake deficit values compared to UPMWAKE predictions.

S D Hub Cr | Stability | Amount Va I, | Mea. | Est. | Rel.
[D] | [m] | Height Ri of Data | [m/s] | [%] | AV | AV | dev.
[m] [hours] [%]
5.3 28 31 0.76 | neutral 9.0 7.3 119 | 1.2 | 1.67 | 39
5.3 28 31 0.70 | neutral 4.5 9.1 129 | 14 | 1.69 | 21
5.3 28 31 0.59 | neutral 7.5 115 | 137 1.6 | 1.79 | 12
7.5 28 31 0.76 | neutral 4.5 7.5 | 109 | 0.6 | 126 | 110
7.5 28 31 0.70 | neutral 1.5 9.1 142 | 0.7 | 1.12 | 60
145 | 28 31 0.75 | neutral 16.0 79 | 11.7 | 05 | 0.75| 50
145 | 28 31 0.69 | neutral 11.0 9.3 127 | 0.5 | 066 | 32

42 | 23 30 0.44 0.04 0.33 142 | 56 | 45 | 3.15| -30
6.1 23 30 0.67 -0.3 0.33 9.7 6.4 24 | 211 -12
6.1 23 30 0.81 -0.5 0.5 7.8 6.3 1.9 | 220 | 16
42 | 23 30 0.3 0.01 0.166 174 | 70 | 4.6 | 246 | -47
4 30 35 0.75 0.285 73 | 105 | 36 | 358 ]| 0
4 30 35 0.75 0.356 7.7 8.9 36 [ 383 6
4 30 35 0.75 0.356 81 | 109 ] 35 |393 | 12
7 30 35 0.57 0.711 13.6 | 7.2 28 (319 14
7 30 35 0.75 0.569 10.1 | 95 27 | 385 | 43
7 30 35 0.74 0.996 10.0 | 9.1 23 (402 75
7 30 35 0.74 0.356 8.9 96 | 23 | 335 46
5 027 ] 031 | 091 0.006 413 | 90 | 1.05 | 1.63 | 55
7.5 | 0.27 0.3 0.87 0.008 4.1 90 | 1.03 | 1.08 | 5
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Table 2.15 Wake turbulence intensities compared to UPMWAKE predictions.

S D Hub Cr | Stability | Amount Va I, | Mea. | Est. | Rel.
D] [m] | Height Ri of Data | [m/s] | [%] - I, | dev.
[m] [hours] (%] | [%] | [%]
5.3 28 31 0.76 | neutral 9.0 7.3 119 | 162 | 21.7 | 34
5.3 28 31 0.70 | neutral 4.5 9.1 129 | 16.2 | 20.7 | 28
5.3 28 31 0.59 | neutral 7.5 11.5 | 13.7 | 17.5 | 19.1 9

8.5 35 37 0.52 | neutral 4.0 11.1 | 6.8 | 11.0 | 12.1 | 10
9.5 35 37 0.57 | neutral 100 | 7.2 | 11.3 | 128 | 13
7.5 28 31 0.76 | neutral 4.5 7.5 109 | 140 | 19.3 | 38
7.5 28 31 0.70 | neutral 1.5 9.1 142 | 143 | 19.8 | 38
145 | 28 31 0.75 | neutral 16.0 7.9 11.7 | 123 | 164 | 33
145 | 28 31 0.69 | neutral 11.0 9.3 12.7 | 12.6 | 16.2 | 29

6.1 23 30 0.67 -0.3 0.33 9.7 64 | 11.4 | 159 | 39
6.1 23 30 0.81 -0.5 0.5 7.8 6.3 | 129 | 194 | 50
4.2 23 30 0.3 0.01 0.166 174 | 7.0 9.3 9.3 0
4 30 35 0.75 0.285 73 | 105 | 15.1 | 187 | 24
4 30 35 0.75 0.356 7.7 89 | 13.7 | 16.8 | 23
7 30 35 0.57 0.711 13.6 | 7.2 93 | 109 | 17
7 30 35 0.75 0.569 10.1 | 95 | 122 | 187 | 53
7 30 35 0.74 0.996 10.0 | 9.1 | 119 | 183 | 54
5 027 ] 031 | 091 0.006 413 | 9.0 | 141 | 19.2 | 36
7.5 | 0.27 0.3 0.87 0.008 4.1 9.0 | 123 | 18.1 | 47

Roughly speaking the deviations between measurements and model predictions are of the same order of
magnitude as for the simple models.

Turbulence intensity

The performance of the model is illustrated by the example calculations given in table 2.15.

The deviations between measurements and model predictions reflect model estimates that are somewhat
more conservative than observed for the semiempirical models.

Most likely, the explanation is that wake meandering (tending to reduce deficit as well as turbulence
intensity in measurements) has not been taken into account in the calculations, whereas it to some
extend is included in the calibration of the simple models. This is confirmed by the fact that, generally
speaking, the degree of conservatism increases with down stream distance and decreases with increasing
ambient wind speed *®*.  Furthermore, the UPMWAKE results have larger spatial resolution than the
measurements. Since maximum values are compared, the UPMWAKE turbulence intensities are expected
to exceed the measured values moderately.

'5The latter tendency reflects that for low wind speeds, the wind direction fluctuations are stronger.
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2.4.7 Concluding remarks

The performance of 7 models has been investigated with respect to prediction of one or more of the wake
characteristics : mean wind deficit, turbulence intensity, turbulence length scale, and coherence decay.
Each of the wake characteristics have been represented by only one value, and the spatial distribution
across the rotor plane has thus not been investigated. However, most of the models offer a spatial
description of the wake deficit, and the UPMWAKE-model furthermore predict a spatial distribution of
the turbulence intensity. To facilitate a comparison, Appendix G contain a graphical representation of the
results embracing wake deficits and wake turbulence intensities.

Some of the models fail to represent the turbulent wake situation with Cr > 1 creating backflow in
the wake, when momentum theory does not give a solution anymore (GCL-model and TNO-model).
However, these turbulent wake situations usually occur at very low wind speeds, which make them of
less practical importance as they hardly contribute to the fatigue damage. Therefore, and because none
of the available measurements reflects this situation, this complex of problems has not been investigated
further.

The effect of wake meandering caused by wind direction changes is obviously integrated in the (full scale)
measurements and has the effect of smoothing out the wake in the mean wind direction, leading to less
pronounced time averaged values of the wake characteristics. The effect is increasing with increasing
distance from the upstream turbine. Most of the semiempical models are calibrated under such conditions
which makes a direct comparison with measurements meaningfull. However, for models which are not
adjusted to these situations conservative results is expected, especially for large rotor spacings.

Some uncertainty is related to a comparison between model prediction and measurements. This is caused
both by uncertainties in the mesurements*® and by uncertainties in the model input (f. ex. the C values
in the stall region of a stall controlled turbine).

Based on the performed investigation the following general conclusions has been drawn :

e Three of the models provide information on the wake deficit — the GCL-model, the TNO-model,
and the MM—-model. The three models display deviations of the same order of magnitude.

e The turbulence intensity inside a wake is predicted by all the investigated models. The SF-
model gives somewhat conservative results which originate from the fact that the model aim at
concentrating the wake fatigue effect, from changes in all atmospheric parameters, in the turbulence
intensity. Also the UPMWAKE-model seems to be somewhat conservative, which might be related
to the fact that wake meandering has not been modelled in the analysis. The remaining models
display acceptable deviations of the same order of magnitude.

The maximal turbulence intensity is often seen in the upper part of the rotor plane (where maximal
vertical shear appears). Due to limited spatial resolution of measurements not all of these refer to
maximum turbulence intensity. Usually, only one representative value of turbulence intensity can
be specified in turbulence models for aeroelastic calculations. Therefore it might be suggested to
recommend a model which gives slightly conservative results in the comparison.

16The 5D wind tunnel experiment performed by TNO was repeated in the Marchwood wind tunnel under seemingly identical
experimental conditions. However, the measured deficits were 1.44 m/s and 1.05 m/s, respectively. The discrepancy is to some
extend caused by the fact that the flow in the wind tunnel has not fully developed at the measurement positions — however, it still
illustrates the uncertainty related to the measurements. The observed deviation is of the same order of magnitude as has been
identified between model predictions and measurements.
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e Turbulence wake length scales are only provided by the GCL—, and the MM—-models. These models
operate with two different definitions of the length scale, but the deviations between measurements
and predictions are of the same order of magnitude.

e A simple model for estimating the coherence decay factor inside a wake is proposed. However, the
model is founded on a limited data material which might affect its generality.

e The GCL-model has been extended also to handle wake—modifications of the turbulence compo-
nents perpendicular to the mean wind direction, reflecting the more isotropic character of wake
turbulence compared to ambient turbulence. The model extension is based on analysis of mea-
surements and simple assumptions concerning the spectral behaviour, and it links the wake v— and
w—components to the previously predicted wake u—component. However, no systematic experi-
mental verification was performed.

In conclusion, two models (GCL-model and MM—-model) initially provided information on all the relevant
wind wake parameters except the coherence. The GCL—model has subsequently been extended with a
simple coherence prediction module which, however, is founded on a very limited data material possibly
limiting its generality. Further, the GCL-model has been extended also to handle wake—-modifications of
the turbulence components perpendicular to the mean wind direction.

No significant differences between the performance of the MM— and the GCL-model have been revealed
in the present verification, and both of these models rest on simple engineering formulas which can be
programmed very easy. Neither of the models is designed for near wake situations, and the MM—model is
furthermore not valid for very large spacings. Concerning the wake length scale modification, the GCL—-
model reflects the observed tendency towards decreasing wake modification with increasing ambient
mean wind speed.
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3 WAKE LOADING

In the initial phase of the parameter investigation, calculations were performed using the same basic wake
parameters for all the four investigated wind turbines. Having identified the key wake parameters on this
basis, these were quantified in the second phase. Based on the findings in the model verification part, it
was decided to use the GCL—model for prediction of wake parameters. The MM-model for wake deficit
and turbulence intensity was also considered, but the performance was not found to be robust enough
for the quite large variations of fundamental data (C'r, D, rotational speed etc.) corresponding to the
analysed turbines.

Basically, the purpose of the present section is to verify the result obtained in the initial parameter study,
but under more realistic loading conditions. Thus, the rather restrictive assumptions, put forward in
that analysis, are now modified to approach the load situation defined in section 2.1. More specific, the
following adjustments have been performed :

e An ambient wind gradient, corresponding to the specified turbine hub height and the ambient
turbulence intensity (at hub height), is now included. A conventional logarithmic shear is presumed.

e The wake load parameters is now adjusted to depend explicitly on the individual wind turbines and
operational situations (turbine spacing, ambient mean wind speed). This is accomplished by use
of the GCL-wake—model.

e The influence, caused by the transversal turbulence components, is included in the description of
the ambient loading as well as in the wake loading.

3.1 Method

The method applied is basically analogues to the procedure briefly described and subsequently used in
the initial parameter study. However, in the present investigation a few new aspects are included, and a
more thorough description is therefore appropriate.

Like the previous investigation, the present investigation is also based on the four wind turbines described
in Appendices A-D. In addition to these, the medium sized stall controlled turbine, described in Ap-
pendix E, has been included in order to serve as a common reference object for a small benchmark test
performed with the involved program packages.

Three different load categories have been considered for each of the investigated turbines — corresponding
to (undisturbed) mean wind speeds 10 m/s, 14 m/s, and 18 m/s, which in turn represent the regimes "below
stall", "stall", and "deep stall" for the stall regulated turbines.

As in the previous investigation reference sets, corresponding to wind farms with 5D spacing and 8D
spacing, respectively, have been selected. However, in the present investigation the reference sets depend
on the ambient mean wind speed as well as the particular turbine. The choice of wind farm spacings is
believed to be representative for most existing wind farms.

For each load situation the fatigue loads, expressed in terms of equivalent moments, have been determined
based on 10 minutes time series obtained from aeroelastic calculations using "state of the art" wind field
generators and the aeroelastic codes PHATAS, HAWC, and VIDYN. In the simulations, the focus was
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put on flapwise—, edgewise—, yaw—, and tilt moments, as well as on the thrust force, and these were
subsequently analysed by means of a two—level factorial method [16].

3.1.1 Reference sets

Each set of reference situations contains one reference situation related to flat and homogeneous terrain
(defined by the particular mean wind speed), and one reference situation related to the wind farm situation
(5D or 8D spacing) depending on the particular turbine as well as on the particular (undisturbed) mean
wind speed.

Flat terrain

The ambient situation has been defined with a turbulence intensity of the longitudinal turbulence com-
ponent equal to 12 % at hub height, and a logarithmic mean wind shear consistent with this choice. The
mean wind speed at altitude z, V,,(z), is thus derived from

_ 1YV, (H) zexp(1/0.12)
Val®) = =55 1“( H ) ’

(3.1.1.1)

where the previously introduced notation is applied, and « denotes the von Karman constant.

The magnitude of the energy in the transversal turbulence components are determined from expres-
sions (2.4.1.12) and (2.4.1.13).

The u—turbulence length scale, corresponding to the Kaimal formulation given in [18], is specified to
1000 m, and assuming local isotropy in the inertial subrange for sufficiently small eddies, the ambient
turbulence length scales in the v— and w—directions are determined from expressions (2.4.1.18) and
(2.4.1.19).

Finally, the cross correllations between different Cartesian turbulence components have been neglected,
and the coherence decay constants, corresponding to the remaining three cross correlations, were specified
in accordance with expression (2.4.1.9) as an avaraged compromise between values corresponding to a
vertical— and a horizontal separation equal to 2/3 of the particular rotor diameter (corresponding to eddies
with a size giving rise to maximal aerodynamic rotor impact).

Wake

The relevant wake situations have been determined from the GCL-model expressions outlined in section
2, and a conservative choice of the wake position has been adopted for the wake deficit, as the wake center
was situated at the tip of a horizontal positioned blade (corresponding to maximal induced horizontal
shear) on the side of the rotor giving the most unfavourable blade flap loads. As the applied wind
field generators are not able to distinguish between vertical- and horizontal separation, the average
value C; = 1.5 is used in the estimation of the modified coherence decay factor describing the u—cross
correlation.
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3.1.2 Factorial method and calculation scheme

The basic idea in the Mounturb project [20] was to perform first order variations in each of the selected
parameters. Two different expansion points, defined by each of the reference situations, were used.

For each turbine and for each mean wind situation, this "one—factor—at—a—time" approach requires 5
aeroelastic calculations in order to determine the requested partial derivatives related to each reference
situation. For each reference set this equals 10 aeroelastic calculations. As seen, it is assumed that, over
the parameter range of interest, the variables act additively on the equivalent moment. If furthermore the
requested partial derivatives differ for the two reference situations contained within the same reference
set, an interpretation is difficult.

To circumvent these shortcommings, a more general approach — a two level factorial design procedure [16]
—is applied here. The factorial design procedure is here based on aeroelastic simulations with all possible
combinations of parameter variations contained within the same reference set. In the present case this
requires a total of 16 aeroelastic simulations within each reference set (describing one particular turbine
operating at one particular mean wind speed situation). In return for the 6 additional simulations,
compared to the "one—factor—at—a—time" approach, the following is gained :

e FEach main parameter effect — an effect caused by the isolated modification of only one parameter
—is determined with superiour significance, as it is based on 8 realisations of differens load series
instead of 2. Effectively, it means that the a main parameter effect is computed as the average of 8
gradient estimates, corresponding to 8 different expansion points.

e In case the involved parameters do not act additively, the method can detect and estimate interactions
that quantify the particular non—additivity.

For each turbine, each reference set, and each mean wind speed the simulation matrix to be performed
appears from Table 3.1 below.

Table 3.1 Specification of aeroelastic calculations. Within a given reference set, "A" denotes ambient
conditions and "W" denotes wake conditions of a particular parameter.
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3.1.3 Fatigue determination

Based on the results produced by the performed aeroelastic time simulations, the Rainflow Counting
Procedure is used to determine the involved load cycles for each of the selected load signals. The
Rainflow Counting Procedure syntesize local maximas and minimas to load range cycles, interpretated
as closed hysteresis curves in the load history of the particular material. In the present situation 50 levels
were used to resolve the load range interval.

Having evaluated the Rainflow Spectrum, the fatigue effects, of the associated spectral components, are
subsequently decoupled applying the Palmgren—Miner approach to concentrate the spectral information
in only one number, expressing the corresponding the fatigue damage. In the present analysis, the fatigue
damage estimation has been based on the Wohler exponents 4, 8, and 12. The results are presented in
terms of equivalent moments giving identical fatigue damage with reference to a 1 Hz cycle frequency.

Usually, more than one (typically between 3 and 6) 10 minutes load time series are required in order to
make fatigue estimates converge to a acceptable level. This is primarely due to the demand for sufficient
statistical significance of the low—frequency turbulence contribution to the fatigue life consumption.
However, as the postpossessing involving the two—level-factorial method average 8 simulations to predict
main effects, it is a priori expected that only one simulation of each individual load situation is sufficient.
Performing a number of replicated simulations, the robustness of the results from the factorial analysis
are further investigated.

Replicated simulations

In order to investigate the statistical significance of the results, based on one single aeroelastic calculation
for each combination of parameters, some replicated sets of calculations were performed. By extending
the set of 16 combinations, specified in Table 3.1, to a new set of 32 combinations, a fifth factor was
hereby introduced — the random seed used as input for the turbulence field generator. A significant effect
of this fifth factor would then indicate a need for averaging equivalent loads from several 10 min load
series, using different random seeds in the involved turbulence simulations. The conclusion from this
excercise was that, for this specific study, the need for replicated runs was not found to be essential.
The analysis was performed using the VIDYN code, with the Nordtank 500 kW turbine as the example
turbine, and covered the three mean wind speed load cases involved in the parameter analysis.

3.2 Results and Analysis

The knowledge extracted from the analysis of the replicated runs legalize the use of 10 minutes time series
representations of the involved load cases as basis for the present parameter analysis. To avoid influence
from irrelevant parameter changes, all the involved turbulence fields, associated with the investigation of
a particular wind turbine consept, have been generated using the same random seed.

As previously mentioned, the aeroelastic simulations involve different program packages. In order to
secure a common reference for the analysis, a small benchmark test has been performed based on one of
the turbines exposed to identical load cases.
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Table 3.2 Benchmark results for a 5 diameter spacing. The relative changes in equivalent moments/forces
are presented for the HAWC simulations (Risoe), and for the VIDYN simulations (TG).

Load | Wake 10 m/s 14 m/s 18 m/s

Type | Par. Risoe | TG | Risoe | TG | Risoe | TG
Flap | AV;m=12 0.06 | 0.08 | 0.02 | 0.10 | 0.01 | 0.04
I“**;m=12 | 0.32 | 0.30 | 0.22 | 0.19 | 0.18 | 0.12
L»»*;m=12 | 0.09 | 0.07 | 0.03 | 0.05 | 0.03 | 0.04
a; m=12 0.02 | -0.06 | 0.02 | -0.03 | -0.02 | 0.02
Edge | AV; m=12 0.04 | 0.00 | 0.02 | 0.03 | -0.01 | 0.01
I“**;m=12 | 0.11 | 0.06 | 0.10 | 0.04 | 0.09 | 0.04
L»*v;m=12 | 0.03 | 0.03 | 0.02 | 0.02 | 0.03 | 0.02
a; m=12 0.06 | 0.03 | 0.17 | 0.05 | 0.18 | 0.09
Tilt | AV; m=4 0.01 |-0.03 | 0.01 | 0.01 | 0.00 | 0.01
I m=4 0.37 | 033 | 024 | 0.20 | 0.19 | 0.11
L% *; m=4 0.14 | 0.13 | 0.08 | 0.08 | 0.05 | 0.05
a; m=4 0.12 | 0.04 | 0.15 | 0.02 | 0.07 | 0.02
Yaw | AV;m=4 -0.01 | 0.00 | -0.02 | 0.00 | -0.01 | 0.00
I“%Y: m=4 0.36 | 0.32 | 0.23 | 0.19 | 0.19 | 0.10
LY m=4 0.16 | 0.13 | 0.08 | 0.08 | 0.05 | 0.05
a; m=4 0.09 | 0.05 | 0.13 | 0.09 | 0.05 | 0.06
Thrust | AV; m=4 -0.02 | -0.03 | -0.01 | 0.02 | -0.01 | 0.02
I m=4 035 | 033 | 024 | 0.17 | 0.18 | 0.11
L *; m=4 0.15 | 0.12 | 0.08 | 0.08 | 0.05 | 0.06
a; m=4 0.00 | -0.01 | 0.06 | 0.08 | 0.03 | 0.08

3.2.1 Benchmark

The Nordtank 500 kW turbine was used as example turbine for the validation of the simulation pakages,
and the investigated load cases correspond to the load cases involved in the parameter analysis. Only two
of the codes, HAWC (Risoe) and VIDYN (Teknik Gruppen), were involved in the benchmark test, as the
time did not permit ECN to finetune FATAS to the Nordtank 500 kW turbine simulations.

The results obtained from the HAWC and VIDYN simulations are presented in Table 3.2 and in Ta-
ble 3.3 below, where the relative changes in equivalent moments/forces, caused by the specified wake
parameter variations, are presented. For the blade material, the Wohler exponent m = 12 was considered
representative, whereas for the tower loading, a Wohler exponent equal to 4 was selected.

In generel there is an acceptable degree of agreement between results produced by the two codes for
the 5D spacing. However, there is a tendency of increasing discrepancies with increasing mean wind
speed. The phenomenon is especially pronounced for the "deep stall” load situation, and it might thus
be associated with different stall modeling. For the "below stall" and "stall” regimes the agreement is
good, except for the relative increase in flap— and tilt moments caused by the coherence decay variation
and for the relative increase in the edge moment originating from the turbulence intensity variation. The
latter might be caused by different structural damping in the edge wise direction where the aerodynamic
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Table 3.3 Benchmark results for a 8 diameter spacing. The relative changes in equivalent moments/forces
are presented for the HAWC simulations (Risoe), and for the VIDYN simulations (TG).

Load | Wake 10 m/s 14 m/s 18 m/s

Type | Par. Risoe | TG | Risoe | TG | Risoe | TG
Flap | AV;m=12 0.04 | 0.02 | 0.01 | 0.04 | 0.01 | 0.00
I“**:m=12 | 0.26 | 0.24 | 0.16 | 0.14 | 0.15 | 0.08
L»*v;m=12 | 0.06 | 0.05 | 0.03 | 0.05 | 0.02 | 0.02
a; m=12 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Edge | AV; m=12 0.03 | 0.00 | 0.01 | 0.01 | 0.00 | 0.01
I“**;m=12 | 0.06 | 0.04 | 0.06 | 0.03 | 0.03 | 0.02
L»*v,m=12 | 0.02 | 0.02 | 0.02 | 0.02 | 0.01 | 0.01
a; m=12 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Tilt | AV; m=4 0.00 | -0.02 | 0.00 |-0.01 | 0.00 | 0.01
I m=4 029 | 025 | 0.18 | 0.14 | 0.15 | 0.08
L% *; m=4 0.12 | 0.10 | 0.06 | 0.06 | 0.03 | 0.04
a; m=4 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Yaw | AV;m=4 -0.01 | 0.00 | -0.01 | -0.01 | 0.00 | 0.00
I“%Y: m=4 0.28 | 0.25 | 0.18 | 0.14 | 0.15 | 0.07
LY m=4 0.13 | 0.10 | 0.06 | 0.06 | 0.03 | 0.03
a; m=4 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Thrust | AV; m=4 -0.01 | 0.00 | 0.00 | 0.01 | -0.01 | 0.00
I m=4 028 | 0.26 | 0.19 | 0.13 | 0.15 | 0.08
L *; m=4 0.12 | 0.08 | 0.05 | 0.06 | 0.03 | 0.03
a; m=4 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00

damping is modest.

In the 8D spacing situation the agreement is very convincing, resulting in an identical mutual ranking of
the involved parameters regarding fatigue life consumption in wake situations. However, also in the 8D
situation, the turbulence intensity variation in the "deep stall” situation display some differences.

3.2.2 Results

The described parameter analysis has been performed for the four different wind turbines introduced
previously. From the analysis it appears, that the effects, originating from the investigated parameter
variations, act approximately additively. In the tables 3.4 through 3.23 the relative changes in equivalent
moments/forces, originating from the specified single parameter variations, are presented for the involved
load cases and turbines, based on selected representative Wohler exponents.

The notation in the tables is to be interpreted as follows : "Pitch; SD" refers to results associated with
the Vestas V27 turbine and a 5D turbine spacing, "Var.; SD" refers to results associated with the artificial
500 kW variable speed turbine and a 5D turbine spacing, "Stall; 5D" refers to results associated with the
Danwin 180 kW turbine and a 5D turbine spacing, and "2-Bl.; 5D" refers to results associated with the
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Nisudden turbine and a 5D turbine spacing. The 8D spacing examples are indicated analogues with "5D"
replaced by "8D".

Table 3.4 Relative increase in equivalent flapwise moment based on Wohler exponent 12 and caused by
the wake deficit.

Load Case | 10 m/s | 14 m/s | 18 m/s
Pitch; 5D 2% 0% 1%
Var.; 5D -8% 3% 0%
Stall; 5D 7% 9% 1%
2-Bl.; 5D 5% 0% 4%
Pitch; 8D 1% -1% 1%
Var.; 8D -9% 1% 0%
Stall; 8D 0% 8% 2%
2-Bl.; 8D 5% -6% 2%

Table 3.5 Relative increase in equivalent edgewise moment based on Wohler exponent 12 and caused
by the wake deficit.

Load Case | 10 m/s | 14 m/s | 18 m/s
Pitch; 5D 3% 1% 1%
Var.; 5D -7% -3% -3%
Stall; 5D 2% 1% -1%
2-Bl.; 5D 2% 3% 1%
Pitch; 8D 3% 0% 1%
Var.; 8D -5% 2% 2%
Stall; 8D 1% 1% -1%
2-Bl.; 8D 1% 2% 1%
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Table 3.6 Relative increase in equivalent tilt moment based on Wohler exponent 4 and caused by the
wake deficit.

Load Case | 10 m/s | 14 m/s | 18 m/s
Pitch; 5D 2% 0% 0%
Var.; 5D -11% -1% -1%
Stall; 5D 2% 3% 2%
2-Bl.; 5D 12% 9% 3%
Pitch; 8D -1% 0% 0%
Var.; 8D -10% 1% 0%
Stall; 8D 4% 1% 0%
2-Bl.; 8D 7% 7% 2%

Table 3.7 Relative increase in equivalent yaw moment based on Wohler exponent 4 and caused by the
wake deficit.

Load Case | 10m/s | 14 m/s | 18 m/s
Pitch; 5D -3% -1% 0%
Var.; 5D -12% 1% 0%
Stall; 5D -5% -3% 1%
2-Bl.; 5D 5% 7% 2%
Pitch; 8D 2% 0% 0%
Var.; 8D -9% 1% 0%
Stall; 8D 3% 2% 1%
2-Bl.; 8D 4% 3% 2%

Table 3.8 Relative increase in equivalent thrust force based on Wéhler exponent 4 and caused by the
wake deficit.

Load Case | 10 m/s | 14 m/s | 18 m/s
Pitch; 5D -1% -1% 0%
Var.; 5D -31% 2% 2%
Stall; 5D -1% 3% -7%
2-Bl.;5D | -25% | -14% -5%
Pitch; 8D 1% 0% 0%
Var.; 8D -24% 0% -2%
Stall; 8D | -10% -7% 3%
2-BL;8D | -17% | -12% -3%
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Table 3.9 Relative increase in equivalent flapwise moment based on Wohler exponent 12 and caused by
modified turbulence intensity.

Load Case | 10 m/s | 14 m/s | 18 m/s
Pitch; 5D 31% 17% 12%
Var.; 5D 33% 13% 7%
Stall; 5D 24% 22% 10%
2-Bl.;5D | 26% 16% 9%
Pitch; 8D 24% 11% 11%
Var.; 8D 26% 10% 5%
Stall; 8D 2% 9% 9%
2-Bl;8D | 22% 12% 7%

Table 3.10 Relative increase in equivalent edgewise moment based on Wohler exponent 12 and caused
by modified turbulence intensity.

Load Case | 10 m/s | 14 m/s | 18 m/s
Pitch; 5D 3% 2% 3%
Var.; 5D 2% 2% 1%
Stall; 5D 2% 2% 1%
2-Bl.; 5D 4% 5% 3%
Pitch; 8D 0% 1% 2%
Var.; 8D 1% 1% 1%
Stall; 8D 1% 2% 1%
2-Bl.; 8D 3% 3% 2%

Table 3.11 Relative increase in equivalent tilt moment based on Wohler exponent 4 and caused by
modified turbulence intensity.

Load Case | 10 m/s | 14 m/s | 18 m/s
Pitch; 5D 31% 17% 12%
Var.; 5D 40% 17% 8%
Stall; 5D 24% 20% 13%
2-Bl.; 5D 20% 16% 8%
Pitch; 8D 22% 13% 10%
Var.; 8D 32% 14% 6%
Stall; 8D 4% 15% 10%
2-Bl.; 8D 17% 12% 6%
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Table 3.12 Relative increase in equivalent yaw moment based on Wohler exponent 4 and caused by

modified turbulence intensity.

Load Case | 10 m/s | 14 m/s | 18 m/s
Pitch; 5D 35% 21% 15%
Var.; 5D 41% 18% 8%
Stall; 5D 19% 14% 11%
2-Bl.;5D | 21% 13% 5%
Pitch; 8D 25% 16% 14%
Var.; 8D 33% 14% 7%
Stall; 8D 7% 10% 8%
2-Bl.; 8D 18% 10% 4%

Table 3.13 Relative increase in equivalent thrust force based on Wohler exponent 4 and caused by

modified turbulence intensity.

Load Case | 10 m/s | 14 m/s | 18 m/s
Pitch; 5D 40% 22% 15%
Var.; 5D 37% 16% 8%
Stall; 5D 27% 16% 6%
2-Bl.; 5D 19% 19% 7%
Pitch; 8D 29% 17% 13%
Var.; 8D 28% 12% 6%
Stall; 8D 3% 12% 4%
2-Bl.; 8D 13% 13% 6%

Table 3.14 Relative increase in equivalent flapwise moment based on Wohler exponent 12 and caused
by modified turbulence length scale.

Load Case | 10 m/s | 14 m/s | 18 m/s
Pitch; 5D 6% 0% 1%
Var.; 5D 0% 1% 0%
Stall; 5D 7% 4% 5%
2-Bl.; 5D 7% 4% 3%
Pitch; 8D 5% -1% 0%
Var.; 8D 2% 1% 1%
Stall; 8D 3% 5% 3%
2-Bl.; 8D 5% 4% 1%
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Table 3.15 Relative increase in equivalent edgewise moment based on Woéhler exponent 12 and caused
by modified turbulence length scale.

Load Case | 10 m/s | 14 m/s | 18 m/s
Pitch; 5D 1% 1% 0%
Var.; 5D 0% 0% 0%
Stall; 5D 1% 1% 1%
2-Bl.; 5D 2% 2% 2%
Pitch; 8D -2% 0% -1%
Var.; 8D 0% 0% 0%
Stall; 8D 1% 1% 0%
2-Bl.; 8D 1% 1% 1%

Table 3.16 Relative increase in equivalent tilt moment based on Wohler exponent 4 and caused by
modified turbulence length scale.

Load Case | 10 m/s | 14 m/s | 18 m/s
Pitch; 5D 13% 5% 1%
Var.; 5D 2% 0% 1%
Stall; 5D 13% 8% 6%
2-Bl.; 5D 8% 5% 4%
Pitch; 8D 9% 3% 0%
Var.; 8D 3% 2% 2%
Stall; 8D 4% 6% 4%
2-Bl.; 8D 7% 5% 3%

Table 3.17 Relative increase in equivalent yaw moment based on Wohler exponent 4 and caused by
modified turbulence length scale.

Load Case | 10 m/s | 14 m/s | 18 m/s
Pitch; 5D 16% 6% 2%
Var.; 5D 3% 1% 0%
Stall; 5D 10% 6% 5%
2-Bl.; 5D 8% 4% 3%
Pitch; 8D 10% 4% 0%
Var.; 8D 4% 2% 2%
Stall; 8D 5% 4% 4%
2-Bl.; 8D 7% 3% 2%
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Table 3.18 Relative increase in equivalent thrust force based on Wohler exponent 4 and caused by
modified turbulence length scale.

Load Case | 10 m/s | 14 m/s | 18 m/s
Pitch; 5D 15% 7% 3%
Var.; 5D 2% 1% 1%
Stall; 5D 11% 7% 3%
2-Bl.; 5D 6% 2% 2%
Pitch; 8D 11% 4% 1%
Var.; 8D 3% 3% 2%
Stall; 8D 2% 2% 2%
2-Bl.; 8D 4% 3% 1%

Table 3.19 Relative increase in equivalent flapwise moment based on Wohler exponent 12 and caused

by modified coherence decay.

Load Case | 10 m/s | 14 m/s | 18 m/s
Pitch; 5D -1% -6% 2%
Var.; 5D -4% -5% 3%
Stall; 5D 2% -1% -2%
2-Bl.; 5D -4% -8% -1%
Pitch; 8D 0% 0% 0%
Var.; 8D 0% 0% 0%
Stall; 8D 0% 0% 0%
2-Bl.; 8D 0% 0% 0%

Table 3.20 Relative increase in equivalent edgewise moment based on Wohler exponent 12 and caused

by modified coherence decay.

Load Case | 10 m/s | 14 m/s | 18 m/s
Pitch; 5D 1% 4% 7%
Var.; 5D 0% 0% 0%
Stall; 5D 1% 1% 1%
2-Bl.; 5D 0% 0% 0%
Pitch; 8D 0% 0% 0%
Var.; 8D 0% 0% 0%
Stall; 8D 0% 0% 0%
2-Bl.; 8D 0% 0% 0%
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Table 3.21 Relative increase in equivalent tilt moment based on Wohler exponent 4 and caused by
modified coherence decay.

Load Case | 10 m/s | 14 m/s | 18 m/s
Pitch; 5D 8% 9% 7%
Var.; 5D 8% 8% 7%
Stall; 5D 3% 4% 0%
2-Bl.; 5D -3% -5% -4%
Pitch; 8D 0% 0% 0%
Var.; 8D 0% 0% 0%
Stall; 8D 0% 0% 0%
2-Bl.; 8D 0% 0% 0%

Table 3.22 Relative increase in equivalent yaw moment based on Wohler exponent 4 and caused by
modified coherence decay.

Load Case | 10 m/s | 14 m/s | 18 m/s
Pitch; 5D 8% 3% -6%
Var.; 5D 9% 10% 11%
Stall; 5D 5% 3% 2%
2-Bl.;5D | -12% | -14% | -10%
Pitch; 8D 0% 0% 0%
Var.; 8D 0% 0% 0%
Stall; 8D 0% 0% 0%
2-Bl.; 8D 0% 0% 0%

Table 3.23 Relative increase in equivalent thrust force based on Wohler exponent 4 and caused by
modified coherence decay.

Load Case | 10 m/s | 14 m/s | 18 m/s
Pitch; 5D 7% 9% 6%
Var.; 5D -1% 12% 17%
Stall; 5D 2% -4% -2%
2-Bl.; 5D 0% 0% 5%
Pitch; 8D 0% 0% 0%
Var.; 8D 0% 0% 0%
Stall; 8D 0% 0% 0%
2-Bl.; 8D 0% 0% 0%
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3.2.3 Discussion

A number of qualitative findings can be extracted from the analysis. The wind field modifications caused
by the wake, and quantified in section 2, all tend to diminish with increasing wind turbine spacing. This
behaviour is also reflected in the life time consumption, as a general tendency of decreasing wake effects,
from the 5D situation to the 8D situation, is observed. The turbulence intensity— and the length scale
modifications are seen to decrease for increasing wind speed, and this behaviour is also reflected in the
investigated equivalent moments/forces.

The fatigue load dependance of the mean wind deficit with the mean wind speed is more complicated, as
three factors contribute simultaneously — decrease in mean wind speed, introduction of horizontal shear,
and modification of the vertical shear. In contradiction to the fatigue loading, caused by wake turbulence
intensity, the fatigue loading associated with the wake deficit indicates no general tendency with the mean
wind speed for the investigated turbine concepts and load types.

Tilt— and yaw moments exhibit the same behaviour except for the two—bladed turbine, where the increased
wake coherence decay results in significant differences. The two-bladers are, however, born with distinct
periodic properties of the rotor inertia often introducing phase—shifts in the turbine loads, even for very
modest changes in the mechanical properties. These phase—shifts often affect the loading in an unexpected
way, and the discrepancy between the tilt— and yaw loading, arising from an increased coherence in the
turbulence field, is believed to originate from such a phenomenon.

All the four investigated parameters were demonstrated to be significant in relation to fatigue life con-
sumption. However, in most of the investigated situations the effect originating from increase in the
turbulence intensity dominates the other parameter effects with a factor of 2-3.

It is moreover evident that different turbine concepts act differently with respect to a particular parameter
sensitivity, and that this also applies for different load types. More specific it is seen that the induced
wake deficit generally is favourable for the thrust force, whereas it, for the majority of the investigated
turbine concepts, introduces increased blade— and rotor fatigue loading.

Finally, it is observed that the increased wake coherence decay is favourable for the flap root moment,
whereas increased wake turbulence intensity is in general introducing higher fatigue loading.
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4 CONCLUSIONS

The present report deals with the establisment of a procedure for wake load predictions, and its possible
inclusion in the IEC—code framework. The overall philosophy is to preserve the existing division in four
wind turbine classes, and simply supplement the existing load specifications with quantitative wake load
specifications.

The study is confined to single wake situations, but is anticipated to apply also for multiple wake situations.
A detailed investigation has been performed to quantify the wake load situation. The investigation falls
into three phases — a crude identification of key wake wind field parameters, a quantification of the
identified key parameters, and finally a detailed key parameter identification based on predicted wake
characteristics.

Applying a two-level—factorial method it has been demonstrated that, in the present analysis, 10-minutes
simulation time series are a sufficient representation of the individual load situations to yield significant
results.

The main findings from the investigation are :

e That all four investigated parameters — representing wake deficit, wake turbulence intensity, wake
turbulence length scale, and wake coherence — were demonstrated to be significant in relation to
increased fatigue life consumption in wakes compared to ambient conditions.

e That it is possible to quantify the relevant wake parameters by use of simple models.

o That the fatigue impact, caused by the investigated four parameters, are shown to act additively,
which imply that a simple approximative method, involving only a very limited number of aeroe-
lastic calculations, can be applied for fatigue estimates taking into account the detailed wind farm
topology and the particular wind turbine concept [17].

o That the effect due to increased turbulence intensity is crucial and usually dominates the fatigue
effects caused by the other investigated parameters with a factor of 2-3.

e That different turbine concepts and different load types act differently with respect to parameter
sensitivity — this fact demonstrates the appropriateness in a detailed wake load estimation based on
the philosophy applied here, compared to the "all factors in one parameter” approach previously
used.
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S RECOMMENDATIONS

The present section deals with inclusion of wake load description in the IEC—code framework and
contains, in a condensed version, the recommendations resulted from the present investigations.

When operating in a wake situation, the mean wind profile as well as the turbulence characteristics
experienced by a turbine are modified compared to the ambient situation. The significant modifications
are quantified in the following four subsections.

5.1 Mean Wind Deficit

The wake deficit in the mean wind direction, AV, and the wake extension, expressed in terms of the wake
radius, R, are estimated according to the following expressions :

R (ﬁ) ' (3)H(CrA(w+ 2t

21
_ 7 1 s . /35\10 132
AV = (0ra + o)) {rHsedorate + o) - (2)7 ey,

where z and r denote axial and radial directions, A is the rotor area, C denotes the rotor drag coefficient,
V, the ambient mean wind velocity at hub height, and ¢; and z, are parameters approximated by :

9.5D

_95D
()" -1

D\ * _
CL = (E) (CTAIE()) s

Ty = )

olov

where D is the diameter of the upstream rotor. Denoting the ambient turbulence intensity by I, and the
hub height by H, Ry 5 is determined from :

1
Ry 5= B (R, +min(H, R,;)) ,

R, = max(1.08D,1.08D + 21.7D(I, — 0.05)).

The wake efffect on the mean flow in directions perpendicular to the mean wind direction shall not be
considered.

5.2 Turbulence Intensity

At down stream distances corresponding to traditional spacing in wind farms it is assumed that only the
surface— and wake shear mechanisms contribute significantly to turbulence production. It is moreover
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assumed that the turbulence fluctuations originating from these two sources are statistically independent
such that the turbulent energies are additive in the energy sense. Normalizing with respect to the
undisturbed mean wind velocity, V,, the total turbulence intensity of the along wind turbulence component
in the wake, I'*,, is expressed as :

s fwt?

:;t:\/Ig—i_715m

where subscripts a and w refer to ambient and wake, respectively. The specific wake contribution, I,
depends on both the down wind distance and the undisturbed mean wind velocity and is (for spacings
larger than two rotor diameters) determined as :

I, =0.295"13/1—-1-Cr,

where S denotes the spacing expressed in rotor diameters.

Compared to ambient situations the wake turbulence tends to be more isotropic, and the energy content
in the transversal turbulence components, v and w, are determined from :

<

o? ~0.8I"V,,

o ~ 0.61%,V,,

where subscript "w" indicate wake—values.

5.3 Turbulence Length Scales

When the two shear turbulence contributions have scales of comparable orders of magnitude, it is
reasonable to expect the resulting spectral shape to be qualitatively invariant. However, the resulting
length scale is modified. The modified length scale depends on the rotor thrust coefficient, the spacing
distance, the rotor diameter, and the undisturbed turbulence length scale.

Refeering to the Kaimal formulation of the turbulence spectrum given in [18], the length scale for the u
turbulence component inside the wake, LY, is expressed as :

122(1- 2)
LY =L" (1 — min (W,O.Q )

where L? denotes the u—turbulence length scale in the undisturbed flow, and S, is defines as :

S, =22 +(§-2)%  forS>2.
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Assuming local isotropy in the inertial subrange for sufficiently small eddies, the following relations can
be derived for the wake turbulence length scales in the v— and w—directions :

LY =0.33L"
L® =0.14L" .
5.4 Coherence Decay Factors

Assuming a Davenport—formulation of the coherence, the uu—coherence decay factor related to wake
turbulence, a,,, shall determined according to :

_J A+ Ky)a, for 2<S5<75
=1 q, for 7.5<S8 ’

where a, is the coherence decay factor related to ambient conditions, and the wake correction factor, K,
is given by

7?;5‘ fOI‘ ‘_/CL < 6
Ko=) 5070 o 657, <15
4(7.5—5§ for 15 < Va

5.

ot

For vertical separation C; = 1 and for horizontal separation C; = 2. For spacings less than 2 rotor
diameters the value of the wake coherence decay factor is assumed to equal the value related to a 2
diameter spacing.
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A VESTAS V27 TURBINE

The present appendix contains a brief description of the V27 wind turbine, which is representing the
pitch regulated turbine concept in the performed wake parameter analysis. Basically, the V27 turbine is
a three bladed upwind horizontal axis wind turbine with active yaw and a high speed rotor. The main
specifications of the turbine is given in Table A.1 below.

Table A.1 Main specifications for the Vestas V27 turbine.

ROTOR
Power regulation Pitch
Number of blades 3
Rotor diameter 27.00 m
Swept area 573 m?
Hub height 28.65m
Rotor speed 44 rpm/33 rpm
Blade tip angle 0° —90° during operation
BLADES
Manufacturer Vestas
Spar and shell material GRP
Total blade length 13.00 m
Profiled blade length 11.50 m
Root chord 1.30 m
Tip chord 0.50 m
Blade twist 13.0°
Blade profiles NACA 63-600
First flapwise natural frequency | 2.38 Hz
First edgewise natural frequency | 3.41 Hz
GEAR BOX
‘ Gear ratio ‘ 1:27.6
GENERATOR
Manufacturer Siemens; double winding
Nominal power 225 kW
Voltage 480V AC
Frequency 60 Hz
Rotational speed 1210 rpm (225 kW) / 910 rpm (50 kW)
TOWER
Type Lattice tower
Height 27.43 m
First bending natural frequency | 1.31 Hz
CONTROL SYSTEM
Manufacturer Vestas
Cut—in wind speed 3.7 m/s
Cut—out wind speed 25.0 m/s
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Table A.1 Main specifications for the Vestas V27 turbine (cont).

WEIGHTS
Blade ~ 600 kg
Rotor ~ 2900 kg
Nacelle excl. rotor ~ 7900 kg
Tower ~ 600 kg
Total ~ 19700 kg

A Theoretical thrust curve, which is vital for the quantification of wake effects, has been supplied from

the manufacturer and is presented in Table A.2.

Table A.2 Calculated thrust curve for the Vestas V27 turbine.

Mean wind speed | Thrust | Thrust coefficient
[m/s] [kN] Cr
3.5 3.8 0.88
4.0 4.9 0.88
5.0 7.7 0.88
6.0 10.0 0.79
7.0 12.5 0.73
8.0 18.0 0.80
9.0 21.0 0.74
10.0 24.6 0.70
11.0 26.7 0.63
12.0 27.8 0.55
13.0 26.7 0.45
14.0 22.7 0.33
15.0 20.5 0.26
16.0 18.9 0.21
17.0 17.2 0.17
18.0 17.0 0.15
19.0 15.2 0.12
20.0 154 0.11
21.0 13.9 0.09
22.0 13.6 0.08
23.0 13.0 0.07
24.0 12.1 0.06
25.0 13.2 0.06

Note, that the jump in C7 between the mean wind speeds 7 m/s and 8 m/s is caused by shift between

generators.
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B VARIABLE SPEED 500 KW TURBINE

The present appendix contains a brief description of an artificial wind turbine which represents the variable
speed regulated turbine concept in the wake parameter analysis. The defined turbine is a three bladed,
500 kW, upwind horizontal axis wind turbine.

B.1 Background

The turbine has been designed in the ECN Basic Subsidy project "FyndFarm". The design is derived
from the fixed speed, stall and pitch regulated, turbines which have been used in the development of wind
farm design guidelines in the Dynamic Loads in Wind Farms II (DLWF-II) project [1]*7.

Obviously, the design of these DLWF-II turbines needed some adjustment in order to account for variable
speed operation :

e An optimal tip speed ratio (Agesign, = 7.5) operation is assumed up to rated wind speed.

e Above V,,i.q the rotor speed and power are regulated by means of a pitch control algorithm. This
algorithm is based on the one which is used for the constant speed, pitch regulated DLWF-II turbine.

e The aerodynamic design (chord and twist distribution) is found from an aerodynamic optimization,
using the program PVOPT, [13] and [14].

e The mass and stiffness distributions are almost similar to the distributions of the DLWF-II turbines.
However, some slight modifications were required in order to avoid operation a first flapwise natural
frequency of 3P at rated conditions.

It should be noted that for the present study, only blade flexibility in the flapwise direction was taken into
account. Hence the blade flexibility in the edgewise direction, the tower flexibility, and the drive train
flexibility have been neglected.

The main specifications of the turbine are given in Table B.1. For a more detailed design report, reference
is made to [15]. The calculated (stationary) thrust, power, pitch angle, and rotor speed are presented in
Table B.2 as function of wind speed.

17See section 6.
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Table B.1 Main specifications for the 500 kW variable speed turbine.

ROTOR
Power regulation Pitch / Variable speed
Number of blades 3
Rotor diameter 37.00 m
Swept area 1075 m?
Hub height 3495 m
Rotor speed range 20.2 rpm — 46.0 rpm; see also Table B.2
Tilt 2 deg
Coning 0 deg
Direction of rotation Clockwise

BLADES
Total blade length 185 m
Profiled blade length 150 m
Root chord 2.150 m
Tip chord 0.765 m
Blade twist 12.625 deg
Blade profiles NACA 632xxx (inner) / NACA 634xxx (outer)
First flapwise natural frequency | 2.239 Hz (standstill)

GEAR BOX
‘ Gear ratio ‘ 1:39.1

GENERATOR; see also section B.3

‘ Nominal power ‘ 500 kW
TOWER
Type Tapered tubular tower
Height 3495 m
Top diameter 1.68 m
Base diameter 241m

CONTROL SYSTEM, see also section B.4

Cut-in wind speed 5 m/s
Rated wind speed 11.9 m/s
Cut—out wind speed 23 m/s
WEIGHTS
Blade 1853 kg
Rotor incl. hub 8780 kg
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Table B.2 Stationary rotor characteristics.

v Cpaer Cr P,.. | Thrust 0 Q
[m/s] (kW] [kN] [deg] | [rpm]
5.000 | 0.494 | 0.855 | 40.690 | 14.080 | 0.000 | 20.211
6.000 | 0.494 | 0.850 | 70.340 | 20.140 | 0.000 | 23.967
7.000 | 0.496 | 0.835 | 112.000 | 26.940 | 0.000 | 26.982
8.000 | 0.496 | 0.837 | 167.100 | 35.260 | 0.000 | 30.954
9.000 | 0.496 | 0.829 | 238.100 | 44.220 | 0.000 | 34.241

10.000 | 0.496 | 0.837 | 326.400 | 55.110 | 0.000 | 38.719
11.000 | 0.496 | 0.836 | 434.500 | 66.650 | 0.000 | 42.542
12.000 | 0.495 | 0.787 | 563.800 | 74.660 | 0.810 | 46.017
13.000 | 0.381 | 0.498 | 550.700 | 55.430 | 4.962 | 46.101
14.000 | 0.306 | 0.380 | 552.500 | 49.100 | 6.977 | 46.108
15.000 | 0.250 | 0.303 | 555.500 | 44.850 | 8.638 | 46.122
16.000 | 0.207 | 0.247 | 558.600 | 41.660 | 10.099 | 46.138
17.000 | 0.174 | 0.206 | 562.200 | 39.140 | 11.441 | 46.155
18.000 | 0.147 | 0.174 | 566.000 | 37.100 | 12.695 | 46.173
19.000 | 0.126 | 0.149 | 570.400 | 35.420 | 13.883 | 46.195
20.000 | 0.109 | 0.129 | 574.900 | 33.990 | 15.019 | 46.221
21.000 | 0.093 | 0.111 | 568.300 | 32.180 | 16.184 | 46.015
22.000 | 0.079 | 0.095 | 552.500 | 30.140 | 17.352 | 45.797
23.000 | 0.068 | 0.082 | 542.700 | 28.600 | 18.447 | 45.668

B.2 Rated Conditions and Losses

The losses at rated conditions remained unchanged from the losses of the DLWF-II turbines (=~ 7%).
As a consequence, the rated aerodynamic power was 537.5 kW, which resulted in a rated wind speed of
11.9 m/s. The rated rotorspeed was 46.03 rpm, see also Table B.2.

B.3 Generator curve

The generator curve (i.e. the generator power vs. the rotational speed) is basically a conventional third
order curve. Above the rated power of 500 kW, the generator power is kept constant. Some modifications
have been applied, in order to avoid operation at a rotational speed which is close to a multiple of the first
flapwise natural frequency.

B.4 Pitch control

Above rated conditions it is attempted to keep the rotor speed (and consequently the power) at its rated
values by means of a pitch control. The pitch control algorithm is almost similar to the one which was
used to control the power of the fixed speed DLWF-II turbine; see [1] :
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PI proportional gain = 8.448 -10~" rad/W.

PI integral gain = 7.04 -10° rad/(Ws).

Gain scheduling via pitch angle with scheduling factor equal to m .

Limits on schedule factor : 0.08677 < fact < 1.

The controller has been designed with a first order pitch actuator response with a time constant
equal to 0.3 s.

However, for the present purpose, the controller should act on the rotor speed instead of the power. To
this end, a dependency is introduced between the generator power set point and the rotor speed: if the
rotor speed exceeds the rated value of 46.03 rpm, the set point is reduced with AP :

Pset = Prated - AP?

T
AP =k, / (Q = Quaea) -dt (9 in rad/s)
0

kW
k,=1.0—.
rad
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C DANWIN 180 KW TURBINE

The present appendix contains a brief description of the Danwin 180 kW wind turbine which, together
with the Nordtank 500 kW turbine, is representing the stall regulated turbine concept in the performed
wake parameter analysis.

The Danwin 180 kW turbine is a three bladed upwind horizontal axis wind turbine with active yaw. The
main specifications of the turbine is given in Table C.1 below.

Table C.1 Main specifications for the Danwin 180 kW turbine.

ROTOR
Power regulation Stall
Number of blades 3
Rotor diameter 23.20m
Swept area 422.7 m?
Hub height 30.00 m
Rotor speed 42.8 rpm
Tilt 5°
Coning 0°
Blade tip angle 0.8°
BLADES
Manufacturer LM Glasfiber A/S
Type LM 11H
Total blade length 10.80 m
Profiled blade length 8.80 m
Root chord 1.30 m
Tip chord 0.59 m
Blade twist 16.0°
Blade profiles NACA 632xx
Air brakes Pivotable blade tips
First flapwise natural frequency | 2.40 Hz
First edgewise natural frequency | 5.50 Hz
GEAR BOX
Manufacturer Jahnel/Kestermann
Gear ratio 1:41.7765
GENERATOR
Manufacturer Hawker Siddeley
Type C315M Sp
Nominal power 200 kW
Voltage 480V
Frequency 60 Hz
Rotational speed 1000/750777? rpm
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Table C.1 Main specifications for the Danwin 180 kW turbine (cont.).

MECHANICAL BRAKE
Type Disc
Function Fail Safe

TOWER
Type Tapered tubular tower
Height 29.8 m
Number of sections 2
Top diameter 1.24 m
Base diameter 2.10m
First bending natural frequency | 1.10 Hz
CONTROL SYSTEM
Manufacturer Orbital
Cut—in system Thyristors
Logic system Microprocessor
Cut—in wind speed 4.0 m/s
Cut—out wind speed 25.0 m/s
WEIGHTS

Blade 680 kg
Rotor incl. hub 3040 kg
Nacelle excl. rotor 6420 kg
Tower 10000 kg

A measured thrust curve was not available for the present turbine, and as a consequence the wake analysis
is based on a calculated thrust curve which, for completeness, is presented in Table C.2. The thrust curve
was determined with the aeroelastic code VIDYN.
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Table C.2 Calculated thrust curve for the Danwin 180 kW turbine.

Mean wind speed | Thrust | Thrust coefficient

[m/s] [kN] Cr

4.0 3.76 0.92

5.0 5.76 0.90

6.0 8.02 0.87

7.0 10.3 0.82

8.0 12.7 0.78

9.0 15.1 0.73
10.0 17.3 0.68
11.0 19.1 0.62
12.0 20.5 0.56
13.0 21.3 0.50
14.0 220 0.44
15.0 223 0.39
16.0 22.5 0.34
17.0 227 0.31
18.0 23.0 0.28
19.0 234 0.25
20.0 24.0 0.23
21.0 25.0 0.22
220 26.5 0.21
23.0 28.2 0.21
24.0 294 0.20
25.0 30.3 0.19
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D NASUDDEN 3 MW TURBINE

The present appendix contains a brief description of the Ndsudden 3 MW wind turbine which represents
a large two bladed pitch regulated turbine concept in the performed wake parameter analysis.

The Niasudden II demonstration turbine is a two bladed upwind horizontal axis wind turbine with active
yaw. The tower is very stiff on this prototype machine, and in order to approach a more realistic future
design, the original tower has been replaced by the more flexible tower belonging to the sister turbine,
Aeolus II, in the model calculations. The main specifications of the turbine, equipped with the soft tower,
is given in Table D.1 below.

Table D.1 Main specifications for the Nasudden 3 MW turbine.

ROTOR
Power regulation Pitch
Number of blades 2
Rotor diameter 80.00 m
Swept area 5026.5 m?
Hub height 92.00 m
Rotor speed 20.415 rpm
Tilt 8°
Coning 0°
BLADES
Manufacturer Messerschmitt—Bolkow—Blohm Gmbh.
Total blade length 38.8 m
Profiled blade length 26.8 m
Root chord 440 m
Tip chord 0.65m
Blade twist 7.2°
Blade profiles FX-W—xxx

First flapwise natural frequency | 1.66 Hz
First edgewise natural frequency | 2.28 Hz

GEAR BOX

Manufacturer Lohmanné&Stolterfoht
Type Planetary/bevel
Gear ratio 1:73.475

GENERATOR
Manufacturer ABB
Type Induction/2 speed
Nominal power 3IMW
Voltage 6 kV
Frequency 50 Hz
Rotational speed 1000/1500 rpm
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Table D.1 Main specifications for the Ndsudden 3 MW turbine (cont.).

MECHANICAL BRAKE
Manufacturer Kvaener Turbin AB
Type Disc
Function Fail Safe

TOWER
Type Tapered tubular tower*®
Height 87.7m
Top diameter 4.50 m
Base diameter 6.21 m
First bending natural frequency | 0.42 Hz
CONTROL SYSTEM
Manufacturer Kvaener Turbin AB
Type PLC
Cut—in wind speed 3.5m/s
Cut—out wind speed 20.0 m/s
WEIGHTS

Blade 9250 kg
Rotor incl. hub 38000 kg
Nacelle excl. rotor 138900 kg
Tower 1410000 kg

A measured thrust curve was not available for the present turbine, and as a consequence the wake analysis
is based on a calculated thrust curve which, for completeness, is presented in Table D.2. The thrust curve
was determined with the aeroelastic code VIDYN.

18Reinforced concrete.
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Table D.2 Calculated thrust curve for the Néisudden 3 MW turbine.

Mean wind speed | Thrust | Thrust coefficient
[m/s] [kN] Cr
3.5
4.0 60 1.21
5.0 86 1.11
6.0 112 1.00
7.0 138 0.91
8.0 163 0.82
9.0 191 0.76
10.0 217 0.70
11.0 243 0.64
12.0 270 0.61
13.0 295 0.56
14.0 309 0.51
15.0 290 0.42
16.0 258 0.33
17.0 229 0.26
18.0 211 0.21
19.0 197 0.18
20.0 186 0.15
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E NORDTANK NTK500 TURBINE

The present appendix contains a brief description of the Nordtank 500 kW wind turbine which, together
with the Danwin 180 kW turbine, is representing the stall regulated turbine concept in the performed wake
parameter analysis. The NTK500 turbine is moreover used as a "reference" turbine in the benchmark
exercise performed with the three involved aeroelastic codes - HAWC, VIDYN, and PHATAS.

The Nordtank 500 kW turbine is a three bladed upwind horizontal axis medium sized wind turbine with
active yaw. The main specifications of the turbine is given in Table E.1 below.

Table E.1 Main specifications for the Nordtank 500 kW turbine.

ROTOR
Power regulation Stall
Number of blades 3
Rotor diameter 37.00 m
Swept area 1075 m?
Hub height 35.00 m
Rotor speed 30.2 rpm
Tilt 2°
Coning 0°
Blade tip angle -2°
Direction of rotation Clockwise
BLADES
Manufacturer LM Glasfiber A/S
Type LM 17.0 m
Total blade length 17.00 m
Profiled blade length 14.50 m
Root chord 1.85m
Tip chord 0.40 m
Blade twist 19.8°
Blade profiles NACA 63; modified
Air brakes Pivotable blade tips
First flapwise natural frequency | 2.07 Hz
First edgewise natural frequency | 3.43 Hz
GEAR BOX
Manufacturer FLENDER
Type PEAK 4280
Gear ratio 1:50.142
MECHANICAL BRAKE
Manufacturer Svendborg Brakes
Type BSFH 317
Function Fail Safe
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Table E.1 Main specifications for the Nordtank 500 kW turbine (cont.).

GENERATOR
Manufacturer ABB
Type HXR 355-LC 4B 3E
Nominal power 500 kW
Voltage 690 V
Nominal current 460 A
Cos phi 0.91
Frequency 50 Hz
Rotational speed 1500 rpm
TOWER
Type Tapered tubular tower
Height 33.8m
Number of sections 2
Top diameter 1.69 m
Base diameter 240 m
First bending natural frequency | 0.81 Hz
CONTROL SYSTEM
Manufacturer DANCONTROL
Type NTK DC 04
Cut—in wind speed 4.0 m/s
Cut—out wind speed 25.0 m/s
WEIGHTS
Blade 1620 kg
Rotor incl. hub 8010 kg
Nacelle excl. rotor 15400 kg
Tower 22500 kg

A measured thrust curve was not available for the present turbine, and as a consequence the wake analysis
is based on a calculated thrust curve which, for completeness, is presented in Table E.2. The thrust curve
was determined with the aeroelastic code VIDYN.
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Table E.2 Calculated thrust curve for the Nordtank 500 kW turbine.

Mean wind speed | Thrust | Thrust coefficient

[m/s] [kN] Cr

4.0 17.1 1.61

5.0 223 1.34

6.0 27.5 1.16

7.0 33.0 1.02

8.0 38.1 0.90

9.0 44.0 0.82
10.0 49.3 0.75
11.0 533 0.67
12.0 56.1 0.59
13.0 58.1 0.52
14.0 59.0 0.46
15.0 59.6 0.40
16.0 60.2 0.36
17.0 60.8 0.32
18.0 61.8 0.29
19.0 62.5 0.26
20.0 63.4 0.24
21.0 64.4 0.22
220 65.4 0.20
23.0 66.5 0.19
24.0 67.5 0.18
25.0 68.6 0.17
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F EXPERIMENTAL WAKE CHARACTERIZATION

For the Swedish results, the von Karman based length scales has been applied and then subsequently
transformed to the required Kaimal formulation. The conversion is based on the specifications in the
IEC-1400 document. The same transformation has been applied to the Dutch results.

Most of the Danish results are based on very long time series in order to improve the statistical significance.
The specified parameter values are obtained as averages of a number of half hour statistics, for which the
particular wake situation has occurred.
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G GRAPHIC COLLOCATION OF RESULTS

The following contains a graphical representation of results associated with wake deficits and wake
turbulence intensities.

The predictions by the investigated models are presented together with measurements (and relevant
ambient characteristics).

Cases indicated by "R", "A", "S", and "T" refer to Risg measurements, Alsvik measurements, Sexbierum
measurements, and wind tunnel measurements, respectively.
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Figure G.1 Predictions of turbulence intensity compared to the Risg measurements.
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Figure G.3 Predictions of turbulence intensity compared to the TNO measurements.
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Figure G.5 Predictions of wake deficit compared to the Alsvik measurements.
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Figure G.6 Predictions of wake deficit compared to the TNO measurements.
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1. SUMMARY

The aim of this report is twofold. First to investigate the effect of the terrain complexity on the wind field
properties that drive the fatigue loading of wind turbines (like wind shear, Reynolds stresses, etc.).
Second, to investigate and quantify the impact of the above properties on fatigue loading for machines of
different size and design philosophy. The first goal is met by analysing the available experimental
complex terrain wind data bases, as well as by performing systematic parametric runs for simple, 2-D,
configurations including single and tandem hill layouts. In the latter case, results are presented in terms of
speed-up and turbulent kinetic energy distributions. The second goal is met through parameter
identification (PI) procedures applied on both measurements and computational -aeroelastic- results.
“Fatigue influence” matrices are, thus, established for different machine sizes and concepts.
Recommendations are made in the last part of the report on how one could possibly include the present
findings into the IEC Standards.
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2.NOMENCLATURE

¢

X,Y,Z

z0
Uu,v,w

u

Aws

Oy ,0yv ,Ow
O¢
TorT.
uvw,uv,vw’
L,L,.,Ly

AUU)AVV AWW

Lsh
Yaw

951

Uskew

Ukurt

ref

in

Wind direction (degrees)

Cartesian, streamlined, coordinates (m)

Roughness length (m)

Cartesian, streamlined, mean wind speed vector components (m/s)

Normalized longitudinal wind component : u(z) = U(z)/Ui¢

Vertical wind shear exponent estimated from the power law model, U(z)/U(H) = (zZH)™"*
Standard deviation of the u, v and w components of the wind speed (m/s)

Standard deviation of (horizontal) mean wind direction (degrees)

Turbulence intensity ¢, / U

Reynolds stresses (non-diagonal entries to the Reynolds correlation tensor)

Length scales of the u,v and w wind velocity components estimated with the use of the
Von Karman formulation (m)

Coherence decay factors of the wind components at different heights estimated with the

use of the Davenport model, x(D,n) = e*">Y

, where x expresses the square root of the
coherence, D the separation distance between the points (m), n the frequency in Hz and U
the mean wind speed in m/s.

Kinetic energy of turbulence defined as '4( 6,°+ 6,>+ 6,,%) (m*/sec?)

Normalized kinetic energy of turbulence k(z) = K(z)/ Ut

Linear shear coefficient U(zgp)/U(Znw), Z 1s the altitude

Yaw error in degrees. Positive when the rotation vector turns clock-wise seen from

the ground

Speed Up, S=u (z) / uj, (z) =U (2) / Uiy (2)

Turbulence increase factor, T=k (z) / ki, (z) = K (z) / Ky, (2)

. e . RN u, — u 3
Skewness of the wind speed distribution estimated as W z

i=1 u

. . C . . 1< u, — u
Kurtosis of the wind speed distribution estimated as W 2 p -3
i=1

subscript denoting far-field conditions (at the edge of the atmospheric layer)
subscript denoting properties at the inlet plane (resembling those of the flat-terrain)

This document is intended to produce the background information to help the introduction of complex
terrain effects into the existing or future standards.
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3. INTRODUCTION

Wind turbine (WT) classification is defined in the IEC context [1] in terms of wind speeds and turbulence
intensities. The intention of these classifications is to cover most applications enabling the selection of
representative values of the above two parameters so as to cover as many different sites as possible. The
goal is to achieve WT classification with clearly varying robustness governed by wind speed and
turbulence intensity. Four WT classes, | to IV, are thus introduced. To cover cases where special design
conditions are needed, a further class “S” is foreseen where site-specific parameters are defined by the
designer. Relying on the class-defining parameter values, a series of design load cases is, then, introduced
for verifying the structural integrity of the load-carrying components of a machine within an appropriate
safety level. Although not explicitly stated in the IEC standard, the semi-empirical frame suggested for the
verification process is heavily relying on “flat terrain” experience / evidence. This is especially true for the
turbulence models proposed and, consequently, for the evaluation of the fatigue loading of the WT’s. Any
attempt, therefore, to include complex terrain operation within the current standardisation practice should
first answer the following question: To what extent do the “complex terrain” wind conditions differ from
the “flat terrain” ones and how these differences affect machine loading?

Recent work on complex terrain wind field [2],[3] has shown that both the deterministic and the
stochastic wind properties do deviate significantly from the so called “flat terrain” conditions. More
specifically:

e The vertical wind shear in complex terrain does not respect the log-law. In addition, the mean wind
field strain tensor (including spatial derivatives of all three wind components) may be full and its
entries may strongly vary with height.

e The wind vector can be strongly inclined, following the local terrain slope.

e The Reynolds stress tensor can be full and its entries may also vary with height. The kinetic energy of
turbulence is split into its three components (longitudinal, transversal, vertical) at different portions
than in flat terrain. More energy is now contained in the transversal and the lateral components.

e Turbulent length scales and spatial coherence are different in complex terrain. Smaller length scales
and higher coherence decay factors are encountered at complex terrain turbulence measurements.

¢ Non-Gaussian behaviour of turbulence is often met in complex terrain.

These deviations become stronger as the terrain complexity (a non-quantifiable term, in general) increases.
In the absence of a concise “complex terrain theory” and considering that the number of possible complex
terrain layouts is infinite, the quantification of “complex terrain effects” can only be obtained indirectly.
To do that the following two-step procedure is proposed and applied below:

1. Produce a complex terrain experimental database including as many sites as possible, to estimate the
envelope of variation of the individual wind field parameters. Try to interpret these variations by
introducing a suitable theory. Apply this theory in simple cases where the terrain complexity (single
hill configurations, for instance) is well defined to identify trends and possible correlation between the
parameters sought.

2. Interrelate wind-field properties and machine loading applying sensitivity analysis and parameter
identification techniques for a variety of machine sizes and concepts. Define a procedure for translating
specific site conditions to fatigue loading.

Most of the experimental work regarding step 1 has been accomplished in the framework of the concluded
MOUNTURB [2] and the ongoing COMTERID [3] projects. Representative data are presented and
discussed in chapter 2.
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The theoretical work addressed in step 1 has been performed in the context of this project. This work
includes Navier-Stokes computations of the mean flow field and turbulence around single- and double-hill
configurations of different hill-slope(s) and separations (a measure of the terrain complexity for these
model-problems). Results are presented in terms of velocity speed-up and turbulence increase factors. The
set-up and the conclusions are discussed in chapter 2, while tabulated results are shown in Appendix A
The theoretical work is also supported by Appendix B, where a simplified wind shear law for hill-tops is
presented, and Appendix C, where a discussion on the “complex terrain” Reynolds stress tensor is held.

Chapter 3 is devoted to the sensitivity analysis procedures mentioned above. Both load measurements and
calculations are used for this purpose. Results obtained through a multi-regression analysis of the
experimental data are presented in Appendix D. Fatigue influence matrices obtained for several machines
through aeroelastic computations are tabulated in Appendix E.

Conclusions and recommendations are presented in chapters 4 and 5 respectively.
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4. MEAN WIND FIELD AND TURBULENCE STRUCTURE
IN COMPLEX TERRAIN

4.1 Approach followed

The investigation of mean wind field and turbulence structure is based on the analysis of the experimental
“wind data bases” collated for a number of complex terrain sites (in terms of 10 minute blocks) and, also,
on theoretical considerations. A hill catalogue, including two dimensional single and tandem hill
configurations has been created through parametric mean flow field calculations. This catalogue can serve
as a guide for providing a rough estimation of the wind shear and the turbulent intensity at a specific site,
through an idealisation of its upwind surface section. The experimental approach is focusing on the
identification of differences in the basic inflow parameters between flat and complex terrain.

4.2 Measured wind field characteristics

Experimental wind data bases have been analysed for the following complex terrain sites:

Agia Marina , CRES test station at Lavrio (GR)
Andros island, (GR)

Marmari, (GR)

Toplou, Crete island (GR)

Sky River, RISO® measurements, (USA)

The findings regarding the mean wind field and turbulence properties are summarised in the next
paragraphs.

4.2.1 Mean wind field

Typical wind profile shapes from Lavrio, Andros and Toplou, referring to a wide range of wind velocities,
are shown in figure 4.1. The power law (1/7 exponent, recommended for flat terrain) is also plotted on the
figure. It is seen that the actual wind shear is over-predicted by the fit in all cases. In reality, flat and even
inverse profiles are observed.

Up to 20 degrees distortion of the horizontal mean wind component measured at 20 and 40 meters above
ground level have been observed in Andros and Lavrio.

Up to 12 degrees flow tilt angle (wind vector inclination) have been observed at Marmari, at 40 meters
a.g.l. In general, the flow tilt angle follows the local terrain slope, decreasing with increasing height.
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Figure 4.1 Vertical wind profiles of complex terrain sites
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The horizontal spatial variation of mean wind field properties over distances of the order of a rotor
diameter (20 m), measured at Lavrio were shown to be rather insignificant. This conclusion can be
generalised provided that no significant terrain variations occur within the scale of interest.

4.2.2 Turbulence structure

Turbulence Intensity

0.25
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Figure 4.2 Turbulence intensity (TI) vs wind direction at the three sites
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Turbulence intensity in complex terrain shows strong evidence of wind direction dependency.
Representative plots are shown in figure 4.2, including mean and min_, max_ values. This is also true for
all turbulence structure properties.

Mean, representative, values of the data bases over a wide sector centred at the prevailing wind direction
for each site, are tabulated in table 1.

Table 1 Mean, representative, values of the data bases

SITE ID Lavrio Andros Marmari | Toplou Sky River
Height a.g.] (m) 22 31 40 40 43
Mean Wind Speed (m/s) 7.4 8.7 9.3 7.2 7.2
Weibull C(m/s),k 83 [1.53]98 1.8 [100]132[81 |1.64 |
TI=6,/U (%) 13 9.5 10 10 8
G,/Cy 0.85 0.90 0.97 1.0
Gw/Cu 0.72 0.70 0.68 0.8
o,/TI 47.3 56.0 38.5
L,(m) 20-120 20-120 20-200 20-120 10-250
L,(m) 10-50 10-50 5-150 6-150
L (m) 5-20 5-20 4-40 6-54
2-7 3-12 2-20 2-15

Noticeable are the relatively low values of the Weibull shape parameter k which are definitely below the
Rayleigh equivalent value 2.0 and most of the times even below 1.8. This finding is in accordance with
the experience gained from the Wind Atlas [4] where the wind regime of a number of sites has been
analysed. Low values of k are in favour of extreme wind events.

The turbulence intensities at all sites appear to be smaller compared to these used by the IEC1400-1
standard, namely 16 and 18%. The kinetic energy of turbulence is split to its three components at ratios
different than the 1:0.8:0.5 characterising flat terrain. More turbulence energy is now distributed to the
transversal and lateral wind components.

The rather crude procedure followed for estimating the length scales and coherence decay factors, as
explained below, results in considerably scattered values. Nevertheless, a trend is evident for rather lower
length scale values than the equivalent flat terrain values (71, 18, 4.5) presented in table 4 in the sequel.

Non Gaussian behaviour is indicated by the non-zero values of the higher order statistics (skewness and
kurtosis coefficients). Slightly negative mean skewness values of the order (-0.3) have been observed at
certain sites. However, the obtained values are neither that extreme, nor that persistent, to support a strong
statement on non-Gaussian turbulence at complex terrain.

4.3 Theoretical investigation

The theoretical investigation is limited to flow calculations around two-dimensional hills of Gaussian
shape. Single and double hill configurations are analysed using as free parameters the hill height over
length (h/L), a maximum slope indicator, the separation (Dht) between the hills and the roughness length
(z0). It is the intention of this work to interrelate wind shear and turbulence increase with terrain
complexity, measured in this case by the two geometric parameters h/L and Dht. The obtained results,
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which are presented in Appendix A along with the nomenclature adopted, include velocity and kinetic
energy of turbulence distributions along the 10 m and 40 m heights above ground level, as well as the
corresponding hill-top profiles.

4.3.1 Parametric set-up

All computations have been performed for the “hill half length” value L = 250 m. Disregarding Reynolds
number effects the results can apply for different L values as soon as (h/L) and (z0/L) are maintained.

Tables I-1 to I-7 present the single hill results. Parametric computations have been performed for four hill
heights (h = 50, 100, 150 and 200 m) and three roughness length values, called (S)mall, (M)edium and
(L)arge corresponding to z0 = 0.003 m, 0.03 m and 0.3 m respectively. A case defined as {50 S}, for
instance, corresponds to h=50 m and z0=(S)=0.003 m. Table I-1 presents the considered single hill
geometries. Table 1-2 shows speed-up factors at the, so called, anemometer height, e.g. 10 meters above
ground level. Speed-up factors at 40 m a.g.l. (so called hub-height) are shown in table I-3. Tables I-4 and
I-5 present the evolution of the turbulence increase factor along the axial distance (x) at the two
characteristic heights. Table I-6 presents normalised velocity profiles at the hill-top versus the height a.g.l.
(linear scale). The inlet profile is also plotted. Table I-7 shows profiles of the kinetic energy of turbulence
versus the height a.g.l. (logarithmic scale) at the inlet and the hill-top planes. Similar results are presented
for the tandem-hill cases.

Tables I-8 to 1-14 present results for tandem hills of equal height. The standard roughness (z0=0.03 m) has
been considered in all cases. Four different h/L ratios have been considered (0.2, 0.4, 0.6 and 0.8) along
with five hill-tops separations (D=4L, 6L, 8L, 10L, and 12L). Each case is marked with the corresponding
D(ht) and h/L values (4L h/L=0.2 for the up-left case, for instance). The wind shear profiles at the two
hill-tops (u2 for the first hill and u4 for the second) are compared against the corresponding single-hill
result (u single) in table I-13. Turbulence profiles at the hill-top sections, called k2 (first hill) and k4
(second hill), are compared against the corresponding inlet-plane profile (k inlet).

Tables I-15 to 1-21 present results of tandem-hills of different height. Four combinations of hill heights
have been tested, (50 m - 100 m), (100 m - 50 m), (100 m -200 m) and (200 m - 100 m), the first height
corresponding to the first hill. Computations are performed for five separations per combination of
heights. The standard roughness (z0=0.03 m) has been considered in all cases.

4.3.2 Flow model

The flow model used for the parametric hill calculations is based on the Reynolds averaged
incompressible Navier-Stokes equations. The k-omega model [5], supported with wall-function type
boundary conditions (which take the roughness length into account), is used for turbulence closure. The
constants of the model are suitably calibrated for atmospheric flows. The numerical integration of the
governing equations is performed through a pressure-correction algorithm. Results are obtained on body-
fitted structural grids.

It must be emphasised that the employed turbulence model is an isotropic one. In that respect the flow
solver can only account for the global kinetic energy of turbulence but no information on how this energy
is split into its three components G,, 6, and G, is provided. The missing information is crucial since it is
the longitudinal components of turbulence G, that mainly affects the fatigue loading of wind turbines
while the two other have a rather secondary effect. To fill the gap some additional theoretical work on the
Reynolds stresses is presented in Appendix C.
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4.3.3 Obtained results

Analysing the obtained results the following qualitative conclusion can be drawn, regarding the influence

of the hill height and the surface roughness on the flow properties over a hill (always referring to hill-top

conditions):

e For a single hill, the speed up (S) and turbulence factor (T) increase as the h/L or the height h for a
constant L, increases.

e For a single hill, the speed up increases with the surface roughness z0, while the (T) factor decreases as
70 increases.

e The wind shear profiles become fuller and more energetic as h/L increases and z0 decreases.

e The turbulence energy K increases with both h and z0.

The following conclusions can be made regarding the influence of a second hill on the turbulence and

flow fields:

e The presence of an equal second hill reduces the speed up on both hills

e The presence of a second hill reduces the turbulence increase ratio on the first hill, but increases it for
the second hill.

e The wind shear profiles become fuller and more energetic as the height h and distance between hills
Dht increase.

e The turbulence energy profiles grow as the hill height h increases, but decreases as the separation
between hills increases.

e When the height of the first hill is half the height of the second hill, the speed up at the top of the first
hill depends on Dht, while on the contrary, the speed up at the top of the second hill has a small
dependence on Dht.

e When the second hill is smaller, the dependence of the speed up results on Dht is reduced for the first
hill, but is strongly increased for the second hill.

e  When the first hill is smaller, the dependence of (T) in the distance between hills is small for the first
hill. Nevertheless, it increases for the second hill.

e When the first hill is bigger than the second, (T) becomes independent of Dht for the first hill but not
for the second.

e When the hills are different, turbulence is always bigger on the second hill, except for the instances
where separation takes place.

¢ As the distance between hills Dht increases, the results converge to the single hill solution.

Regarding the turbulence variation with height it can always be seen from the corresponding hill-top
profiles that there exist the, so called, inner layer where turbulence is getting very high, depending on the
h/L ratio. Fortunately for the larger wind turbines, the depth of this inner layer is rather short (less than 10
meters in most of the cases examined here with L=250m). In the outer layer, turbulence is rather relaxed
compared to its surface value.

Let us now quantify the results in terms of the turbulent intensity. By definition of the kinetic energy of
turbulence (K) the following formula holds:

2 2
JK =0, % 1+("v) +(ﬂ) ()

o

u u

That is, to translate K into G, the ratios (o, /6,)and (6 /G,) must be known. Consider, now, two sets of
such ratios, a flat terrain one with 6,: 6,: 6,=1:0.8:0.5 and a complex terrain one with the, rather extreme,
values G,: Gy: 6,=1:1:0.8. Then, by substitution
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0,=K/097  flat

2
o, = JK /115 complex

indicating that less turbulent energy goes to the longitudinal direction in the complex terrain case. To

avoid the dependence on the actual values of the turbulent ratios we now on adopt the unique,

conservative, relation ,=(K)"?.

Let us now demonstrate the use of the results of Appendix A, which are presented in non-dimensional
form.

For hill-tops where vertical profiles of k and u are given,

TI(z) = k(z)"* / u(z) (3)

For other than hill-top locations (here z= 10 or 40 m)

6u(2) / Ouin(z) =(T)"? “

In a similar way one may get the following formula for the turbulent intensity (TI):

TI(z) / TLy(z) = (T)"* /S (5)

where subscript (in) refers to the undisturbed far-stream conditions. Note that TI;, (z) can be evaluated
from the single-hill tables I-6 and I-7 applying equation (3).

Some examples of application follow below.

Example 1. Evaluate the turbulent intensity at 40 m above the top of a single hill with h/L=0.4 and
z0=0.03m.

From tables I-6 and I-7 we focus on the {100 M} plots since 100 = 0.4 X L (250 m) and z0=0.03m (M
case). Then, at 40 meters a.g.l uv=1.1, u;,=0.75, k=0.012 and k;,=0.0095. Then, applying formula (3):
TI(40m) = k(40m) "* / u(40m) = (0.012)"* / (1.1)=10 %

Applying the formula for the “inflow” conditions (flat terrain equivalent)

TI(40m) ;,= (0.0095) "% / (0.75) = 13 %

In other words the turbulence intensity at the hill-top is decreased not because turbulence is less (k=0.012
in the first case while k=0.0095 in the second) but because of the speed-up effect. It is reminded that it is
O, (or k in this case) that drives the fatigue loading and not the turbulence intensity itself.

Example 2. Using the setting of the previous case evaluate the turbulence intensity at x = -100m (100 m
up-stream the hill-top).

From tables I-3 and I-5 (40 m a.g.l) we get for x=-100m the values: S = 1.35 and T = 1.2. Then, applying
formula (5):
TI(40m) =/ TI;, (40m) (T)"?/ S = (13%) (1.2) '* /(1.35) = 10.5 %.

Example 3. Consider two hills of equal height h=100m (and L=250m). Let z0=0.03m. Evaluate the
turbulent intensity at 40m above the two hill tops for Dht = 6L and 10L.
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From tables I-13 and I-14 and for the {6L h/L=0.4} case we get:

1** hill : u=1.06 , k= 0.012 and, from relation (3) TI=10 %

2"hill : u=1.04 , k= 0.016 and, from relation (3) TI=12 %

From the same tables and for the {10L h/L=0.4} case we get:

1** hill : u=1.08 , k=0.011 and, from relation (3) TI=10 %

2"hill : u=1.08 , k= 0.014 and, from relation (3) TI=11 %

Comparing with the equivalent single hill case of example 1 (TI=10%) it is seen that the TI at the first hill
top is rather unaltered while TI at the second hill top increases as the distance between the hills decreases.

4.3.4 Complex terrain and wind shear

From the examined cases it appears that the complex terrain vertical shear, at least at hill-top conditions,
acts favourable on machine loading compared to the flat terrain wind shear. In general, the velocity slopes
(positive or negative when h/L is large) are smaller in absolute values than the log-law equivalent slope
du/dz =ur/xz , Kk being the Von Karman constant and ur the friction velocity. In that respect, the use of the
log-law for all, flat and complex terrain, cases within the standards is a conservative approach for the latter
case.

If, however, a generalised wind shear law should be included in the standards, the analytical formulation
presented in Appendix B is a possible candidate. The velocity variation with height is expressed in terms
of the hill height h, its half-length L and the roughness length z0.

4.3.5 Complex terrain and turbulent structure

A theoretical investigation of the complex terrain turbulent structure, in terms of Reynolds stresses, is
attempted in Appendix C. For the considered 2-D and quasi-3D cases it has been shown that

(5%
+— £2 6)
GV GV

where the equality holds for all 2-D flows. Deviations from the equality denote three-dimensional effects.
In the accelerating part of a 2-D flow the kinetic energy of turbulence increases (see Appendix A), while
turbulent energy is transferred from the longitudinal u_ to the vertical w_ wind component. This implies
that the turbulence in that area becomes more isotropic. In general, in the accelerating part of any complex
terrain flow it is expected that 6, and G, take higher values than the “flat terrain” equivalent while no such
clear statement can be made for G,.

For the spectral properties of complex terrain turbulence (length scales, coherence) there is no concise
theory available, to the authors knowledge. By intuition it is expected that the terrain effect should lead to
some redistribution of the turbulent energy on the frequency domain, especially at its low frequency part.
For a given topography the power spectra of turbulence should enjoy some self-preserving form which
cannot be properly fitted either by the Kaimal or by the Von-Karman single-parametric representations. If
one of the two representations is used for length-scale evaluation, the result will be heavily dependent on
the selected area where the best-fit procedure applies. This is also true for the spatial coherence
description in terms of the decay factor.

4.4 Synthesis of the results

Referring to complex terrain sites we hereafter imply locations, within a greater area with intense surface
relief exhibiting a wind potential favourable for wind turbine installation e.g. to sites where the flow is
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locally over-speeding, like hill-tops. Unattractive sites (where separated flow occurs, for instance) are
excluded from this discussion.

Mean flow field properties

Low values of the Weibull shape factor are often met at complex terrain sites.

Mean wind field and turbulence structure are clearly affected by the upwind terrain features.

The wind profile is clearly affected by the upwind fetch inducing local speed-up regions which vary
with wind direction. Consequently, the logarithmic and power law are proved inadequate to describe
the vertical wind shear. In most of the cases complex terrain wind shear seems to be less intense than
its flat terrain equivalent.

Depending on the actual site topography the mean flow field may be significantly distorted in the
transversal direction, as well. The effect is stronger at the side-boarders (in respect to the wind
direction) of local hills. Vertical deviations of wind direction of as much as 20 degrees have been
recorded in some measurements.

The flow inclination follows the local terrain slope and acts on the machine as a systematic vertical
“yaw error”.

Turbulence structure

Theoretical analysis and measurements indicate that the turbulence kinetic energy levels are higher in
complex terrain and more importantly that the distribution mechanism of turbulent kinetic energy to its
components is different from this observed in flat terrain cases. Numerical experimentation shows that
the kinetic turbulence energy increase is more pronounced in the, so called, inner layer of the
atmospheric boundary layer which, in most of the cases, is confined within the 10 meters above ground
level. In the outer layer, where the large wind turbines operate, the turbulence increase is less
significant. On the other hand, turbulence intensity seems to take lower values at complex than in flat
terrain. This is due to the over-speeding of the mean wind vector.

Differences from flat to complex terrain are also depicted in the stochastic wind characteristics as
demonstrated by the values of the turbulence ratios G, /G, , Oy /Gy, 6./K, 6,/K and ¢,7/K and
Reynolds stresses ratios.

The non-zero values of the non-diagonal entries of the Reynolds stress (u’v’ and v’w’ correlation’s)
tensor found in a number of cases gives evidence of the 3D character of the wind flow in complex
terrain. Finally, a high correlation between the longitudinal and the vertical velocity component is
noticed at complex terrain.

The analysis of the data in the frequency domain revealed that in complex terrain a spectral gap is
observed in the lower frequency part of the spectrum which can not be adequately modelled by the
formulas existing in the literature. This is due to the fact that high frequencies corresponding to
wavelengths smaller than the fetch over the terrain changes respond rapidly to changes imposed on the
flow by streamline distortion and surface geometry whereas the low frequency of the spectra of the
horizontal components are affected by the upstream terrain characteristics. Thus, the high frequency
part is always in a state of quasi-equilibrium and the spectral shape conforms to this over uniform
terrain while low frequency longitudinal spectral densities are reduced introducing the so called
“spectral gap or lag” representing the different response times of inner and outer layer (small and large
scales respectively).

The significant scatter, associated with the uncertainty of the fitting process, observed in the length
scale values in all the investigated sites did not allow for a well established comparison of the length
scales between flat and complex terrain sites. Nevertheless, the results of this comparison indicate that
the length scales characterising the turbulence kinetic energy distribution in its frequencies, is smaller
in complex terrain (more energy in the high frequency part of the spectrum).
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e The measured coherence exhibits the typical exponential decay with increasing turbulence frequency.
The decay rates obtained through the application of the Davenport exponential decay model exhibit
significant scatter, increasing with increasing longitudinal wind speed.

e Some deviations are observed in the distribution of wind speed with respect to the Gaussian in complex
terrain sites. Noticeable is a trend for slightly negative values of skewness found in most of the
analysed ten minutes time series, indicating an asymmetry in distribution, namely a shift (tail) towards
the lower wind speeds. The minimum wind speed occurring in the time series is lower than the
expected value from a Gaussian distribution (U-36,). From the analysis performed at four complex
terrain sites it is difficult to conclude whether the “tail” in the wind speed distribution is connected to
the terrain, however this is the most probable assumption since this trend is observed in almost all the
measurements obtained at these sites.
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5. MACHINE LOADING IN COMPLEX TERRAIN

5.1 Approach followed

Fatigue loading of wind turbines is investigated through the analysis of existing “load” data bases and
calculations. In both cases the emphasis is put in identifying the wind structure parameters that mainly
affect fatigue loading and, then, in quantifying their influence by calculating the corresponding “partial
derivatives” of the fatigue equivalent loads. In this way, systematic deviations of the wind structure
parameters from one type of terrain to another can be directly translated to load deviations.

It must be emphasised that the approach followed is confined to the 10 minute time scale and does not
“integrate” the findings to conclude on “machine life times”. The reason is that the integration procedure
should rely on some mean-wind-speed probability distribution (of Weibull type, for instance) which, in
principle, is terrain-type independent. Nevertheless, one should keep in mind that complex terrain
measurements have shown that the shape factor of the Weibull distribution is taking significantly lower
values (more energy at high wind speeds) than in flat terrain.

5.2 Modified wind field and machine loading; a measurement-based

investigation
The procedure used in the measurement-based investigation comprises the following phases:

1 Identification of causative processes

The deterministic wind characteristics, wind turbulence characteristics as well as the wind speed
distribution characteristics are regarded as the main causative processes when wind turbine fatigue loads
are considered.

11. Determination of candidate independent variables for each process

Upon definition of the causative processes, a set of independent variables are selected in order to describe
each process. The term independent is used according to the regression analysis nomenclature and does
not imply that the predictive variables should be uncorrelated. The deterministic wind characteristics are
described by the mean wind speed and wind shear. The wind turbulence is described by the standard
deviation of the wind speed components and the turbulence length scale components. The wind speed
distribution is described by the higher order descriptive statistics, namely skewness and kurtosis. In cases,
where sonic measurements are available and the effect of the complex terrain characteristics is to be
captured, the ratios of the standard deviations of the lateral and the vertical wind components against the
longitudinal one are used. When cup and vane measurements are available the ratio of the standard
deviation of wind direction against the turbulence intensity may be used instead.

1II. Application of the full model
The regression analysis is performed for the selected full model.

1V. Iterative application of evaluation criteria and model reforming
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The evaluation criterion is based on the p-values of the t-ratios of each independent variable. Large values
for the p-value indicate that the rejection of the hypothesis "Hy: the regression coefficient g, 1 is zero" is
questionable, and consequently the parameter is rejected from the model and the regression analysis is
performed again. According to statistics literature and numerical experimentation the rejection threshold
values were set to be 5%.

V. Final selection and assessment

After the completion of the iterative process, the assessment of the regression findings is attained through
the selected magnitudes, i.e. regression coefficients, dependence coefficients or t-statistics.

The above procedure has been applied for three machines operating at complex terrain sites. The
theoretical background of the adopted methodology and the obtained results in tabulated form are
presented in Appendix D.

5.2.1 Machines and sites considered

The above procedure has been applied to the experimental “load” data bases of three machines operating
at complex terrain sites:

e The WXT110 (110 kW, three-bladed, stall ) operating at the CRES test station at Lavrio (GR)
e The V27 (225 kW, three-bladed, pitch) operating at Andros island (GR)
e The NTK500 (500 kW, three-bladed, stall ) operating at Toplou (GR)

5.2.2 Investigated parameters

The parameters considered for the fatigue analysis of the three machines are listed in the following table.
In each case the analysis is performed for three individual velocity bins, representing linear, stall and post-
stall operation. Mean values and standard deviations of the parameters at each velocity bin are, also,
provided. As main fatigue driving parameters, the Reynolds stresses (normalised where appropriate) and
the longitudinal length scale (Von Karman fit) have been selected. In one of the cases the wind shear
exponent O, is included in the parameters list. When cup-anemometer wind measurements are only
available, the normalised ratio of the wind direction standard deviation and the turbulence intensity
(0y/TI) is used instead of ©,/0, to account for the transversal variations of the wind vector. The influence
of higher order statistics of turbulence, measured by the skewness (Ugew) and the kurtosis (Uyur)
coefficients of the recorded 10 min time series, is also taken into account.
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Table 2.a Parameter set for WINCON W110XT data base

U=5-8m/s U=8-11m/s U=13-17m/s

mean sdv mean sdv mean sdv
U 7.2 0.63 9.4 0.84 14.8 1.15
Olyys 0.028 0.034 0.024 0.028 0.028 0.024
O, 0.98 0.29 1.36 0.33 2.14 0.45
G,/G, 0.94 0.20 0.87 0.16 0.81 0.13
Oy/Cy 0.77 0.15 0.72 0.12 0.67 0.09
Lu 67.0 29.4 85.5 34.7 106.1 394
Table 2.b Parameter set for VESTAS V27 data base

U=5-7Tm/s U=8-11m/s U=13-16m/s

mean sdv mean sdv mean sdv
U 6.52 0.33 9.7 0.83 14.1 0.76
Olys 0.088 0.044 0.091 0.046 0.082 0.034
Oy 0.60 0.18 0.95 0.18 1.35 0.27
o,/TI1 1.07 0.23 1.11 0.22 1.01 0.26
Lu 70,9 37,9 60.7 28,6 57.7 24.1
Uskew -0.017 0.36 -0.048 0.27 -0.126 0.29
Ut -0.16 0.71 -0.14 0.40 -0.20 0.37
Table 2.c Parameter set for NORDTANK NTK500/37 data base

U=5-8m/s U=8-11m/s U=13-16m/s

mean sdv mean sdv mean sdv
U 7.0 0.73 9.5 0.87 14.5 0.85
Olyys -0.48e-3 | 0.055 0.091 0.51 0.11 0.42
Oy 0.67 0.24 0.85 0.29 1.45 0.35
0,/ TI1 0.94 0.25 1.03 0.22 0.91 0.12
Lu 28.3 13.8 32.5 15.6 46.3 17.2
Uskew 0.133 0.35 -0.18 0.35 -0.29 0.30
Ukurt 0.617 1.73 0.14 0.72 -0.014 0.61

3.2.3 Results and conclusions

Results are presented for the three machines in tables (D 1 to 3) of Appendix D. The column (Leq), where
bold characters are used, provides the mean value of the corresponding equivalent load in kNm. The next
columns provide the estimated values of the partial derivatives dL; / dx; . A measure of the significance of
each parameter is the product of the corresponding partial derivative and the standard deviation of the
parameter itself. This product indicates the increase of the equivalent load when the considered parameter
increases one standard deviation with respect to its mean value. To demonstrate this, consider the
following example:

Compare the significance of 6, and Lu on the flap-wise bending load of a NTKS500 blade in
the wind-speed bin 8-11 m/s.
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From table 2 we get the values SDV_ 6, =0.29 m/s, SDV_ Lu=15.6 m. From table D.3 we get the
values dL / do, = 45.3 (kKNm/m/s), d L / d Lu = -0.1 (kNm/m). The mean value of L is 46.88 kNm.

For 1-sdv increase of 6, we get an increase in L

AL = (45.3) * (0.29) = 13.14 kNm, or (13.14)/(46.88)=28% increase of the load
while for 1-sdv increase of Lu we get

AL =(-0.1)*(15.6) =-1.56 kNm, or (1.56)/(46.88)=3.3% decrease of the load

In that respect Lu is almost 10 times less significant than G,,.

Estimate the effect of a combined increase of 6,/6, and o,/0, by 0.1 and 0.2 respectively on
the tower bottom fatigue load in the wind speed bin of 8-11m/s for the WINCON 110XT
turbine.

From table D.3 we get the values d L / d 6,/6, = 17,31 (KNm/m/s), d L / d 6,,/G, = 42,62 (KNm/m).
The mean value of L is 86,68 kNm.

For the selected parameter changes the resulting increase in L is:

AL =(17,31) * (0.1) + (42,62)*(0,2) = 10,26 kNm, or (10,26)/(86,68)=12% increase of the load

From the tables of Appendix D it is seen that the partial derivatives related to the Reynolds stresses are
always positive. When either 6, 6, 0y or 6y/TI increases the fatigue load is also increasing. The
longitudinal length scale has the opposite effect. The effect of G, is primary compared to the rest. The
effect of o, o, and 6y/TI becomes stronger at stalled operation. Skewness and kurtosis have also
secondary effects.

5.3 Modified wind field and machine loading; a modelling-based
investigation

In the framework of the MOUNTURB project, acroelastic modellers were called upon to investigate the
influence of some identified, terrain dependent, wind inflow parameters on the fatigue loading of the
machines involved (WXT110, V27, MADE 300, NTK500). To do that, a sequence of representative test
cases has been proposed, putting the emphasis on the wind inflow parameters that are hard to be
investigated through the experiment. The expected result is a ‘fatigue influence matrix’ which is
composed by the ‘partial derivatives’ of the fatigue loading in terms of the selected wind inflow
parameters. For each machine the ‘fatigue influence matrix’ is formed for three different operating points
(reference states) , which are distinguished in terms of the mean wind speed at hub height. These reference
states are selected in the linear, stall and post-stall zone, respectively. The input parameters which were
identified as critical are: the mean wind speed at hub height, the longitudinal turbulence intensity, the yaw
error, a wind shear parameter, the vertical mean wind component and the 3D turbulent characteristics of
the incoming flow. To limit the requested computational effort in reasonable bounds the turbulent
characteristics were grouped together to form three characteristic sets, one corresponding to flat terrain
operation and two to complex terrain operation. The flat terrain set was identical to that proposed in the
IEC International Standards draft report. The first complex terrain set relied on the mean values of
turbulence measured from the experimental campaign at Andros island. The second complex terrain
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turbulence set introduces some low probability ‘extremities’ on the length scales and coherence factor, in
order to investigate their effect on fatigue. Fatigue damage was evaluated in terms of Rainflow Count
(RFC) plots and 1 Hz equivalent loads of the blade root, tower bottom and low-speed shaft moments.
Within the present project the MOUNTURB data sets were applied to three additional (DANWIN 180,
NASSUDEN II and MAGLARP/WTS3) machines by T.G. Evidently, the MOUNTURB approach does
not provide detailed information on the fatigue influence of the individual parameters (Reynolds stress
tensor components, length scales, coherence decay factors) since all of them are blended within the three
turbulent data sets. For this reason we shall call the MOUNTURB approach Coarse Grain Parameter

Identification (PI).

A detailed investigation of the influence of the individual turbulence structure parameters on fatigue is
attempted within COMTERID project. Coupled-3D turbulence generators are used to investigate the

possible influence of the wind components cross-correlation’s (off-diagonal components of the Reynolds
stress tensor). Once again the analysis is performed for three wind speeds, representing linear, stall and
post stall operation. The COMTERID approach will be called Fine Grain PI. Fatigue influence matrices
are once again produced for selected machines following the MOUNTURB notation - guidelines.

5.3.1 Machines considered

The following machines have been modelled for the coarse grain PI analysis

e WXTI110

V27

MADE AE/30
NTK500

V39

DANWIN 180
NASUDDEN II

The rotational speed and their first characteristic modes / eigen-frequencies are shown in the following

table

Table 3 Rotational speed and first characteristic modes / eigen-frequencies

speed and yaw , 110 kW.

: Three bladed, rotor diameter D=20m, stall controlled, fixed (rotational)

: Three bladed, D=27m, pitch controlled, fixed speed and yaw, 225 kW.

: Three bladed, D=30m, stall controlled, fixed speed and yaw, 300 kW.

: Three bladed, D=30m, stall controlled, fixed speed and yaw, 500 kW.

: Three bladed, D=29m, pitch controlled, fixed speed and yaw, 500 kW.

: Three bladed, D=23m, stall controlled, fixed speed and yaw, 180 kW.

: Two bladed, D=80m, pitch controlled, fixed speed yaw and teeter, 3MW.
MAGLARP/WTS3 : Two bladed, downwind, D=84m, pitch,, teeter hinge, free yaw, 3SMW.

WXT100 V-27 Made AE/30 | NTK 500 V-39

Description of mode meas.(Hz) meas.(Hz) simu.(Hz) meas.(Hz) | meas.(Hz)

Rotational Speed 0.73 0.72 0.60 0.50 0.50

1* Tower bending 1.47 1.05 1.06 0.94 0.89

1 Shaft torsional 2.13 1.70 2.10 1.16 1.19

1* asym. Rotor / yaw 2.41 2.15 2.29 1.70 1.26

1* asym. Rotor / tilt 2.56 2.20 - 1.80 1.55

1* sym. Rotor / flap 2.94 2.60 2.40 2.08 1.78

1* asym. Rotor / edge 4.78 3.50 4.40 3.50 2.83
DAN/180 NAS/ 1T MAG/WTS3

Description of mode meas.(Hz) meas.(Hz) meas.(Hz)

Rotational Speed 0.71 0.35 0.42
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1* Tower bending 1.10 0.42 0.30
1* blade flap 2.40 1.66 1.00
1* blade edge 5.50 2.28 2.10

Presently, the fine grain PI has been only applied for the NTK500 and the V39 machines. Work is ongoing
in the framework of the COMTERID project.

5.3.2 Parametric set-up
Data sets for Coarse Grain PI

To suppress the numerical effort the investigation is done for three turbulence data-sets, only, one typical
for flat terrain and two for complex terrain operation. In all three cases the Von Karman non isotropic
turbulence model is used for generating the turbulent time series. A common value of the coherence
decay factor, called A, has been used for all three wind speed components in all rotor disk directions.

The FLAT terrain turbulence length scales have been derived from the Kaimal length scales suggested in
the IEC International Standards Draft document. The equivalent Von Karman length scales are obtained

from the Kaimal values after a suitable transformation which resulted in the following coefficients after a
best fit procedure:

(Lu )Kaimalz 2.3 (Lu )Von Karman » (Lv )Kaimal: 3.0 (Lv )Von Karman » (Lw)Kaimal: 3.0 (Lw)Von Karman

For complex terrain turbulence simulations two data sets are proposed, a ‘normal’ set called CLX1 and an
‘extreme’ one called CLX2.

Table 4 Data sets for complex terrain turbulence simulations

CASE 0,/04 | Ow/ 04 | Lu L, Ly A
FLAT | 0.8 0.5 71 18 4.5 8.8
CLX1 0.95 0.70 50 30 10 6
CLX2 0.95 0.70 20 15 8 10

All turbulence properties are considered to be uniformly distributed on the rotor disk.

In order to form the ‘fatigue influence matrix’ it is proposed to perform the following 39 runs for each
machine for the data sets presented below. To suppress the number of runs one, only, turbulent time series
realisation per run is suggested with a common random seed initialisation for all turbulence simulations.
Yaw effect is to be investigated for positive yaw error values, only, for the sake of economy. Since this
work looking for trends and not for ‘exact’ solutions the wind shear and the vertical wind component
effect, they are treated in an abstract way supposing linear shear for the longitudinal wind component,
only, and a uniform vertical velocity component along the rotor disk.

The proposed 39 runs are divided into three similar groups representing deviations around three ‘reference
states’ (rows in bold black). The reference states differ in terms of the hub wind velocity.

Table 5 Proposed runs for the formation of the ‘Fatigue influence matrix’

RUN No Ubw Gu /Uy | Yaw | Lsh W/Upu | Turb. CASE
(m/s) ©) (%)
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LI1F-L1C 10 0.08 0 0 0.0 FLAT+CLX1
L2F-L2C-L2C+ | >> 0.15 0 0 0.0 FLAT+CLX1+CLX2
L3F-L3C >> 0.15 30 0 0.0 FLAT+CLX1
LAF-LAC >> 0.15 0 15 0.0 FLAT+CLX1
L5F-L5C >> 0.15 0 0 0.1 FLAT+CLX1
L6F-L6C >> 0.25 0 0 0.0 FLAT+CLX1
S1F-S1C 14 0.08 0 0 0.0 FLAT+CLX1
S2F-S2C-S2C+ | >> 0.15 0 0 0.0 FLAT+CLX1+CLX2
S3F-S3C >> 0.15 30 0 0.0 FLAT+CLX1
S4F-S4C >> 0.15 0 15 0.0 FLAT+CLX1
SS5F-S5C >> 0.15 0 0 0.1 FLAT+CLX1
S6F-S6C >> 0.25 0 0 0.0 FLAT+CLX1
P1F-P1C 18 0.08 0 0 0.0 FLAT+CLX1
P2F-P2C-P2C+ | >> 0.15 0 0 0.0 FLAT+CLX1+CLX2
P3F-P3C >> 0.15 30 0 0.0 FLAT+CLX1
P4F-P4C >> 0.15 0 15 0.0 FLAT+CLX1
PSF-P5C >> 0.15 0 0 0.1 FLAT+CLX1
P6F-P6C >> 0.25 0 0 0.0 FLAT+CLX1

Data sets for Fine Grain PI

The following specifications have been set for the fine grain PI which is restricted to the effect of the
turbulence structure on fatigue loading:

. The influence of the mean wind field is skipped (examined in MOUNTURB).

. One, only, turbulent intensity value is considered T.I. (6,/U=15%).

. Three mean longitudinal wind speeds are considered ( U = 10, 14, 18 m/s). No wind shear is assumed.

. Emphasis is put on the 3-D turbulence structure. The “mean” values (reference state) and the 1 S.D.V.
“worse” values are selected from the Ag. Marina experimental data base.

5. The following 3 (wind speeds) X 6 (states) are considered per machine. All dimensional quantities are

given in S.I. units. Case No 1 is the reference state. The 6™ case considers the u-v-w components in a

de-coupled way (as done in MOUNTURB).

A W N —

Table 6 Specifications for fine grain Pl

No |(oJ/o, |owo, |Lu |Ly | Ly | Ad | A | Agw | WW’ cor. u’v’ cor.

1 0.85 0.66 60 |30 |15 5 5 5 active active

2 1.00 0.66 60 |30 |15 5 5 5 active active

3 0.85 0.76 60 |30 [15 |5 5 5 active active

4 0.85 0.66 30 |30 |15 5 5 5 active active

5 0.85 0.66 60 |30 |15 7 5 5 active active

6 0.85 0.66 60 |30 |15 5 5 5 non-active non-active

Analysing wind data from the CRES test-station at Ag. Marina it appeared that the correlation between the
v-w components is negligible compared to the u-w and u-v ones. In a first order approach one may also
neglect the imaginary part of the u-w correlation and the real part of the u-v one. The procedure will be
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therefore limited to the following (local) components of the spectral matrix: Suu, Svv, Sww, Re(Suw),
Im(Suv). To calculate the (complex) coherence between the components:

Re(Coh(uw))=Re(Suw)/sqrt(Suu.Sww)
Im(Coh(uv))=Im(Suv)/sqrt(Suu.Svv)

the following expressions are considered, f denoting the frequency:

Re(Coh(uw))=B, exp(-Ayw.f)
Im(Coh(uv))=B., exp(-Ay.f)

A data fitting process provided the following representative values for the A and B coefficients A,y =
11.85 and B, =-0.55, A,,= 16.6 and B,, =0.2. These values are used in the present context when the u-w
and u-v correlation’s are active.

Output formats

Cumulative Rainflow Counting tables with Equivalent loads m=4, 8, 12 are presented in all cases for the
following loads:

RFM : blade root flapping moment

REM : blade root edge moment

TBMx : tower bottom bending moment (normal to the mean flow)
TBMy : tower bottom bending moment (parallel to the mean flow)
TTM : tower torsion

DTM : drive train - low speed - torque

5.3.3 Results and conclusions

The full sets of obtained results are presented in table form in Appendix E. Dimensional moments (kNm)
are only presented for the corresponding reference case. These are clearly designated using bold
characters. All the other columns represent the ratio of the calculated moments versus the respective
reference value. Tables D.1 to D.7 summarise the coarse grain PI results. Tables D.8 to D.9 summarise the
fine grain PI ones.

To identify the influence of one single parameter (x;)on a specific equivalent load L; one has to calculate
the corresponding partial derivative (d L; / dx;). Taking the linear part, only, of the Taylor expansion:

JdL,
— J
L (X o 5 X e seees Xiyor T X 500) = LX) 05Xy o 5o s X pr see) +|: o Ax, or
ref

J

JIL;
L(x)=L,, + E (x;, —x,,,,) and (7)
ref

J

JIL, __ Ly Lj(xl.)_l
dx; o (X =X )| Ly
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To estimate the partial derivatives one has to calculate (x;-x;,.,) from table 5 or table 6, depending on the
sought parameter, and get the values L;,.,and L,(x;)/L; s from the corresponding table of Appendix E. To
demonstrate the procedure consider the following example:
Evaluate the partial derivative of the flap equivalent load (m=12) in respect to the
turbulence intensity for the NTK500 machine operating at flat terrain conditions at mean
wind speed 10 m/s.

From table 5 we consider the reference T.I. value (0.15 case 2F) and the deviate T.I. (0.08 case
1F). Note that one could equally well use as the deviate the 6F case with T.1.=0.25. Then,

(XX rep) = (0.08)-(0.15) =-0.07
From Table D.4, (NTK500), m=12, V=10 m/s we get the following values:

Lj,er =94.6 kNm (column F2)
Li(x)/L; rer =0.57 (column F1)

and the partial derivative is evaluated as:
(dL;/ dx;) = (94.6kNm)/(-0.07)*(0.57-1) = (581 kNm)

This means, for instance, that if T.I. is increased by 3% from 0.15 to 0.18 under the assumed
conditions, the equivalent load will increase

(581)*(0.18-0.15) kKNm = 17.43 kNm

corresponding to a 18% increase of the equivalent load

Once the values of the partial derivatives have been evaluated, the effect of any combination of parameters
deviation around the reference state can be estimated through a multi-variate Taylor expansion where the
linear terms are only retained.

It must be emphasised that the selected range of variation of each individual parameter within the PI
process represents some “realistic range of variation” (for instance T.I. from 0.08 to 0.25, L, from 30 to 60
m, etc) which covers a variety of flat and complex terrain conditions. In that respect, the load ratios
presented in Appendix E are also indicating the weight of each parameter on fatigue loading. Parameters
leading to higher equivalent load ratios are more significant than the others (this is not true for the partial
derivatives themselves).

Based on the last remark a review of the modelling PI results will be attempted herein.

Coarse Grain PI

Starting with the smaller machine, W110XT, it is seen from table D.1 that:

The main parameter influencing the equivalent loads is the turbulence intensity, or better, the standard
deviation of the longitudinal velocity component G,. It is important to note that the increment of the

equivalent loads with G, is of the same order of magnitude for all wind speeds and loads (with the
exception of the blade-edge moment).
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The second important parameter is the yaw misalignment, case 3 (30 degrees, a rather large value)
which mainly affects the blade root flapping moment (RFM) equivalent load. The effect is stronger at
higher wind speeds, most probably due to dynamic stall effects.

The third important parameter is related to the turbulence structure characteristics, cases 2C and 2C+.
Concerning the turbulence structure properties it is important to note that:

e Both 2C and 2C+ cases correspond to increased turbulence kinetic energy in the rotor compared to the
2F case, since both the 6, / 6, and 6,, / G, ratios are increased. It is expected that part of this energy
will be translated to fatigue load increase.

e The length scales of 2C are decreased compared to 2F but the coherence decay factor is also decreased
leading to a contradictory effect on fatigue which can not be isolated through those limited runs.

e C(Case 2C+ has decreased length scales and increased decay factor in respect to 2C. Since both settings
result in an increase of the equivalent loads it is expected that the 2C+ loads will be higher than those
corresponding to 2C. The obtained results confirm the statement.

e Most of the employed turbulent wind generation models omit the cross-diagonal terms of the Reynolds
stress tensor providing uncorrelated wind components. It was envisaged that the wind components
coupling would further increase the fatigue loads.

e The additive effect of the turbulence structure properties is obvious in all C-(complex terrain) cases
compared to the F-(flat terrain cases).

e For all investigated turbulence structure characteristics all load exhibit similar relative variations,
except the blade load driven equivalent edge moment, which is less sensitive.

The linear shear, case 4 (15% corresponding to 8.5 degrees offset from vertical) has a quite dominant
effect, especially on the blade-flap and the tower bending loads. The vertical wind component, case 5
(corresponding to 6 degrees slope) effect is not that pronounced. It is noted that the vertical wind
component combined with the machine tilt angle introduces an effect similar to that of the yaw
misalignment which sometimes is not included in the aecrodynamic models and, thus, the obtained results
for this case may be misleading.

The above stated general trends are confirmed for the MADE AE/30 and NTKS500 machines, as well.

Similar conclusions can be drawn for the V27 machine. Some differences however exist. First, the yaw
misalignment effect is milder, especially at the higher wind speeds, and this is probably due to the fact that
the rotor is always running in its linear regime on account of the pitch control strategy. The effect of the
turbulence structure properties (see cases 2C and, especially, 2C+) is extremely pronounced, at all wind
speeds (as much as 70% increase of certain loads for 2C+).

Fine Grain PI

Although two, only, machines with similar dimensions have been considered, some preliminary
conclusions can be drawn from tables D.8 and D.9.

e Surprisingly enough, it appears that a significant increase of the turbulent energy in the transversal
(case 2) or the vertical (case 3) direction does not increase the loads more than 5%, in the worst case.
The influence is negligible at low wind speeds.

e The only important effect is that of the longitudinal length scale (case 4). Tower loads seem to increase
20% and blade loads 10% when the length scale changes from 60 to 30 m.
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e The effect of the coherence decay factor (case 5) and the cross-correlations (case 6) seem to be
negligible.

In view of the above, it appears that the high loading encountered for the CLX1 and CLX2 turbulent sets
considered for the coarse grain PI analysis are mainly attributed to the length scale decrement. Evidently,
these conclusions may not be valid for machines of different size or control strategy.

5.4 Synthesis of the results

Both experimental and modelling-based parameter identification procedures have shown that the primary
fatigue loading parameter is the turbulent intensity, or better the standard deviation of the longitudinal
wind component. The analysis of the fatigue equivalent loads suggests that Leq is a quadratic function of
G,. Considering that at higher wind speeds a constant value of turbulent intensity can be assumed for a
given site, the above statement suggests that Leq is also a quadratic function of the mean wind speed. On
that basis, the influence of the site Weibull parameters on fatigue loading will be investigated.. Let

Leq=aU2+bU:b(eU2+U) ,e=alb ®)

where b is the linear part parameter and e stands for the quadratic parameter.

The damage caused by a load spectrum of n cycles with ranges Li or by its equivalent load Leq is given by
the formulae:

n 1 Neq
D = -m = —-m (9)

a 9(pL) ™ q(pleq)
where q is a component constant and p is a constant for a particular location and load. The magnitude that
decides the damage level is the m-moment of the equivalent load distribution over a large time period.

From the simplified expression for the short term equivalent load and after exponentiation we get:

m m . .
leqm:bmﬂﬂlﬂm+(1]ewﬁjm”+,ﬁ{,)é“%]”ﬂ+m+Um) (10)
1

Given the fact that in general the quadratic parameter has small values (e<<l1) the rejection of all terms
that contain greater than second order factors of ¢ is justified. Thus, the mean value of Leq ™, with the
variable U following a Weibull distribution, is given by the following formula, <.> denoting the expected
value operator:

(1) = 6"{U™) + meb™ (U (1

After introducing the analytic expressions for the higher moments for the U:

(U™ =c F(1+;)—<U> m

the mean value of Leq " is finally given by the formula:

(12)
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r(l + m)
, k

<eq >— {U) Wﬂ”e( >W

In order to assess the effect of the Weibull shape parameter (k), in conjunction with the effect of the
quadratic term, the equivalent load ratio defined below is introduced,

<Leq(k,e,m,<U>)m> !
EquivalentLoadRatio = -
(Leg(2.0.m.(U))")

indicating the load increase relative to a reference state corresponding to the Raleigh (k=2) shape factor
and linear fatigue response to G,. Figures 5.1 and 5.2 show the equivalent load ratios for representative
Weibull shape parameter values (k=1.4-2.2), quadratic term values (¢=0,0.01,0.02) and S-N curve slopes
(m=4,12). For all applications a mean wind speed of 7m/s was assumed.

(13)

(14)
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Figure 5.1 Equivalent load ratio vs k for m=4 Figure 5.2 Equivalent load ratio vs k for m=12

It is seen that for two sites with the same mean wind speed <U> and turbulence intensity, the dependence
of Leg on U suggests higher fatigue loading at the site with the smaller k. The effect is present for both m-
values considered and becomes stronger as the machine response deviates from linearity. Evidently, k is
not only important for extreme load considerations but also for fatigue loading. There is a strong evidence
that complex terrain k values can be quite small.

A second important finding is that the increment of the equivalent loads with o, is of the same order of
magnitude for all the wind speeds and loads (with the exception of the blade-edge moment)._This implies
that complex terrain standardisation could follow the current IEC approach if an “equivalent” -increased
value- of turbulence intensity is used to account for the extra terrain-induced loading.

Yaw error was found to be the second parameter of significance. There is no reason to distinguish between
flat and complex terrain operation regarding the yaw error (mostly depending on the control system of the
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machine). Nevertheless flow inclination associated with complex terrain acts on the machine as a
systematic “vertical yaw misalignment” which should be taken into account in fatigue analysis.

Wind shear has positive impact on fatigue loading, especially for two bladed teetered rotors. Complex
terrain wind shear is, in general, milder that the flat terrain equivalent expressed through the log-law.

Both theoretical and experimental investigations have shown that the reinforcement of the turbulent
kinetic energy in the lateral and vertical wind directions, due to the terrain, have a secondary effect (less
than 5% increase) on fatigue loading. The effect is negligible at low wind speeds and related to the non-
linear machine operation at post-stall conditions.

Low turbulence length scale values, often met at complex terrain, have a positive impact on fatigue. This
is seen from both experimental and modelling PI’s. The aeroelastic calculations overestimate this effect,
showing that a longitudinal length scale drop from 60 to 30 meters would increase fatigue loading up to
20%. On the contrary the experimental investigation provides a 5% equivalent. This is rather due to the
length scale estimation in-ambiguities discussed above. Similar conclusions can be drawn regarding
coherence decay.

It is not so clear that complex terrain is responsible for non-Gaussian turbulence behaviour. Experimental
investigations, at least for the data bases analysed, have not identified some strong effect on fatigue
loading.
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6. RECOMMENDATIONS

First, the Rayleigh distribution, wherever used within the present IEC standard should be replaced by the
Weibull distribution with a k value less or equal than 1.8 when addressing at complex terrain sites. This is
important for both the extreme and fatigue loading of a machine. When a machine is intended to operate at
a site with k significantly lower than 1.8, it should be S(pecial) class certified.

It is felt that the 16% up to 18% turbulent intensity values used in the standards can cover complex terrain
operation with TI’s 13% up to 15% respectively, without additional care. It was estimated that this 3%
extra TI value can afford a 20 % increase in fatigue loading due to overall complex terrain effects. When a
machine is intended to operate at a complex terrain site with TI more than 15%, it should be S(pecial)
class certified.

The wind shear law used in the standards can be maintained, having in mind that a conservative estimation
of complex terrain loading is thus achieved.

Sites with wind inclination more than 20 degrees should be considered within the (S)pecial class context.
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Appendix A Speed-up and Turbulence Kinetic Energy
computations for single and tandem hills

Results of two-dimensional single and tandem Gaussian hill computations are presented in this Appendix.
The flow model used is relying on the incompressible Reynolds averaged Navier-Stokes equations with k-
omega turbulence closure. The constants of the model have been suitably calibrated for atmospheric flows.
The work is fully reported in reference [Al].

A.1 Nomenclature

X : axial distance

z : height above ground level (a.g.1.)

z0 : roughness length

h - hill(s) height

L : hill half-length ; for the Gaussian hills considered here L is defined as the axial distance

from the hill-top where z = h/2
Dht  : distance among hill-tops

U : longitudinal wind component

u : normalised longitudinal wind component : u(z) = U(z)/U..¢

K : kinetic energy of turbulence

k : normalised kinetic energy of turbulence k(z) = K(z)/ Uyes”

ref : subscript denoting far-field conditions (at the edge of the atmospheric boundary layer)
in : subscript denoting properties at the inlet plane (resembling those of the flat-terrain)
Speed Up (S) :u(z)/un (2)=U(2)/ Uy (2)

Turbulence increase factor (T) 1k (2) / kin (2) =K (2) / Kin (2)

Anemometer height :10ma.g.l

Hub height :40ma.g.l

A.2 References

[Al] J. Cardells, “Numerical Modelling of Wind Shear in Complex Terrain”, CRES report, Sept. 1997.

A.3 Results of flow calculations

The results of the flow calculations are given as graphs, but denoted as table I-1 through I-21.
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Table I-1: Hill geometry
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Table 1-2: Speed up at anemometer height
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Table I-3: Speed up at hub height
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Table I-4: Turbulence increase at anemometer height
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Table I-5: Turbulence increase at hub height
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Table 1-6: Wind shear profiles
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Table 1-7: Turbulence energy profiles
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Table I-8: Hill geometry
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Table I-13: Single Hill - Double Hill Wind Shear Profiles Comparison
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Table I-14: Turbulence erergy profiles
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Table I-21: Turbulence profiles
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Appendix B A simplified wind shear law for hill-tops

A semi-empirical wind shear law for hill-tops is presented here. The proposed formulas have been
obtained by analysing parametric results obtained for Gaussian hills using the viscous-inviscid interaction
method developed at CRES for mean wind field simulations in complex terrain. Further details on the
method can be found in references [B1] and [B2].

B.1 Nomenclature

z : height above ground level
Z, : roughness length
H - hill height
: H
L : hill length at 5 height
u : normalised longitudinal wind component
u, ;  :normalised “flat terrain equivalent” friction velocity (a function of the roughness length and

the atmospheric boundary layer thickness)
k : Von Karman Constant = 0.41

B.2 Single hill-top profile law

The resulted wind-shear law is the following
z

W(H,L,zy,2) =1+ f,(H,L,z)+(1+ f,(H, L,z )1+ £,(H, L, z,)) + %(1 + fz(H,L,zo))an—
0
where f] represents the potential flow part

H 1

At L) =a( )

z

1+—
[+2)

and the functions f;, f3, corresponding to the viscous part, read

z z H z z HY
stoez) (b o)) ) (o) () )

z z H

f3<H, L,zo) = _(01 +c, ln(fo) +c, lnz(fo))(f)

The best-fitted values of the model constants are:

a,=105 b =049  b,=0167 b, =00066 b, =0105
b, =004 b,=00014 ¢, =0165 ¢,=0018 c,=0.00065
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B.3 Example

The application of the above formulas for a Greek complex terrain site (Andros Island) with H/L = 0.1 and
zo=0.15 m is presented in figure B.1. Calculations (continuous curves) are compared against experimental
data obtained at two neighbour masts, called M1 and M2. The dashed lines represent the corresponding
estimation of the single-slope (flat terrain) log-law.
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Figure B.1 Application of the Hill Top velocity profile model at Andros

B.4 References

[B1] D.I. Douvikas, “3D Flow Computations over Complex Terrain - An Integral based Formulation”,
CRES report, Oct. 1997.

[B2] D.I Douvikas and P.K. Chaviaropoulos, “3D Viscous Computations over Complex Terrain using
Integral Boundary Layer Method”, Proc. EWEC 97, Oct. 1997, Dublin, U K.
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Appendix B Theoretical investigation of the Reynolds Stress
Tensor in complex terrain [C1]

The terrain influence on turbulence structure is investigated in this Appendix. The presented theoretical
approach is based on the non-isotropic Reynolds-Stress-Model proposed by Saffman [C2]. The
investigation is limited to 2-D and quasi-3D flows. The emphasis is put on establishing the interrelation
between the standard deviation ratios of the wind components with the mean flow gradients.

C.1 Definitions

(x;;1=123) = (x,y,2) Cartesian coordinates
U;i=123) = (U,V,W) Mean flow velocity components
(u,;i=123) = (u,v,w) Velocity fluctuation components
R:R;= “1“, ;L j=123 Correlation tensor
55, =i @, 2 Mean strain rat
§:8;=7 o, ox, ean strain rate
1 oU, dU,
Q Q= 5 &x_ 6’x1 Rotation
= E(R“ +R,, +R;;) Kinetic energy of turbulence
w=¢/k Specific dissipation rate

C.2 A Second order expression for Reynolds Stresses

Following ref. [C2], the following non-isotropic turbulence model is introduced.

1 2 2
;£:§£—5§+D—[SQ QS] ; Disaconstant to be defined

C.3 Application in 2-D flows

The following assumptions / definitions are introducegl\{]or 2-D flows
_Ojﬁyoséz’aU/’“aU/
Vo M

Then, it can be shown that the only non-zero correlation tensor components are:
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) D(s)

Lo =2 A== a-u?
k- k3 () 2(0))( )
ol v _2

kK k 3

o F 2 S D(sY
=yl A+ == a-u?
k k3 (a)) Z(a))( )
—(t/p) _uw

——=—= (i)l+ +D(i)2/11
P —k——w(u) P (I-p)

Consequently, in all 2-D cases, flat or complex

2 2
o o
ol+0.=20] or (—“) +(—W) =2
GV O-V

Deviations from the above 2-D SDV’s formula indicate 3-dimensionality effects

Application in 2-D Flat Terrain. Estimating the D constant

For 2-D flat terrain it can be assumed that
0, 0,0, =1:08:0.5

and, in addition,

Au=0

U, z u, .
U=—In|—| = s=—inthe log - layer
K \z, Kz

u2 u
k=-L  g=—2I :(%J=A=const.zo.183

where u; is the friction velocity. Then, the non-zero components of the correlation tensor yield
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Applying the 1 : 0.8 : 0.5 rule to the above expression D is estimated to be -23.4.

Application in 2-D Complex Terrain

Assuming that the ratio (s/m) is constant and retains its flat terrain value A, the non-zero entries of the
Reynolds stress tensor yield:

2
u

k

2
v

Q

Q

k
o

k
o

k

2

= Gu
Complex k Flat
2
— v
Complex k Flat
_[ox
Complex k Flat
Complex k Flat

1
—24 /1+§DA2 1>

+24 l—%DAZ u’

— Au+DA*A(1-p)

Following Wilcox [C3] it can be shown that for high Reynolds numbers (s/o®)*=const.*P, where P
represents the net production per unit dissipation of the turbulent kinetic energy.

Considering a 2-D hill case and the accelerating part of the flow (upwind from the hill-top) the turbulence
kinetic energy is expected to be increased compared to its free-stream (flat terrain) value, while A takes
positive values. As a consequence (and since D is negative), the normalized (by k) u-component variance
is decreased in respect to its free-stream value, the w-component normalized variance is accordingly
increased while the v-component variance retains its free-stream value. This means that turbulent energy
is transferred from the u- to the w- component. In absolute terms both variances of the v- and w-

components are increased because of k while no direct conclusion may be stated for the u-component

(since £ is increased but the normalized variance is decreased).
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C.4 Application in 3-D flows

The treatment of the fully 3-D case is beyond the scope of the present work. A simplified 3-D case will be
considered instead, which is based on the assumption that all the mean flow partial derivatives in respect
to one of the Cartesian directions are negligible. This can simulate the case of a 2-D infinite hill which
faces an oblique flow in respect to its axis of symmetry, for instance. In this case one may model the
transversal wind component in respect to the longitudinal one using, for example, the Johnston’s
triangular profile which is applied below. Under these assumptions:
&EO ;o Vi=123 and V=alU,-U)

oy
where the subscript e denotes the external (inviscid part) flow and o is the transversal profile parameter
which measures the local three-dimensionality of the flow field. Under the above assumptions the non-
zero entries of the normalized Reynolds stress tensor yield:

2 2 2
o o) 1 (o]
= =| +=DA* a1 < |-
k k 2
3D—Complex 2D—-Complex 2 D—-Complex
2 2 2
o (o] 1 o
== =| = ~=DA (X +1) > [ ]
k 3D—Complex k 2D—Complex 2 k 2D—Complex
G\i 0-112/ 1 2 2 O-\f
—v = +—DA> a < |=x
k 3D—-Complex k 2 D—Complex 2 k 2D—-Complex
uv 1
— =adA+—DA’a(1+ %)
k 2
3D—Complex
uw 1
%) =~ A+ )+ DAPA(1 -+ a”)
3D—-Complex

implying that the uv correlation does not vanish any more. It is also seen that the diagonal terms satisfy the
following non-equality:

2 2 2
o (o] (o 3
s +| == -2l = ==—DA*a’(1+X) < 0 or
k k k 2
3D—Complex 3D—-Complex 3D—-Complex

2 2
2 2
O-" 3D—Complex O-V 3D—-Complex

C.5 Conclusions

For the considered cases it has been shown that
2 2
o O,
= +|—| <2
o, o,
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where the equality holds for all 2-D flows. In the accelerating part of a 2-D flow the kinetic energy of
turbulence increases, while turbulent energy is transferred from the longitudinal u_ to the vertical w_ wind
component. This implies that the turbulence in that area becomes more isotropic. This result is in
agreement with the available complex terrain experimental data.

C.6 References

[C1] P.K. Chaviaropoulos, Unpublished work at CRES.

[C2] P.G. Saffman, “Development of a Complete Model for the Calculation of Turbulent Shear Flows”
April 1976 Symposium on Turbulence and Dynamic Systems, Duke Univ., Durham, NC.

[C3] D.C. Wilcox, Turbulence Modelling for CFD, @ 1993 by DCW Industries Inc., IBSN 0-9636051-
0-0
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Appendix C Tables from measurement-based PI

The application of the multivariate regression analysis to the experimental load data bases of three
machines (WXT110, V27 and NTK500) erected at complex terrain sites is presented in this appendix. The
theoretical background of the approach is briefly discussed first.

D.1 Theoretical background

To establish the relative importance of the inflow parameters to the equivalent load range, the multiple
regression analysis is adopted. The topics that are discussed herein are related to the regression analysis
application and assessment [D1] as well as to the parameter identification procedure ([D2] and [D3]).

The multivariate regression analysis is based on least square fitting process as a way to identify the
maximum likelihood estimator of the fitted parameters. It is assumed that the measurement errors are
independent and normally distributed with constant standard deviation. The scope of the regression is the
estimation of the coefficients oy, k=1,...,M2, for the expression of the dependent variable y3 as follows:

M
y(xi) = Zaka(xi) + E(x;), i=1,..,N
k=1

where X(x;) 5is the value of the k™ independent variable at point x; 6and E(x;) 7is the associated error at
the same point.

Chi-square fitting is applied as the weighted least square fitting process, in which the magnitude %8
defined as:

N o) M
x= ( Y le LY = kz]aka(xi)

i=1 (o}
is minimised. The magnitude G;9 presents the measurement standard error at point (y(x;),x;)10. If the

measurement errors are not known (as in the present practice) they are all set equal to unity. The number
v=N-M l1represents the fitting degrees of freedom.

The minimum of ¢*12 occurs where its derivatives with respect to parameters oy,k=1,...,M 13vanish. The
resulting linear equations are solved by the Gauss-Jordan elimination technique, yielding the coefficients
(Xj,jzl,...,M14§

-1

a; = /; Cr |:Z %kg(xl)] , Cyp = |:Z Xj(xj)Xk(xj)] ,j=1L..M

2
i=1 i i=1 (oF P

where the standard deviation related to the estimate of a; is given by the equation:

N 2 aaj2 =
O'(aj) = ZO'I‘ E - Cj

i=1 i

D.2 Assessment of the accuracy of the multivariate regression

For the assessment of the accuracy of the regression analysis, the following magnitudes were considered:
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a) The total sum of squares (SSY), sum of squares due to error (SSE), sample squared correlation
coefficient (R?) and finally the fitting standard deviation 0; dl6efined as:

= N . SSY - SSE [ SSE
SSY:Z(yi_ymean)ZaSSE:Z(yi'yi)zaRz = T,Gy = m

i=1 i=1
b) F-test statistic, testing the hypothesis, HO : there is no significant overall regression using the M
independent variables, is defined as follows:
SSY - SSE (N-M)
SSE M-1
Consequently the p-value for the above defined F-test is calculated from Fisher's F sampling distribution
with M-1 and N-M degrees of freedom (P 3,5 x4 17)-

F:

c) For the quantitative assessment of the relation of the dependent variable on each of the independent
parameters Xy, various magnitudes were considered, namely the regression coefficients oy themselves, the
relative per sigma dependence coefficient Sy or the t-test statistic for each parameter. The relative per
sigma dependence coefficient Sy, is defined as:

N —\2
o Z (Xk(xi)'Xk)

— Xk — i=1

Sk ak y s Oy, N-7
The magnitude Sy represents the relative change of the dependent variable induced by the increase of the
value of parameter Xy by its standard deviation Gy, within the regression domain20. Assuming that the
probability of that change is expected to be comparable for all independent variables, the relative
assessment of the effect of each variable Xy on y can be attained. Although the above assumption is not
valid in cases where the distribution of Xy, within the regression domain, differs significantly from
normal, still the magnitude Sy offers a valuable means for weighting the dependence of each Xy on the
dependent magnitude.
d) The t-test statistic, testing the hypothesis, Hy : the regression coefficient g, 21 is zero, is defined as
follows:

Ak

o(ax)

Consequently the p-value for the above defined t-test is calculated from Student's t sampling distribution
with N-M degrees of freedom ( p, |, 22).
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D.4 Tables

Table D.1 Sensitivity parameter table for WINCON W110XT operating at CRES test station

Sensitivity parameter (dLeq/dx;)

Fatigue load (1Hz equiv.) | U Leq U Olyys Gy G,/Cy G,/0y
Flapwise b.m. (m=12) 5-8m/s 13,51 0,99 8,31 541 | 1,65 3,41
8-11m/s 16,44 0,26 12,30 6,67 2,85 4,84

13-17m/s | 27,36 1,60 S.1. 8,77 4,90 14,82
Edgewise b.m. (m=12) 5-8m/s 31,6 0,30 1,40 1,31 0,32 1.13
8-11m/s | 32,96 | 0,45 2,83 1,90 | 0,79 1,81
13-17m/s | 39,81 1,30 s.i. 3,12 4,17 3,31
Shaft yaw (m=8) 5-8m/s 12,25 0,67 10,31 6,40 2,46 2,85
8-11m/s 15,47 0,64 15,09 6,05 3,33 4,84

13-17m/s | 26,35 1,37 16,78 797 | 6,45 13,71
Shaft tilt (m=8) 5-8m/s 16,86 0,77 8,93 8,33 2,61 4,51
8-11m/s 21,01 0,69 15,56 8,05 4,23 7,38

13-17m/s | 32,88 1,45 11,72 9,29 4,42 18,24
Tower torsion (m=4) 5-8m/s 12,72 0,76 6,52 4,74 1,89 3,75
8-11m/s 15,91 0,76 18,65 5,56 1,91 6,77

13-17m/s | 29,31 2,03 21,20 8,53 7,63 13,93

Tower bottom (m=4) 5-8m/s 60,41 5,98 S.1. 35,82 | 9,54 21,24

8-11m/s | 86,68 | 6,54 66,36 41,56 | 17,31 | 42,62

13-17m/s | 163,0 8,98 113,3 36,38 | 29,27 50,62

s.i. indicates that the specific parameter was rejected by the backward elimination process
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Table D.2 Sensitivity parameter table for VESTAS V27 operating at Andros site

Sensitivity parameter (dLeq/0x;)
Fatigue load (IHz equiv.) | U Leq U Olyys Gy 6,/TI1 Lu Uskew
Flapwise b.m. (m=12) 5-Tm/s 16,17 1,32 | s.i. 22,0 4,71 -0,0170 0,315
8-11m/s 25,34 S.1. S.1. 16,61 8,32 -0,0183 1,53
13-16m/s | 37,21 2,78 | -22,9 22,41 11,36 -0,058 S.1.
Edgewise b.m. (m=12) 5-7Tm/s 51,71 0,25 | s.i. 3,06 0,80 -0,004 -0,116
8-11m/s 54,82 1,03 | s.i 3,08 2,00 -0,0056 0,836
13-16m/s | 64,83 2,40 | 18,96 2,49 S.1. -0,014 2,25
Shaft parallel b.m. (m=8) 5-7Tm/s 31,74 S.1. -30,2 17,08 4,37 -0,021 S.1.
8-11m/s 39,45 0,42 | -29,7 15,0 8,56 -0,0277 2,12
13-16m/s | 46,42 s.i. -25,1 11,40 12.64 -0,0247 2,27
Shaft yaw (m=8) 5-7m/s 19,94 1,09 | 592 15,47 4,99 -0,018 S.1.
8-11m/s 27,83 0,42 | 4,10 13,23 7,54 -0,0253 1,31
13-16m/s | 35,62 1,50 | s.i. 15,56 12,89 -0,0165 1,28
Shatft tilt (m=8) 5-7Tm/s 19,92 0,90 | s.i. 15,35 6,93 -0,0128 -0,342
8-11m/s 29,21 S.1. S.1. 15,60 8,21 -0,0275 1,31
13-16m/s | 37,99 2,18 | -9,67 16,62 12,54 -0,039 4,038
Tower top (m=4) 5-Tm/s 16,15 S.1. 12,21 4,62 3,99 S.1. 0,939
8-11m/s 25,81 0,68 | 12,02 11,73 6,46 -0,0165 1,29
13-16m/s | 32,98 1,33 | s.i 14,67 10,86 -0,0288 2,18
Tower bottom (m=4) 5-7Tm/s 61,28 2,55 | s.i. 55,92 17,05 S.1. 1,47
8-11m/s 99,75 4,14 | 16,08 67,69 32,44 -0,101 3,01
13-16m/s | 180,5 21,0 | s.i. 83,72 61,99 -0,254 33,05
4

s.i. indicates that the specific parameter was rejected by the backward elimination process
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Table D.3 Sensitivity parameter table for NORDTANK NTK500/37 operating at Toplou site

Sensitivity parameter (dLeq/dx;)
Fatigue load (1Hz U Leq U Olyys Oy 0,/ Tl Lu Ugkew Ut
equiv.)
Flapwise b.m. (m=12) 5-7m/s 45,61 -1,29 S.1. 47,99 8,09 -0,13 S.1. S.1.
8-11m/s 46,88 -2,26 s.1. 45,3 13,3 -0,10 -2.62 s.d.
13-16m/s 68,56 4,07 S.1. 28,72 27,43 | -0,069 3,49 8.1
Edgewise b.m. (m=12) 5-Tm/s 151,9 S.1. -7,46 7,83 -1,25 -0,058 S.1 S.1.
8-11m/s 157,8 4.25 0,63 9,16 2,8 -2,20 s.1. s.d.
13-16m/s 190,3 4,83 2,24 7,51 s.1. -0,074 S.i. 0,42
Shaft normal b.m. (m=8) 5-Tm/s 85,49 2,03 | -39,0 30,54 25,25 S.1. -1,50 | 0,33
8-11m/s 98,79 2,51 | -1,17 35,44 28,08 -0,14 -5,23 8.1
13-16m/s 141,0 7,07 s.d. 37,9 36,9 -0,13 1,49 s.d.
Shaft yaw (m=8) 5-7Tm/s 44,20 1,43 s.1. 34,47 7,53 -0,10 -1,87 s.d.
8-11m/s 52,66 0,73 S.1. 32,43 11,87 | -0,076 | -1,91 1,16
13-16m/s 77,09 4,65 1,23 24,55 26,0 | -0,036 | 4,58 1,67
Shaft tilt (m=8) 5-7m/s 51,74 1,47 S.i. 35,27 14,48 | -0,083 | -1,24 s.d.
8-11m/s 61,65 1,21 | -0,71 37,9 18,56 -0,11 -2,83 | 0,10
13-16m/s 95,28 5,46 1,07 32,12 32,51 -0,69 1,37 S.1.
Tower torsion (m=4) 5-Tm/s 39,62 S.1. S.1. 24,84 4,84 -0,060 -1,21 0,55
8-11m/s 46,9 2,08 s.d. 22,62 6,51 -0,048 -1,0 0,71
13-16m/s 74,3 5,46 1,57 19,66 15,13 | -0,036 | 4,69 1,87
Tower top (m=4) 5-7m/s 56,95 7,59 S.1. 51,78 10,53 -0,16 -1,15 0,36
8-11m/s 78,62 523 | -1,73 61,17 22,18 -0,20 -1,64 1,21
13-16m/s 164,0 18,32 s.d. 77,72 57,01 -0,17 9,75 2,91
Tower bottom (m=4) 5-7m/s 203,3 14,97 s.1. 246,8 55,64 -0,73 -13,1 2,67
8-11m/s 274,0 17,05 | -8,37 267,7 101,8 -0,81 -10,2 [ 6,01
13-16m/s 594,3 | 60,15 | 5,48 277,6 235,8 -0,50 35,83 | 13,26
s.i. indicates that the specific parameter was rejected by the backward el