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MICROSCALE WIND CHARACTERISTICS

~

J. R. Connell

How microscale wind characteristics fit, topically and historically,
into R&D and implementation of wind turbines.

Direct and indirect evidence of fluctuating response of wind turbines to
wind: spectra, cross spectra, response or transfer functions, probability
and conditional probability densities.

2.1. Stresses and strains

2.2. Power output

2.3, Observed wind velocity of the rotating rotor coordinate system

2.4, Aerodynamic forces

Current descriptions of rotationally sampled wind velocity. Measures of
accuracy and improvement of the models over a reference model of
disc—-average Eulerian wind velocity fluctuations plus mean wind shear.
HAWT and VAWT rotor cases.

3.1. Measured, rotationally sampled wind velocity

. methods of measurement

3.1.1
3.1.2. methods of analysis and synthesis
3.1.3. quantitative, discriminating results (spectra, etc.)

3.2. Theoretical wind velocity in the rotational coordinate systems.

2.1. methods, principle
.2.2. quantitative results

3'
3

3.3. Stochastic simulations involving generation of random time series.
Modification of the time series to have some statistical properties
of real rotationally sampled wind velocities.



3.4. Other considerations relating to rotationally sampled wind for wind
turbine rotors, benefits and limitatioms.

3.4.1. Eulerian—-to-rotational frame of reference transfer functioms
3.4.2. different mean and turbulence wind conditions.
3.4.2.1. static stability variation
3.4.2.2., complex terrain effects
3.4.2.3. other turbines and structures
3.4.3. modification of free stream turbulent wind characteristics
3.4.3.1. induction effects of rotor blades
3.4.3.2. wake effects of tower and nacelle
3.4.3.3. upwind-blade flow effects on downwind blades: same

rotor (VAWT), other rotors (HAWT and VAWT)

Current research for improving descriptions of rotationally sampled wind
velocity.

4,1, Specific objectives of improvements

4,1.1. £luid flow physics
4,1.2. methods of use or application

4.2. Methods of research and development of models
4.3. Approximate realistic schedules of contributors.

Summary and overview of current and projected research, development and
application of wind models.

5.1. Current models
5.2. Active organizations and people
5.3. Specific improvements needed in wind models

5.4. Probable achievements in research and time tables of contributors



Modelling of Atmospheric Turbulence
for Use in WECS Rotor Loading Calculations.

B. Maribo Pedersen

Over the last decade the development of the calculational tools
for prediction of the response of a WECS structure to a fluc-
tuating wind field has progressed rapidly. Hence the need of
having the correct input for these calculations has become
increasingly important.

Statistical models. of atmospheric turbulence have existed for
a number of years based on measurements, the bulk of the data
coming from anemometer measurements on meteorological towers.

Not many measurements have been made however, where the complete
spatial and temporal structure of the wind field has been deter-
mined over an area of the order of the swept area of a large
wind turbine, and with a sufficiently high resolution.

Rotationally sampled wind velocity measurements have been per-
formed in a few places. The results have been extremely valuable,
particularly when wind turbine rotor calculations are performed
in a rotor-fixed frame of reference.

Models of the turbulent field in the time domain have been
attempted. These discrete gust models however are rather crude,
but may be adequate for extreme events.

Deﬁelopment of more refined time domain models is going on in
several places, and the state of the art in this particular
field should be an important part of the discussions at this
meeting.



Finally it must be taken into account, that the degree of
sophistication in the input model for the calculation of the
response of the wind turbine structure must be compatible with

the accuracy by which the remainder of the calculations can be
performed.

As the final calculation normally is a calculation of the

fatigue life of the structure, and as the fatigue properties of

materials and structural elements are intrinsically rather

inaccurate, the demands on a turbulence model may not be too
stringent.

Some suggestions of questions or topics for discussion are

listed below. Other suggestions are being put forward in the
accompanying notes prepared by J.R. Connell and R.J. Templin.

L]

What are the most urgent needs for measurements to £ill
the gaps in the existing data bases.

Which countries have measurement programmes going on.

Do there exist simultaneous measurements of the turbulent
flow field and the structural response of a wind turbine.

What is the state of the art with respect to turbulence
models in the frequency domain.

What is the state of the art for models in the time domain.

Is the modelling of all three components of the turbulent
velocity equally important.

What kind of turbulence model is currently used by designers
of wind turbines.

Would there be any difference in the type of model one
would use in calculations for a horizontal axis machine
and a vertical axis machine.

Is there a need for closer international collaboration in
this field.



Modelling of Atmospheric Turbulence

for Use in WECS Rotor Loading Calculations

R.C. Templin

How many individuals or groups are now developing computer
models of atmospheric turbulence suitable for loading cal-

culations of large-scale WECS?

How much is known about the importance of atmospheric tur-
bulence on the loading and fatigue life of large or small
WECS, relative to the cyclic loads arising from wind shear,

yvyaw, etc?

Blade cyclic loads are probably higher on VAWT's than on
HAWT's. Does this mean that the effects of atmospheric tur-

bulence are less important on VAWT's?

What methods are available for computing unsteady rotor
loads (and stresses) in response to atmospheric turbulence?
If such methods exist, are they affordable to typical WECS

designers?

Statistical/probabiliétic-models'of atmospheric furbulence
have existed for many years and have been Uused for estima-
tion of the spectra of loads, stresses and deflections of
aircraft and large-scale civil engineering structures such
as tall towers and long-span bridges. Has the wind energy
community been able to adapt any of these earlier techniques

to the problems of WECS design?



Evaluation of Loads Measured at the Ndsudden Turbine.

Hans Ganander

Introduction.

An essential part of the evaluation of the two horisontal axis
wind turbines Maglarp (3 MW) and N&sudden (2 MW) in Sweden is
the analysis of loads and dynamics. The -main purpose is to map
loads at different wind conditions and modes of operation in
order to :

- improve knowledge and the understanding of how the turbines
work during different conditions

- verify the computational tools
- update specifications for future turbines
- carry out fatigue calculations

The presentation here is concentrated on the interaction bet-
ween the variation in windspeed called turbulance and corres-
ponding loads and their variations. From the designers point
of view load variations consists of periodic as well as sto-
castic variations. The periodic part is due to gravity, tower
influence and wind shear, while turbulence is the main factor
causing the stocastic part of the variations. In this presen-
tation loads and their variations evaluated from the N&sudden
measurements are shown together with separation of these
variations in the periodic and the stocastic parts.

Typical questioﬁs that the designer ask are :

- what are the relative portion between the periodic and sto-
castic parts of the load variation?

- what influence has the size and the type of turbine on that
portions ?

- how much does different site locations influense the turbu-
lence contribution to load variations ?

- what kind of calculating tools are suitable when studying
loads caused by turbulance ?

- how accurate is knowledge about turbulance and its correla-
tion in space and time ?



- what degree of accuracy in turbulance descibtion is needed ?
In the following preliminary evaluated results from the N&dsud-

den turbine indicate one way of answering some of these ques-
tions.

Ndsudden load evaluation.

On-line measurements ("measurement campaigns") have been car-
ried out with a relatively high resolution and with a large
number of sensors connected, including wind measurements and
control signals in addition to strain gauges and accelerome-
ters. Up to now we have evaluated 75 campaigns. They represent
a wide variety of conditions. Figure 1 b and c¢ below is an
example of how results of the evaluation are illustrated. In
this case the averages of the blade root moment both in rota-
tional (edge) and wind direction (flap) are presented as func-
tion of the mean wind speed.

> BLADE
WIND — STATIONS

N 4

Definition of blade root moments

Fig 1 a
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When regarding only situations which represent normal ope-
ration (¢ in figures), the shape of the tendency lines are as
expected. The average edgemoment, not including the wheight of
the blade, shows the contribution from one blade to the dri-
ving torque of the primary shaft and corresponds to the power
control as the wind increases. In the same manner the average
flapmoment shows what happens to loads in wind direction.

In our evaluation tried to separate the periodic and stocastic
parts of the load variation. This information is, as mentioned
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before, of great value for the designer. The polar diagram in
figure 2 below shows to the left evaluated flapmoment repre-
senting several revolutions. In the right part of the figure

an evaluation of the mean curve with superimposed standard
deviations (+/-) are shown. .

3.E405 L?

2.E406 26406 1 / WS
/_';_ ] e §

=3.E+0b

=2.E406 1

Flapmoment mean curve and standard deviation calcu-
lated from a polar diagram.

Fig 2.

Calculating the variance (¢Eamﬂ) of the cyclic mean curve
gives an estimate of the periodic contribution to the load
variation. Then comparing the cyclic mean curve with indivi-
dual evaluated points makes it possible to calculate the
variance "around" that mean curve. The value of that variance
(®stoc) could be interpreted as the stocastic part of the
load variation.

As an exemple of the results of evaluated flapmoment from
measured campaigns, figure 3 shows the two separated parts of
the total variance. One of the preliminary result is that the-
se two parts are almost alike. What the relation is for other
parts of the blade remains to evaluate. Another result is the
correspondence between the two load variances and wind parame-
ters describing windshear ( AV ) and turbulence ( @,, ). This
comparison indicates that the designers way of regaring the
wind as composed of one periodic and one stocastic part has
some confidence.
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THE PREDICTION OF TURBULENCE
INDUCED LOADS ON A WIND

TURBINE ROTOR

‘A D GARRAD
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This note is intended as a brief record of the presentation made at the IEA
expert meeting. It provides a commentary for the slides used by the author

in his presentation.

The prediction of turbulence induced loads on a wind turbine rotor involves
several stages: the characterisation of the turbulence input in the rotating
field; a model of the aerodynamic behaviour of the rotor and a model of the
dynamics of the structure. Each stage involves certain assumptions and
approximations. The approach taken in this study has been very traditional
in the sense that the modelling of each stage of the analysis has been performed
using well tried and tested techniques, albeit in rather unfamiliar conditions.
Thus the wind is modelled using the von Karman correlation function suitably
transferred into the rotating frame. The aerodynamic model is based on strip
theory and the structural dynamic behaviour is characterised by the natural

modes and frequencies of the structure.

The total load experienced by a wind turbine is a mixture of both stochastic
turbulence induced, loads and the deterministic, periodic, loads produced by
tower shadow, wind shear etc. The latter features are therefore also

included in the mathematical model.

The philosophy and purpose of the present model is outlined in slide 1.
It will be noticed that the end product of the model is the prediction of
fatigue life. Implementation of this last step is presently under way.

The capabilities of the computer model are listed in slide 2. The
treatment is limited to horizontal axis machines, but otherwise all generally

used designs may be analysed.

The structure of the program itself is shown schematically in slide 3.
It should be noticed that using this arrangement the two types of load
are calculated separately. This is an important point when comparisons are

to be made between theory and experiment.

Slide 4 shows two important mathematical details of the analysis, both of
which make the analysis rather more difficult to deal with than a simple
uncoupled system. The main reason for the complexity is the fact that the
aerodynamic damping matrix is full, which results in a degree of coupling
between all the originally uncoupled modes. This characteristic, combined
with the importance of correlation of the loads over the rotor disc, results in
spectral densities of the generalised coordinates which are (n x n) matrices

for a system with n natural modes.
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The status of the code at the time of writing is shown in slide 5. At
present the power spectrum and hence the variance of the loads, both stochastic
and deterministic, as = function of radius and tower height can be ccméuted for
one-, two- and three-bladed machines. The code is developing very fast in ‘the
directions shown in slide 6. The major thrust of the development is being

undertaken under the first two headings.

In slide 1 it was stated that one of the purposes of this model was to
provide a code which could be validated at different stages and thus an attempt
could be made to assess the accuracy of each separate step. Slide 7 attempts

to consider each of these steps.

It is judged, based on experience with the Wind Energy Group -~ Department
of Energy monitoring programme on Orkney, that the deterministic input, the modal
dynamic approach and the resultant deterministic dynamic loads, are reasonably

well understood, at least for fairly stiff machines.

The stochastic input - the wind turbulence - is that used as standard
practice in wind loading calculations. It does, nevertheless, suffer from
considerable simplifications. In so far as the model has been tested in its
application to wind turbine technology it seems to have performed reasonably
well. The transformation of the turbulent input into aerodynamic loads requires
the development of a linear transfer function. Again there appears to be little

alternative. This may well be a weak link.

The dynamic model can be used with some confidence and can be tested

separately from the rest of the system.

Without any further assumptions or approximations the output spectra and
time histories can be calculated which, in turn, may be presented in terms

of their variance as sketched on slide 7.

The question now arises of how to interpret these results. To produce
fatigue estimates further assumptions must be made about the material properties,
the way in which the loads combine, the nature of the underlying probability
distribution of the stochastic loads and the type of response that results,

i.e. whether it is broad or narrow based. The group at Risd have tackled these
problems and by making various, unavoidable, assumptions have produced fatigue

estimates. Our code is shortly to be extended in the same way.
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Finally, slide 8 gives a list of limitations to the method described here.
The turbulence is assumed to be homogeneous, isotropic and stationary. 1In
practice it is rarely any of these things. In particular the definition of
stationarity is important when attempting validation. During the validation
process it is necessary to separate the deterministic and stochastic signals
by averaging over a certain time. For meteorological purposes 10 minutes is
normally taken to be the minimum and 60 minutes a sensible period. For wind
turbine applications experience has shown that the active elements of the
system, i.e. power and yaw control may obscure the underlying patterns and
thus preclude use of these long averaging periods. There are non-linearities
at many points in the system and for the stochastic part of the analysis all
of these must be linearised. One important approximation, which is shared by
time series methods, is the treatment of blade stall. When stall occurs the
characteristic signature of the loads will no longer be closely connected to the
input turbulence; it will be dominated by the nature of the separated flow -

a very non-linear process.

The use of spectral techniques demands that the basic differential
equations of the system should be linear and have constant coefficients. The
inclusion of a proper model of the tower will result in the presence of periodic

coefficients. Thus only a simple tower model can be accommodated.

It has been shown that the method used here to predict wind turbine loads
has a firm foundation and allows close examination of the assumptions made at
each step of the process. Clearly there are weaknesses which should be
appreciated when interpreting results. Nevertheless the method offers a
fast and complete means of predicting the important loads that takes proper

account of the turbulent input.
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PURPOSE

® Include all realistic load
-~ contributions

Deterministic
Stochastic
® Create economical model

whose validity can be
tested

® Provide aeroelastic model
of sal/ren! features

® Interpret in terms of fatique
life
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CAPABILITIES

Arbitrary aerofoil characteristics

Arbitrary chord and twist

Up to 10 rotor modes

1,2 or 3 blades

Teeter or rigid hub

Accurate rotor dynamics and
approximate tower dynamics



PROGRAM STRUCTURE
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MATHEMATICAL COMPLEXITIES

Time cdamern

° [mc'j' +[C+C1g+[Klg= p

Struclursl engd Slruciursl end
seraaynsmic centrirugs’

The damping matrix is full due to
aerodynamic coupling beween modes.

Freguency damein * T
@ [S(w)] = [H][S(w)I[H]
Qo PP
H = H(w)

[S 1 and [S 1 are matrices.
PP Qa
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PRESENT STATUS OF GARRAD HASSAN ANALYSIS
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DEVELOPMENTS

® Fatigue calculations

rosl
Moedsen Frondsen el &)

® VYalidation

® Unsteady aerodynamics

® Improve wind model



Where do the problems lie?

Deterministic Stochastic

wind input

\J eragynemics
335
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Interpretsation

load
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GENERAL LIMITATIONS

® H! Turbulence

® Stationarity

® Linearity

nelilily ta cape wily stelled blsdes
lrensrent sl

® Periodic coefficients

Na praper tresiment ar tawer 70845
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J.B. Dragt
Load fluctuations and response of rotor systems in turbulent
wind fields.

A model has been developed at ECN to take both time and space dependence
of incoming wind turbulence into account to determine the apparent wind
speed fluctuations for a rotating wind turbine blade and the consequent
load fluctuations. There are some recent publications on this work

(1-3], which also give references to related work elsewhere.

The model emphasizes a frequency domain approach from the beginning.
First it is shown from a simple physical picture how the frequency spec-
trum of the (most relevant) longitudinal wind speed fluctuations is
transformed, when the fluctuations are observed from a point of a wind
turbine blade,Arotating at the relatively high frequency fo in a plane
perpendicular to the mean wind speed. The transformation is sketched

in fig. 1. The power of a fluctuating component at frequency f is
attenuated, and this power is shifted by a kind of modulation mechanism
to frequencies foif, 2f°¢f, etc. ("rotational modes"). The simple
physical picture is described in ref. [1] and the mathematical details’
have been reported in [2,3]. An example of a computed wind velocity

spectrum under realistic conditions is shown in fig. 2.

For these fluctuations both spectra and cross-spectra (for two different
arbitrary blade elements) can be obtained. They are the basis for the
computation of spectra of fluctuating loads. If the response is linear
(no stall) such spectra can be calculated for a rigid rotor. Such spectra
can be compared to experimental spectra. One such comparison has been
made in ref. (1] for the 25 m HAWT of ECN. Some results are reproduced

in fig. 3. The overall agreement is satisfying. At a closer look some
discrepancies exist, however, which have been shown to be largely due to
blade and drive train dynamic effects. This experimental model veri-

fication is still under further study.
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It is important to include the blade dynamics and the aero-elastic
effects in tnhe analysis. This can be done in a rather general way, but 2
simple demonstration is given in ref. [2,3] for the case of blades which
are attached to the hub by hinges, with or without own stiffness. The
flapping motion of such a mechanism appears to work as a frequency filter
for the loads, depending on physical blade parameters like mechanical,
centrifugal and aerodynamic stiffness and aerodynamic damping.

A computed example is given in fig. U4.

Finally, it is possible to use these frequency spectra of loads to
estimate fatigue damage rates. Several calculations have been made (using
a Risd recipe) and reported in ref. [3]. To allow general conclusions,
avoiding specification of constructional details, the damage rates have
been normalized to the situation of a (hypothetical) turbulence which is
fully coherent over the plance of the rotor. Results are dependent on the
rotational modes that contribute to the damage rate of a particular com-
ponent. An excerpt for a stiff rotor is given in table I.

References

(1] Dragt, J.B., Thé Spectra of Wind Speed Fluctuations Met by a Rotating
Blade, and Resulting Load Fluctuations,
Proc. European Wind Energy Conf. 1984, Stephens & Ass., Bedford 1985,
p. U453.

[2] Dragt, J.B., Load fluctuations and response of rotor systems in
turbulent wind fields, paper at the WIND POWER '85 conference,
San Francisco 1985, proceedings to be published.

(3] Dragt, J.B., Load fluctuations and response of rotor systems in
turbulent wind fields, Extended version of the WIND POWER '85 con-
ference paper, report ECN-172 (Oct. 1985).
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Table I: Fatigue damage rates due to turbulence (25 m HAWT at 11 m/s),
relative tc the case of full coherence, for different sets of

rotational modes, with an S/N-curve of slope -3.

modes relative
contributing damage rate
0 0.11
0+1 0.65
0+1+2 1.09
0+1+2+3 1.47
0+1+2+3+4 1.79
0 0.11
0+2 0.72
0+2+4 i.10
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Aspectrum

2f,-f 2f, 2fef frequency

I 7

ECGN

Fig. 1. Schematic diagram, showing the transformation of the
power spectrum of wind speed fluctuations.
The transformation of the original spectrum (S(f))
of a stationary observer is due to the rotational
sampling by an observer on a wind turbine blade
element. As a result the original turbulence is
attenuated and the power is shifted and concentrated
around rotor rotational frequency f0 and harmonics

(i.e. 1P, 2P, ... peaks) - denoted as "rotational modes'.
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f =0.92 Hz i.e. 55 rpm), compared with the smooth
stationary spectrum.
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Spectrum of edgewise moment fluctuations of a
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The calculation demonstrates that the flapping
motion largely filters the lP-component in the
load spectrum away.
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TURBULENCE INDUCED ROTOR FATIGUE DAMAGE

D.C. Quarton

Synopsis The impact of wind turbulence upon the measured blade strain and
fatigue damage of the WEG 20m wind turbine rotor is considered. A brief
description of the theoretical method adopted by WEG for computation of
turbulence induced response is given, and comparisons of prediction and
measurement presented. The comparisons are discussed with reference to their
discrepancies.
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INTRODUCTION

It has become increasingly clear over recent years that a major problem in
the design of wind turbines 1s the inability to predict accurately the
fatigue life of the principal structural components. One reason for this is
the lack of definitive data describing the fatigue properties of the commonly
used materials and structural elements. However, a further, and somewhat
more fundamental cause of the problem, has been the inadequacy of methods
used in design for the calculation of component loads and stresses. Such
inadequacy is associated in particular with the calculation of wind
turbulence induced loads, the methods used for prediction of deterministic
response being relatively well researched, and validated for most operational
conditions.

The Wind Energy Group (WEG) is concerned to develop models for the prediction
of structural response and fatigue lifetime, which may be used economically,
and with confidence of their accuracy, during design. The procedure adopted
has been to consider the problem firstly from basics, in terms of the steady
aerodynamic loads on the wind turbine structure, building up the realism and
complexity of the theoretical models in step with their validation by means
of measured data. Such measured data, obtained from the Orkney 20m turbine,
MS1, by means of the Burgar Hill monitoring system (1), has therefore been
invaluable for this process of model development.

Previous reports of the analysis of MSl monitored data, (2, 3, 4), have been
concerned chiefly with the deterministic response of the machine. The main
subject of this paper is the impact of wind turbulence upon rotor fatigue
damage. Following the presentation of measured data indicating the damaging
influence of turbulence, the principal features of a theoretical model for
the calculation of turbulence induced structural response will be described.
Finally, predicted and measured responses are compared in terms of spectra.
The analysis of measured data discussed in the paper is typical of that
carried out at WEG as part of the MS1 Monitoring Project.

STRAIN DATA COLLECTION AND PROCESSING .

The strain data considered in this paper has been measured during steady,
rigid hub, operation of the MSl, by means of strain gauges mounted at 33%
radius on blade B. The data was collected at a sampling frequency of 125 Hz
for a campaign duration of 240 secs. Further data describing the
meteorological conditions during the campaign was also recorded, and this is
summarised in Table 1. It is clear that the hub height windspeed, turbulence
intensity and yaw offset were approximately constant throughout the
campaign.

Fatigue Damage Assessment

The strain data of particular interest when studying the effects of wind
turbulence, is that measured in the flapwise direction, the edgewise strain
being dominated by the gravity induced cyclic response at 1P. A 20 sec.
sample of the flapwise strain time history recorded at the 33% radius
location is shown in Figure 1. The time history shows clearly the stochastic
nature of the strain response. By means of the fatigue damage assessment
program, FATIMAS, the cycle distribution for the whole 240 sec. strain time
history may be computed using rainflow techniques. The results of such a
calculation are presented as a histogram in Figure 2, giving the percentage
of the total number of cycles within a specified stress mean and range bin.
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The calculation may then be taken a stage further to obtain the equivalent
fatigue damage distribution presented in Figure 3. Here the histogram gives
the percentage of total damage accumulated in the 240 sec. time history,
associated with each stress mean and range.

The cycle and damage distributions display an important characteristic in
that a high proportion of the total damage is associated with a relatively
low number of large range stress cycles. In fact, it is omnly the upper 5.5%
of cycles which cause 61%Z of the total damage during the campaign. This
clearly indicates the extremely damaging effect of wind turbulence.

The analysis may be extended. The underlying deterministic strain respouse
during the campaign, excited by cyclic pertubations of the incident wind
velocity due to such as wind shear, yaw and tower shadow, may be extracted
from the total measured signal by means of azimuth binning. This procedure
has been described in some detail in (4) and consists essentially of dividing
the rotor disk into a number of azimuthal bins, and binning the measured data
such that the strain at a particular blade azimuth is stored in the bin which
spans that azimuth. The mean strain in each bin then gives the underlying
deterministic response. This has been carried out for the data discussed
above, and the deterministic signal is presented in Figure 4. The fatigue
damage associated with this deterministic strain during the 240 sec. campaign
has been calculated at 0.025 x 1070 and is to be compared with the damage
accumulated by the total strain at 0.18 x 1076, Assuming continuous
operation under these meteorological counditions, failure of the blade
according to the deterministic strain would occur after approximately 300
years, whereas according to the total measured strain, failure would occur
after 43 years. .- Although this comparison may not be wholly meaningful in
practice, it nevertheless gives a clear indication of the critical impact of
turbulence upon blade fatigue lifetime.

PREDICTION OF TURBULENCE INDUCED RESPONSE

The frequency domain approach to the prediction of turbulence induced wind
turbine dynamic response has been described in detail by Madsen et al (5),
and Garrad and Hassan (6).

Longitudinal turbulence is assumed to be described by the von Karman
correlation function which, by means of Taylor's Frozen Turbulence
hypothesis, can be used to relate windspeed fluctuations at two points
separated in time and space. Adjustment of the model to a frame of reference
rotating with the blades, has the effect of transferring turbulent energy
from low frequencies to higher ones associated with the rotational frequency
and its harmonics.

Blade Surface Pressure Spectrum

Pressure data collected from the MSl turbine rotor has allowed the validation
of an analytical model of turbulent response. The transducer was mounted at
7.0 metres radius on the high pressure side of the blade at the 17% chord
position. After only a short operational 1life the transducer failed, but
fortunately sufficient data had been collected by this time for comparison
purposes.

The pressure at a discrete point on the blade is a function of the square of
the incident wind velocity and also the local pressure coefficient. The
latter is in turn a function of the angle of attack. Given the high ratio of
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blade rotational velocity to longitudinal wind velocity all these factors can
be approximated as linear functions of the longitudinal wind velocity. Thus
the spectrum of turbulent pressure can be obtained by applying an appropriate
factor to the turbulent wind spectrum.

Figure 5 shows the hub level wind spectrum (solid line) calculated from a ten
minute campaign of data. Superimposed on this plot is the von Karman
spectrum of hub level wind turbulence with the turbulence length chosen to
produce a 'good fit' to the monitored spectrum. The final curve on this
figure is a prediction of wind turbulence as sampled on a rotating blade at
7.0 metres radius. The turbulence parameters for this case were unchanged
from the stationary hub level counditiom.

These spectra show clearly the transfer of energy to the blade rotation
frequency and the higher harmonics.

Figure 6 shows the pressure spectrum (solid 1line) calculated from data
monitored during the same cawmpaign. Superimposed omn this plot is the
prediction of turbulent pressure. These two curves agree closely in all
regions except at the blade rotation frequency, and its harmonics. This
discrepancy is as expected since the spectrum of monitored pressure contains
both deterministic and turbulent components.

Figure 7 presents the turbulent energy levels associated with each harminic
peak in the form of standard deviation. In this case the deterministic
energy, identified by binning, has been subtracted from the monitored data to
allow direct comparison of the turbulent components. Given the complex
physical nature of the problem, these results exhibit remarkably good
agreement.

Bending Moment Spectrum

The dynamic behaviour of the rotor is assumed to be described in terms of its
natural modes, and the turbulent forcing of the modes is calculated by means
of double integrals involving modeshapes, local aerodynamic influence
functions and the rotating frame cross correlation function referred to
above. These forcing terms are then developed in the frequency domain by
means of 'fast Fourier transforms' to give the matrix of modal force spectral
densities, [Sppl- The response to turbulent forcing 1s subsequently
computed by application of (S p] to a transfer function representation of
the rotor aerodynamics and dynamics, [H], where

[H] =[C(K]-w2 [M]) + 1w([Cgl+[Ca1)™!
and the modal response matrix is given by,
[Sqql = [HI* [Sppl [HIT

Here, [M], [Cg]l, [Ca] and [K] are the modal mass, structural damping,
aerodynamic damping and modal stiffness matrices, and w is the frequency of
response. It should be noted that the aerodynamic damping matrix is
generally full due to coupling between rotor modes. Having evaluated
[S Q], the calculation of spectral density of real blade deflections and
hence bending moments is relatively straightforward.

In order to validate the method, equivalent measured data is required. This
is not however straightforward. Direct spectral analysis of measured strain
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or bending moment time histories such as that discussed above, will result in
the spectrum containing not only turbulent response but also that due to
deterministic excitation. The solution is therefore to firstly azimuth bin
the measured time history to obtain the deterministic response, subtract this
from the total signal leaving the purely turbulent response, and perform the
spectral analysis on this data for comparison with prediction. Although this
process seems rather involved, it nevertheless offers the best method for
step by step validation of the theory.

The campaign data considered in section 2.1, has been analysed in this way.
The measured strain time history was, however, firstly transformed into
out-of-plane bending moment, the deterministic response then extracted, and
the turbulent spectrum computed as shown in Figure 8. The spectrum exhibits
turbulent bending moment response at the rotationmal frequency and its
harmonics up to 8P, and also at the rigid body drive train, tower fore-aft
and first two blade flapwise modal frequencies. It should be noted that the
spectral density is plotted on a logarithmic scale, and hence the response at
frequencies above 8 Hz is approximately two orders of magnitude less than the
dominant responses at frequencies close to 1P and 4P.

For prediction of the out-of-plane bending moment spectrum to compare with
the measured data in Figure 8, only the first two blades modes have been
included in the dynamic model. The predicted spectrum is shown in Figure 9.

A comparison of predicted and measured linear spectral density is givem in
Figure 10. It is apparent that prediction and measurement are in close
agreement although discrepancies do exist in terms of an underprediction of
the responses at 1P and 2P, and the non- prediction, due to the neglect from
the theoretical model, of the rigid body drive train and tower fore-aft
responses. Such discrepancies should not, however, be over—emphasised, the
degree of predictive accuracy exhibited by the results of Figure 10 is very
encouraging given the complex nature of the problem.

CONCLUDING REMARKS

It is now well known that wind turbulence has a critical impact upon the
fatigue lifetime of wind turbine structural components. This has been
demonstrated by means of a simple damage analysis of typical strain data
recorded during an experimental campaign.

The procedure for prediction of turbulence induced response has been
described, and comparison of prediction with typical measured data
demonstrated. The agreement obtained to date is particularly pleasing, and
encourages further effort towards a comprehensive validation of the
predictive method.

A further step to be taken in the near future is the development of wmethods
for combining predicted deterministic and stochastic components of blade
load, This step is particularly important since it is the combination of the
two components which is required as a realistic input to fatigue damage
calculations during design.
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60 sec. period Mean Windspeed Windspeed Turbulence Intensity Mean Yaw
(m/s) Standard Deviation {s) (deg.)
{m/s)
1 13.39 0.98 7.3 -4.2
2 12.79 0.95 7.4 ~3.5
3 12.89 0.91 7.1 -4.0
4 13.01 0.94 7.2 -3.6

Table 1 Meteorological Conditions During Campaign

- Initiated at 21:07:59 on 12.7.86
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DESCRIPTION OF A DISCRETE
GUST  TURBULENCE  MODEL

'OLE FABIAN
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Description of a discrete gust turbulence model.

What is described in the following are the results of using
a discrete gust model for determination of the distribution
of the longitudinal component of the turbulent velocity a-
cross the plane of a wind turbine rotor.

The model has been used as input for a direct simulation,
structural dynamics code for calculation of the structural
response of the components of a horizontal axis wind turbine.

It has been the intention to develop a model which incor-
porates some of the general features of the eddy structure
in the lower part of the atmospheric boundary layer.

The model is an ad-hoc model in which the statistical de-

scriptors of the model wind field can be matched to those

of the real wind field by adjusting a number of free para-
meters.

The model has been tested on the NIBE-B wind turbine, and a
number of corresponding measurement results and calculated
results of various quantities are shown on the accompanying
figures.

The wind field in which the wind turbine blades rotate is
created as a linear superposition on the stationary wind
field, deformed by wind shear and tower shadow, of a number
of discrete 3-d gusts, randomly distributed over the rotor
disk area.

The centerline velocity of the basic gust varies in time as
shown on fig. 1, and the spatial extent of the gust, i.e.
the axially symmetric distribution of the velocity in a pla-
ne perpendicular to the direction of the wind, is illustra-
ted on fig. 2.

A gust is classified according to the maximum centerline ve-

locity ﬁi’ where ﬁi is determined by
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Q. .
Vi = aXbl , 1 =1,..,N

Where N is the number of gust classes and V is the mean wind
speed.

The duration of each single gust ﬁi.in class i is a random
variable, normally distributed with mean value fi.and stan-
dard deviation o(ﬁi). @i4is determined by

ffi=cxdl; i=1,-o,N

also we define

c(Pi)

3>

Gust of all classes i, and for each class with different du-
rations ﬁi’ are distributed randomly over a reference area Ai’
which is defined on fig 3.

R is determined by

imax
R = L@ (143a)
imax 4 i

hence the reference area for different classes is different.

The area-density of gusts in class i is Yyr SO that the num-

ber of gust of class i present at any time in the reference
area is

Si T Yy*Ay
The total number gusts of the all classes present at any time
is ;Si, and these gusts are distributed at random over the
reference areas, i. e. the coordinates for the centerline of
a gust are determined by

-

2mB B € [0;1]

\/ﬁ? n € [0;1]

~e

ij
R

i3 Riref
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where B and n are uniformly distributed random variables or

xij = Ri.jcoseij

yij RijSIneij

The resulting velocity at any point within the rotor disk
is the sum of all gust velocities added to the stationary
velocity at that point.

When a gust has died away, another gust of the same class
is born, but at another (random) position in the reference
area. This new gust will have the same ﬁ;asthe previous one
but will have a different duration ﬁi’ chosen at random
within the population with<samev§id

The generation of the velocity field starts with the gust
in random phase.
The adjustable parameters in this model are thus

N, a, b, ¢, 4, a and Yy

For the sample calculations for which the results are given
in fig 4 to fig 17, the following values have been attribu-
ted to these parameters

N =10 a = 0.2

a = 0.28 Y= 0.025 (same for all classes)
b = 0.93

c = 0.5

d = 1.4

The preliminary results have been encouraging, and it is
hoped, that through a continuing effort in developing and
simplifying the model, it will become a useful and reliable
tool for calculation of the loading on a wind turbine.
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MEASURED TIMESERIES

T = 172 SEC. ; 17 Hz

MEAN RMS  MIN MAX
WINDSPEED [M/s] 8.9 1,52 5.0 13.1
EL.POWER [ kwl 204 42,3 114 294
FLAPWISE
BENDING MOM,[KNM] -S.6 28.2 -101.6 88.2
“-"STOCHAST.[KNM] O 23.9 -80.8 81.0

YAW MOM, [KNMI 2 34,1 -102, 135,
“"-"STOCHAST.[KNM] O 32.5 -110. 130.

SIMULATED WINDSPEED

T = 172 SEC.
MEAN  RMS MIN MAX
WINDSPEED [ M/S] 3.6 1.35 5.7 12.6
EL.POWER [ kwl 193 60.5 86 410

FLAPWISE

BENDING MOM.[KNM] 10.9 47.0 -136. 180.
“-"STOCHAST.[KNM] O 38.9 -106. 182,
YAW MOMENT [KNM] 2.8 46.2 -159, 153,
“-"STOCHAST.(KNM] O L3.4 -141, 172.
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Figure 2.

ALIDOTHA LSO 40
NOILNYIYLSIA TVILVdS

— ¢ 0

— ¥0

— 90

A0-60-98
L0Td-WRdV




56
Figure 3.

DEFINING THE AREA OVER WHICH GUSTS ARE ACTIVE
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Figure 6.
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Figure 7.
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SOME THOUGHTS ON THE MODELING OF ATMOSPHERIC
TURBULENCE FROM THE PERSPECTIVE OF A NON-EXPERT*

Dale Berg

ABSTRACT

Recent work with a wind turbulence model has demonstrated that
the effects of wind turbulence may be large. This work also
illustrates that turbulence models do not need to accurately
reproduce all the details in the physical wind to be of benefit
to the wind turbine community. Their use, however, will be
facilitated if they are packaged in easy-to-use codes that
function as subroutines. Several U.S. projects which are now
in the planning stages are designed to measure the turbulence
in the incident wind and the resultant response of the
turbine. Knowledge gained from these tests will enhance our
understanding of the role of turbulence in turbine response.

INTRODUCTION

The development of computer codes to model the aerodynamics and
structural dynamics of wind turbines is an ever-evolving
process. Initial aerodynamic models were very simplistic and
did a poor job of estimating even the mean aerodynamic
performance of the turbines. Aerodynamic codes have gradually
improved with the development of the strip theory and vortex
filament models for the Horizontal Axis Wind Turbines (HAWTs)
and the development of the double-multiple streamtube, vortex
filament, and local circulation models for the Vertical Axis
Wind Turbines (VAWTs). Approximate models for dynamic stall
effects are used in many HAWT and VAWT codes. These codes are
now capable of predicting the performance of a machine quite
well, and some do a good job of predicting the rotationally-
resolved performance.

Early structural analysis programs were confined to predicting
the natural frequencies of vibration of turbines, enabling the
designers to avoid resonance problems. Later versions are

* This work supported by the U.S. Department of Energy under
Contract DE-AC04-76DP00789.



72

capable of predicting the response of turbine components in
terms of mean and vibratory stresses. These codes frequently
incorporate aerodynamic models for calculating blade loads.
Comparison of predictions with data from operating turbines has
not been entirely satisfactory. The agreement is frequently
rather poor, especially at high wind speeds. One possible
gsource of error is the assumption of a steady wind in the
aerodynamic model. Only recently have studies been performed
on the effect of wind stochastics on the predicted structural
loads.

Turbulence Effects on Wind Turbines

Paul Veers performed the first %ualitative study of the effects
of turbulence on VAWTs in 1983(1). He needed a numerical

model of the atmospheric turbulence, and, not finding one in
the wind community, he developed his own consisting of a
Gaussian time series with a power spectral density which
matches the form suggested by Frost, Long and Turner(2),

A fully three-dimensional spatially varying wind was simulated
by producing time series of the wind speed at several points
which lie in a plane perpendicular to the mean wind direction.
The longitudinal variations were produced using Taylor's frozen
turbulence hypothesis. The main difference between this
turbulence simulation and other methods is that in this
simulation the turbulence is based solely on its first and
second order statistical moments without any reference to the
fluid dynamics of the wind. There is no guarantee that this
simulated flow field will be continuous, compatible, or
physically realizable. However, by matching its first two
statistical moments, the turbulence properties which have the
most significant impact on the blade loads and, therefore, on
the structural response of the wind turbine are accurately
represented (1),

Veers used the multiple streamtube model of Strickland(3) to
calculate the aerodynamic loading on VAWT blades with and
without turbulence in the wind. The steady wind blade loads
for a VAWT consist entirely of frequencies which are integer
multiples of the turbine rotating frequency (per rev
frequencies). The addition of turbulence distributes the loads
across the spectrum. Veers found that the motion of the blade
through the turbulence and the magnifying effect of small
variations in angle of attack combine to shift the turbulent
energy in the wind to higher frequencies in the blade loads.
For high winds, he found that the loads due to the steady mean
wind are significantly higher than the mean loads due to a
turbulent wind. This is consistent with the difference between
actual measured stresses and stresses calculated using the
steady wind model. Veers' work did not extend to determining
the quantitative impact of the stochastic wind on the actual
structural response.
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Lobitz(4) developed the HAWTDYN full dynamic model computer
program for structural dynamic analysis of HAWTs. The PROP(5)
strip theory code was used to calculate the aerodynamic forces
acting on the rotor, and the Veers turbulent wind model(1l)

was used for calculating the incident wind. Lobitz utilized
this code to analyze the response of the Boeing/NASA Mod 2
HAWT; in particular, the flapwise bending moment at station 370
on the blade. Figure 1 illustrates the effect of the turbulent
wind model on the predicted bending moment at that location.
For the first three revolutions, a steady wind is input.

During the fourth revolution, the stochastic wind increments
are included, and revolutions 5 through 23 reflect a turbulent
wind input. The differences between the two responses are
quite dramatic. The cyclic amplitude increases by a factor of
nearly four, and the frequency content changes from 2/rev to
predominately 4/rev. Predictions of the mean and cyclic loads
are compared with MOD2 data in Figs. 2 and 3. Fiqure 3 also
includes a single data point to illustrate the predicted cyclic
load for a steady wind.

Lobitz's work demonstrates that the effect of turbulence on
wind turbine response may be quite dramatic. 1In this case it
amplified a 4/rev response. Veers' work indicates that its
effect on VAWTs may be to lower the high wind loads and
predicted structural response. Much additional work is
required to gain a better understanding of these turbulence
effects and to study the effects of different turbulence
models. It is quite clear from these studies, however, that
response predictions based on assuming a steady incident wind
can differ significantly from response predictions based on a
turbulent wind, and the turbulent wind predictions tend to
agree better with the measured data.

Some Thoughtsgs on Turbulence Models

The Veers model may not be the best possible model of the
atmospheric wind, but its use has shown that turbulence effects
can be significant. A model does not need all the bells and
whistles that might be desirable in order for it to be of use
to the wind community. One which just recreates the gross
features of the turbulent wind would be quite helpful. It
could then be replaced by more refined models as they become
available. 1Incorporation of rotational sampling is not
necessary, because the aerodynamic codes (at least the ones
with which I am familiar) vectorially add the rotational
velocity of the blade to that of the incident wind to determine
relative velocities. This is precisely equivalent to
rotationally sampling the incident wind. HAWT and VAWT codes
"sample" the wind in the appropriate manner for each type of
turbine, so the same turbulence model could be used for both
types of turbines (although the importance of lateral coherence
is much greater for VAWTs than for HAWTs).
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Any model that is developed, however, should be programmed so
that it may be readily used in structural and aerodynamic
codes. Ideally, the model would function as a "black box,"
i.e., the user interface would be in the form of a subroutine
call which specifies a time and location and which returns the
velocity (possibly three spatial components). The mechanism by
which this is done is not important. Perhaps a large file of
wind data is created prior to the first use of the model and
the subroutine simply reads data from this file and
interpolates to generate the necessary velocity. A simple user
interface such as this would relieve the developers of
structural and aerodynamic codes of the necessity of becoming
experts on the particular turbulence model that they choose to
use, as is now the case. 1t would greatly reduce the risk of
these developers introducing errors into the turbulence models
in the course of adapting these models to the particular
application at hand. 1It would also greatly simplify the task
of evaluating the effects of turbulence models and turbulence
model parameters.

Current U.S. Efforts

Within the U.S. wind research community, there exists a great
deal of interest in gaining an understanding of the effect of
wind turbulence - on turbine structural response.

Recent tests on the WTS-4 turbine at Medicine Bow, Wyoming
involved monitoring the structural response of several
locations on the turbine over a significant period of time.
Fatigue analysis of the machine utilizing these data yields an
estimated lifetime in excess of 30 years. Detailed analysis of
the data, however, reveals that it contains areas, at all wind
velocities, where the response data are quite smooth with
relatively little oscillation about the mean value. 1Is this
due to low turbulence in the wind? The available data cannot
answer that question. Comparisons of the fatigue life
estimated with the smooth data and that estimated with the
normal oscillatory data shows that the oscillatory data yields
a life that is shorter by a factor of two to three. This is
consistent with the findings of Lobitz(4) on the impact of
turbulence on the MOD2. Additional tests incorporating
detailed meteorological measurements will be conducted on the
WTS-4 to further investigate this phenomena.

The 34-m VAWT(6) that Sandia National Laboratories is

building will be instrumented with several three-dimensional
anemometers located in close proximity to the turbine at
equatorial height. These instruments will be used to determine
the turbulent wind experienced by the- equatorial section of the
rotor in the rotating frame of reference. The structural
response of the equatorial section of the turbine will also be
determined. Correlations of the incident wind and structural
response data will be performed to study the effect of
turbulence on the turbine response and determine what
characteristics of the turbulence are the most important.
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Analytical studies of the effects of turbulence are also
underway. Sandia is currently funding efforts to incorporate
stochastic wind models into double-multiple streamtube, vortex
filament, and local circulation aerodynamic models, and to
enhance the VAWT structural response code to include stochastic
wind effects. Studies of the relative contributions of the
spatial turbulence components to the structural response will
be conducted as part of the enhancement. The relative
contributions of the low and high frequency components of the
turbulence will also be determined.

SUMMARY

Recent work has shown that the presence of turbulence in the
incident wind can significantly affect the response of a
turbine. An analytical study by Lobitz on the MOD2 HAWT found
that including turbulence in the incident wind resulted in
increasing the blade flapwise cyclic load by a factor of four,
as compared to the predicted load for a steady incident wind.
Veers, on the other hand, found that the presence of turbulence
in the incident wind resulted in lower loading on VAWT blades.

Turbulence models do not have to be highly sophisticated and
model all details of the atmospheric wind to be useful.
However, they should be packaged for easy incorporation into
aerodynamic models. A simple user interface makes user
modifications unnecessary and avoids the possible introduction
- of errors during such a modification.

Several experimental and analytical efforts within the US wind
community are studying the effect of turbulence on turbine
structural response.
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THE MODELLING OF ATMOSPHERIC
TURBULENCE IN RELATION TO
VERTTICAL AXIS WIND TURBINES

Dr. M.B. Anderson
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TURBULENCE - A FREQUENCY DOMATN APPROACH FOR

VERTICAL AXIS WIND TURBINES

INTRODUCTION
The effects of turbulence on loads, dynamic response, fatigue life and

energy capture have been shown to be important for horizontal axis wind
turbines, e.g. Anderson (1982), Powles and Anderson (1984). However,
little work has been undertaken, to date, on the effects of turbulence on
any of the above aspects for a vertical axis wind turbine. Veer's (1984)
research, at Sandia Laboratories, deals with the effects of turbulence on
the aerodynamic loads, for a 17m Darrieus turbine, using a time domain
approach, but no account was taken of dynamic effects. The effects of
turbulence becomes more important as the rotor size becomes comparable
with turbulent length scales and as a result turbulence will :-

a) excite all modes of the turbine:

| b) concentrate significant amounts of energy at and around integer
multiples of the rotational frequency;

c) modify the peak aerodynamic loads:

d) reduce the amount of energy which the rotor can extract from
the turbulent component.

A general methodology for analysing the effects of turbulence is shown in
Table 1. Apart from the step designated "Rotational Sampling" standard
techniques can be used (e.g. Bendat and Piersol 1980). A compzrison
between a horizontal and a vertical axis wind turbine of the physical and
statistical properties and assumptions generally made for each step is
shown in Table 2 and is exemplified below :

- Turbulence
For both types of turbine it is generally assumed that atmospheric
turbulence is a stationary Gaussian process which is homogeneous and
isotropic. However, for a vertical axis wind turbine, it is
necessary to consider both the longitudinal and lateral turbulent
velocity components unlike a horizontal axis wind turbine where only
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the longitudinal component is of importance (Jensen and Frandsen
1978). 1In practice turbulence is neither homogeneous or isotropic,
but Fordham and Anderson (1982) have shown that these limitations do
not affect the results significantly.

Rotational Sampling

Owing to the turbines' rotational motion it is necessary to convert
the turbulence, as seen by a stationary obsérver, into a rotating
frame of reference. This technique is usually called "Rotational
Sampling" and in principle is the same for both types of turbine.
For a horizontal axis wind turbine thel main feature of this
transformation is that it shifts the turbulent energy to higher
frequencies and particularly to the rotor speed and its harmonics.
Tre transformed spectrum is however still stationary, i.e.
independent of rotor position. As will be shown, in this peper, for
a vertical axis wind turbine this transformation causes not only a
redistribution of energy but, perhaps more importantly, the spectrum
becomes non-stationary with respect to frequency. This effect can
be explained by considering an observer rotating with the blade. As
the observer approaches the oncoming wind the turbulent spectrum
will be shifted to higher frequencies whereas when he is travelling
in the same direction as the oncoming wind the converse will occur,
the spectrum will ke shifted to lower frequencies. This effect is
very similar to the well known Doppler effect.

Aerodynamic Loads

For both types of turbine the formulation of the aerodynamic loads
is basically the same except that for a vertical axis wind turbine
they are periodic. As a result of this the effect of turbulence is
dependent on rotor position. In addition, both turbulent conmponents
have to be considered.

Structural Response

Considering only the rotor, the formulation of tht; equations of
motion are fundamentally the same. However, when the supporting
structure is included the equations become periodic unless, for a
rotor consisting of more than three blades, a multiblade co-ordinate
system is adopted. For a vertical axis wind turbine the equations
of motion may be simplified considerably if it is assumed that the
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supporting structure co-rotates, i.e is isotropic relative to a

fixed co-ordinate system:

- Statistics
Similar techniques for both types of turbine can be used except with
a vertical axis wind turbine the deterministic periodic aerodynamic
loads must be combined with the stochastic turbulent ccmponents.

This paper presents results specifically for a straight bladed wind
turbine but the techniques used are equally applicable for a Darrieus
type turbine.

STRUCTURAL MODEL

The problem is approached by assuming a modal representation of the
turbine. Given the normal mode shapes and frequencies, the response of
a blade at a point 'l' and time 't' is given by

.":\(L.e) = ;Z}xa“)c}:(") (l}

where ¢i and q; are the mode shape and co-ordinate of the 'i'th mode.
The co-ordinate 'y' can represent either laggirg, flapping or torsion of
the blades assuming that they are mutually uncoupled by the effects of
rotation or aerodynamics. The generalised co-ordinate of each mode is

assumed to satisfy the following relationships :-

M; 'C‘V * C., é»; + Kiu = F'-_ (2)

where Mi' Ci and Ki are the generalised structural properties and Fi is

the generalised force.

Based on previous work it can be shown that the applied load is
relatively insensitive to the displacement or its derivatives and hence

-

the power spectrum of y(1,t) is given by

C"“Cw) 22 A4, Hsg?‘: % GP-rICL“L“‘“’BdL‘JLL (3)
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where Gplpz is the cross-spectral density matrix of the applied load for
all points on the blade and

-1
ey = (6 Com oo sasep )

where w, and ?; are the undamped natural frequency and damping ratio of
the ith mode.

STATISTICAL ANALYSIS
For a Gaussian process spectral moments may conveniently be used to

characterise a spectral distribution just as probability moments are used
to characterise a probability distribution. In general the n-th spectral

moment is defined as

m_ = f " G-&Cw)olco

(S)

For an arbutary spectrum Cartwright and Longuet-Higgins (1956) have
shown, based on the work of Rice (1944), that it is possible to determine
the probability of peak values in terms of a spectral width parameter

= -l m /m &
€= ’*/ oM (6)

which takes values between 0 (narrow band spectrum) and 1 (wide band
spectrum). The probability distribution of maxima (i.e. peak values) ,
denoted by h, is givén by

P(.Y) = (1"')-‘)36 exp (— -';_)’1/&1) -4+ (- il)‘/}
¥ escp (-4 ) [~ ef (r(-€Y%) fe JT ] | (7)

where erf( ) is the error function and Y-_- h/mo%. From this
distribution the mean of h, denoted h, the root mean squére value h rms

are given respectively as

T\/m;/‘ = [v/i\y’(l-e‘)‘/" (8)
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A /m;’l = (2-&e%)" (9)

The expected value of hmax' that occurs within a specified time, T is

given by ‘
\ . i/'L ~ -2
F (km“ )/moft < Lala (“c)] - L 0972 L (n (?)]
where ¥ = T(mz/mo)%. (10)

For the more general case of a Gaussian random process y(t) which is
combined with a periodic signal s(t) = S sin wt of the form

2 (&) = 3(%» ¢ (¥) (11)

the probability density function, assuming both have zero means, is given

by 2

[BCZ’)' ] (QQLF E- (Z"SCOS&;J Q@

o= % )2 6o (12)
n

where O n is the standard deviation of the Gaussian noise. The
probability of a value occurring which is greater than hmax + S occurring

is given by

PC"\M“;' N > = 1{ pC2) dz (13)
| LN

Therefore the expected maximum value of the combined process can be

obtained from

) v
E O\M-; S) = EILY\ (’t')]/:qo‘/** L 0572 [_L”'\ (’t")] L“’\ok‘ + S

< (14)

-

Pl
where ¥ = p(hmax + 8).
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AFRODYNAMIC LOADS
Neglecting the steady centrifugal loads the applied load due to the

fluctuating aerodynamic forces can ke considered to comprise three
components. The first arises from the blades periodic motion through a
steady flow, the second from turbulence and the third from aeroelastic

 effects.

For reasons which will become apparent the formulation of the aerodynamic
forces, with the effects of turbulence included, are easier if derived in
the rotating frame of reference. If the longitudinal and lateral
turbulent velocity components, in the stationary frame, are respectively
u and w then the velocity components relative to the rotating klade are

(Figure 1).

<
\

Weos & «

WLsin®& « v <~
J (15)

<
\
"

The turbulent velocity components in the rotating frame of reference are
u' and w'. The blade aerodynamic normal and tangential forces are
defined as

ch“ a CO5 AL SiN A CL
- '%i j?c.\m/ d-L

where the usual symbol convention is applied. As a frequency domain
solution is wanted it is necessary to linearise this equation through
making the following assumptions :- '

C cos & > CD Sin & W= OR
CL"' ‘_*sl-r\d
Gy Co,

which results in



(17)
Substituting equation (13) into (15) gives for the normal force
. -2 -
AdF = LqcC dl) U coe®sin® « Leos® QR -
v XSS
Leos @ w’a Usin® s COR« W’ 3
(18)

and assuming that u'w',u’ Usin@ and w'Ucos@. are small compared with the
other terms leads to the following linear equation :

\1 ——
dF = —‘-g’CC &L{ucos(g.s?n@*S\Rucos&-?
v &

W QR

As a result of transforming the turbulent velocities into the rotating

(19)

frame of reference it can be seen from equation (19) that the effect of
turbulence is independent of azimuth angle. In addition the only
component which effects the normal force is that component which is
normal to the blade and hence if the turbulence is Gaussian then the

loads will also be Gaussian.

Following a similar analysis, for the tangential force, results in the

following equation :
-1 r . -
dF « Loc dl { €, (Teof®+AUucose ) -
N
Cop (QR) ] .

Again only the turbulent component normal to the blade is important but
unlike the normal force the effects of turbulence are now dependent on
the azimuth angle. As a result of this it has not been possible to obtain
a solution in the frequency domain without considerably more effort
possibly involving Markov processes and the Fokker-Planck equation.

(20)
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However, as the normal force is usually the design load this limitation

may not be significant.

TURBULENCE

In order to determine Gplpz(w) and hence ny(w) it is necessary to
determine the cross-spectral density function of the turbulent velocity

fluctuations.

Assuming that the turbulence is both isotropic and homogeneous then a
similar method to that used by Rosenbrock (1955) and more recently by
Anderson (198l) can be used. The correlation coefficent between two
velocity components 'p' and 'g' at points P and Q in space (see Figure 2)
can be shown (Karman (1937)) to be

L ? N N

RP“; <UD Lfcr,t)cosacosihﬁ("ﬂs “45"\;}]5‘ g 1)
where <u?> is the variance of the turbulence and the angle brackets
denote an ensemble average. The functions f(r,t) and g(r,t) are the
correlation coefficients between velocity components parallel and at
right angles to the line joining P and Q. In general 'f' and 'g' are
functions of separation, i.e. 'r' and also time, however at the
frequencies of interest atmospheric turbulence can be considered to be a
stationary process and hence time invariant. The condition of fluid
continuity provides a relationship between these two functions

Q)= ey~ e

(22)

so that the specification of f(r) implies g(r). The form of £(r) will be
discussed later.

In a time interval €, a point on a blade rotating at a constant angular
velocity L) will move, relative to an observer translating with the mean
flow, between two points separated by a vector r, (see Figure 3) given
by : ' —_—
T = [Reoe® - Reos CQ'"‘* @0),, W
RSCﬂCQo-RSi“(—Qﬁ'*@.,B,

'2]T

(23)
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where [ 1T is the transpose, R the radius of the turbine, Z the vertical
separation between the two points on the blade.

Even though we have assumed that f(r) and g(r), for a given r, are

stationary the correlation coefficient R__ will not be stationary as r is

| a function of not only time lag °C but also C;b hence t (absolute

time). It is fairly obvious from equations (21) through (23) that qu is
periodic, viz :-

Q\xy (€. €) = RP? (64T £ nT )

(24)

where €z ©, /_Q. (< T) and skew symmetric viz :-
RW (e+¢, &)= RP? (--~, - '-‘) (25)

where T is the period of rotation and 'n' is an integer. An example of
the single point (p=q) correlation coefficient for the case of the normal
velocity component on a blade at a radius of 50m rotating at 0.7 rad/sec
in a 10 m/s wind is shown in Figure 4. It can be observed from this
figure that correlation coefficient is dependent on blade azimuth angle.
Only half of the function has been plotted as the other will be skew
symmetric according to equation (25). As the spectral density of
stationary data can be defined by the Fourier transform of a stationary
correlation function, so the spectral density of a non-stationary process
can be defined by the double Fourier transform (Papoulis 1965) as

(e, 0= f GRS ST e e

(26)

For the correlation function defined as in equation (24) we have

A Cw.fux\ = \{J‘Rw(e«'\'le\ Q'S (vx -2, ¢) decdx

= Do, 0 - (27)
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Now from equations (25) and (27) it is possible to show that

inla
A(w\,w,.): ' }A(u,wx) (28)

for all Wy This equality is possible only if the function Zﬁ (wl,wz)

equals zero everywhere except at the points (wl,wz) such that

e =1 (29)

for any integer 'n'. For this to be the case, we must have

Mla, = 2wk k:integer (30)

This represents a family of straight lines in (w ,w2) space which are
parallel to the Wy axis. _é; a result of this we can define_Epe average
correlation coefficient RC'E) and hence its transform Gcw) , the

average cross-spectral - power density function :-

Re, @) = = f Res (4, €) L

(31)
G (GJ}—‘— R (TSCOSCO?:C"E
P sy 't (32)
~0
In addition the correlation coefficient is also ergodic. It remains to

describe the functional form of f(r), which is not determined by the
symmetry properties leading to equation (22). A number of different
functional forms were examined :

a) simple exponential,
b) von Karman model,
c) Fourier inversion of the spectrum.
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Based on the work of Fordham and Anderson (1982) and Anderson et. al.
(1984) the von Karman model was adcpted as a compromise between accuracy

and computational speed; the form of which is

—on AR D
fLemy= 089 T K, (7)) (33)

and hence from equation (22)

A A Ay A #1 A
%Cr\=o-§°\2£n_/s K,(r‘)-/zT‘, l(l/a(n)]

3 (34)

where

X /\ EL
F=ouie/’1 = = 03/ 1
“ B .

i

Lux is the longitudinal length scale and Kn is a modified Bessel function

of the second kind order 'n'.

The angles X and i3 in equation (21) are determined by the velocity
ccmponent of interest, in the case of the normal force it is the
component normal to the blade. The angle \/ is a function of the
vertical separtion between the points Py and Py. If the points lie in
the same horizontal plane the angle will be zero., If the points 121 and
p, are not on the same blade, but on blades separated by(SL , equation
(23) is then

T-= L- QCOSCQQ ~Reos (e -Q -+ Q, )-& U ,
Rsin (€. - Rsin (Qr @, -8, ),

T
2 ] (35)

RESULTS .

To gain an understanding of the effects of turbulence and also
substantiate the assumptions made regarding the removal of non-stationary
effects it was decided to neglect the modal response and concentrate on
integrated normal aerodynamic blade forces; this in effect assumes that
the blade behaves 1like a rigid body. This assumption also allows a
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certain amount of verification of the results, with a time domain

simulation model. (Anderson et al. 1985).

The power spectrum of the turbulent component only for the integrated

half blade normal aerodynamic force is
Q2
i )= L
G-n/ ((0) A v \(f G_u‘qzct'w L«.x c"\ CU'\A n (36)
(S

where

Aw = %?C C‘_“,QR

(37)

From equation (19) it can be observed that the variance of the normal
force is directly proportional to the variance of the turbulence and the

statistics will be Gaussian.

The following parameters will be used to describe a straight bladed 100m
diameter vertical axis wind turbine :-

Radius S0m -

Chord 5m
Rotational Speed 0.7 rad/sec
Blade Length (tip to tip) 72 m

Mean Wind Speed 10 m/s
Turbulence Intensity 15%

Equation (36) has been evaluated for the above parameters for a range of
turbulent length scales and the results are presented in Figures 5 to 9.
The spectra are shown plotted against the reduced frequency (i.e. non-
dimensional with respect to the rotational frequency). For all the
spectra it can be observed that a significant amount of energy is -
concentrated arournd 1P but not at the higher harmdhics. Perhaps
surprisingly there appears to be a removal of energy at 2P compared with
adjacent frequencies. Increasing the length scale from 50m to 150m
causes the 1P peak to become larger. A statistical analysis of these
spectra, based on eqguations (6) to (9) is presented in Table 3. From
this table a number of observations can be made :



92

i) The variance increases with increasing length scale.

ii) The spectral width, an indication of the distribution of
energy, does not appear to have any obvious relationship with
the length scale. This is not surprising as the calculation

of this parameter is prone to numerical error.

iii) The mean and root-mean-square peak values, which are
functions of the spectral width, are approximately 1.05 and
1.30 respectively.

iv) The maximum 1likely peak value decreases with increasing

length scale.

v) The =zero crossing rate decreases with increasing length

scale.

Presented in Figures 10 to 12 are results obtained from Anderson et al
1985 using a time domain simulation technique for the turbulent component
only; a direct comparison with results obtained from this analysis can
ke made. A turbulent 1length scale and intensity of 85m and 15%
respectively was used in both computations. From Figure 10 it can be
seeh that the two spectra are in reasonable agreement especially in the
prediction of the 1P peak and the trough at 2.5P. The spectra from the
simulation is considerably more 'noisy', at higher frequencies, as a
result of statistical errors. Both spectra also predict the existence of
a peak at 3.5P even though the structure was considered to be rigid in
both cases. The probability and level crossing distributions, for the
turbulent normal force component fram the simulation, are shown in
Figures 1l and 12 respectively. Also shown are the predicted maximum
peak value and the zero crossing frequency froam this analysis. It can be
clearly observed that good agreement exists and that the distributions
are approximately Gaussian.
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CONCLUSIONS
An analytical model has been developed, in the frequency domain, for
predicting the modal response of 'a vertical axis wird turbine to

turbulence, Unfortunately owing to non-stationary terms, in the

~ tangential force equaticn whiéh could not be removed, the model is

limited to the normal force only. . As discussed this is not a severe

limitation as the normal force is usually the design load.

It has been shown that turbulence, as a result of rotational sampling,
concentrates a significant amount of energy at 1P and and to a lesser
extent at 2.25P and 3.5P. These latter two peaks are not thought to be
real but the result of the numerical analysis. To a large extent it has
been shown that the statistical properties of the turbulent induced
normal forces can be assumed to be independent of the turbulent length
scale. It has been shown that the maximum peak and root mean square peak
values are 3.4 and 1.35 respectively times the standard deviation.
Confidence in the assumptions made during the development of this model
has been gained by comparing the results with a time domain simulation
model.
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ATMOSPHERIC
TURBULENCE

TTL

ROTATIONAL
SAMPLING

3

AERODYNAMIC

LOADS

T

STRUCTURAL

RESPONSE

S

STATISTICS

Table 1 General Method of Analysis



COMPONENT

Atmospheric
Turbulence

Rotational
Sampling

Aerodynamic
Loads

Structural
Response
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TURBINE TYPE

HORIZONTAL

Gaussian distribution.
Stationary.

Only longitudinal
component usually

of interest.

Isotropic and
homogeneous.

Wind shear neglected.

gaussian distribution
preserved.
Stationary.

Gaussian distribution
preserved.
Stationary.
Independent of blade
position

Linear structural model.
Gaussian distribution
preserved.

Independent of blade
posit/n except when
tower is included for

a two-bladed turbine.

VERTICAL

Gaussian distribution
Stationary.

Lateral and
longitudinal
components required.
Isotropic and
homogeneous.

Wind shear neglected.

Gaussian distribution
preserved.
Non-stationary with
respect to frequency.

Non-Gaussian distribution
Non-stationary.

Dependent on blade.
position.

Linear structural model.
Non-Gaussian distribution.
Non-stationary.

Dependent on blade
position.

Table 2 Comparison of Basic Assumptions
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FIGURE 2 CORRELATION



100

JONIYIJAY, 40 SAWYHI ONILVIOH Ol
XHYNOILVLIS WOYd IDONITINEYNL 40 NOILVWHOJISNVHL €

JUNoId

13-



101

CORRELATION COEFFICIENT

J

ANGL
(0-360

-1.0

1T

2T

3T

LAG TIME

4 CORRELATION COEFFICIENT

FIGURE




LOG DECARDES

102

RERODYNEMIC NORMAL FORCE
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FIGURE 5 POWER SPECTRAL DENSITY FUNCTION OF NORMAL
BLADE FORCE (turbulence only). LENGTH
SCALE = 50m.
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RERODYNAMIC NORMAL FORCE
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FIGURE 6 POWER SPECTRAL DENSITY FUNCTION OF NORMAL
BLADE FORCE (turbulence only). LENGTH
Scale = 75m.
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RERODYMAMIC NORMAL FORCE
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FIGURE 7 POWER SPECTRAL DENSITY FUNCTION OF NORMAL
BLADE FORCE (turbulence only). LENGTH
SCALE = 100m.
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AERODYNAMIC NORMAL FORCE
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FIGURE 8 POWER SPECTRAL DENSITY FUNCTION OF
NORMAL BLADE FORCE (turbulence only) .
LENGTH SCALE = 125m.
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FIGURE 9 POWER SPECTRAL DENSITY FUNCTION
OF NORMAL BLADE FORCE (turbulence
only). LENGTH SCALE = 150m.
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RERODYNAMIC NORMAL FORCE
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FIGURE 117 PROBABILITY DISTRIBUTION OF NORMAL FORCE

(turbulence only) FROM TIME DOMAIN
ANALYSIS. ALSO SHOWN PREDICTED MAXIMA
FROM THIS ANALYSIS.
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AERODYNAMIC NORMAL FORCE
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FIGURE 12 LEVEL CROSSINGS OF NORMAL FORCE
(turbulence only) FROM TIME
DOMAIN ANALYSIS. ALSO SHOWN
PREDICTED NUMBER OF ZERO
CROSSINGS FROM THIS ANALYSIS.
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THE SIMULATION OF TURBULENCE FOR USE

IN WIND TURBINE ANALYSIS

INTRODUCTION

The main advantage of adopting an approach based on the numerical
simulation of the turbulent velocity is that non-linear effects
associated primarily with stall, whether it be dynamic or quasi-steady,
can be included. In addition, once the velocity field has been
synthesised it may be stored and used many times over as an input to
structural/aerodynamic models of different complexity. The results fram
such a model are in general easier to interpret and are directly
comparable with experiemental data. Care, must however be taken to
ensure that this method does not become computationally very expensive.

METHODOLOGY

There are two basic avenues of approach for the numerical simulation of a
three-dimensional turbulent velocity field :-

‘a) numerical solution of the Navier-Stokes equation:
b) 'Monte Carlo' simulation.

A detailed discussion of both these can be found in Frost and Moulden
(1977) and the references cited therein. However, in summary the main
difference between the two approaches is that the 'Monte Carlo' method is
based solely on the first and second order statistical moments without
any reference to the fluid dynamics of the flow and hence is considerably
simpler. ‘There is no guarantee that the 'Monte Carlo' approach will
produce a veloéity field which is continuous or physically realisable.
However, in the context of aerodynamic/ structural dynamics the first and
second order statistical moments have the most significant impact on
loads. For these reasons the 'Monte Carlo' approach was adopted.
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MONTE CARLO SIMULATION

To simulate a three-dimensicnal velocity field the method outlined by
Shinozuka and Jan (1972) and more recently by Veers (1984) has been
adopted. A three dimensional velocity field can be simulated by
producing time series of wind speeds at 'q' points which lie in a plane
perpendicular to the mean wind direction, Figure 1. To simulate it is
necessary to have a knowledge of the spectral density matrix sX. This
is a matrix which represents the cross-spectral density function between

two points in space; in general it is complex and Hermitian, hence

Sjk = skj (1)

where the overbar indicates the complex conjugate.

Assuming that Taylor's frozen turbulence hypothesis is applicable, and
that the number of points at which the turbulence is simulated is g, then

S S

11 12 . . . I} Sl,zq

821 522 3 L 3 ’ Sz'zq

sX = (2)

qu'l' qu'z . . L] ’ quzq

The S* matrix is of size 29 x 29, not g x q, owing to the two velocity
components. Conceptually, it is assumed that s* can Kd produced by
passing a set of 29 mutuaddy independent white noise sources w, = wi(t),
i=1,2,......2q through a set of suitable linear systems Hij' called the H
matrix (see Figure 2) It can be shown that the H matrix satisfies the
equation

s = n @l ) (3)
where T indicates the transpose

To find the matrix H efficiently, it may be assumed that H is of lower
triangular form hence :
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= (SL‘_ HL) ("':l"l”’:’lcl/ (4)

Jd

e - (S;- 2 Hy, oYMy e -

All terms on the main diagonal of H are real-valued quantities whrile the
cther terms are, in general, complex.

The 2q white noise sources can be defined ky a vector of the same length
having individual terms given by '

W =1 i
S ij = (T) E[Wi wi] =1 (6)

where T represents the simulation period of time, E is the expected value
and Wi is the Fourier transform of wi(t). To generate the noise vector,

the Fourier transforms can be defined as
W (£) = (¥ exp)-3oX , (£)) (7)

The phase angles, AA\. (f) are taken from a uniform distribution between 0
and 27 radians. The Fourier transform of the 2q time series is hence

given by
X =HW ' (8)

which is equivalent to
k i=l'2 ceece, Zq (9)

The simulated time series can then be obtained fram the inverse Fourier
transform of eguation (9).

To simplify matters it is possible to assume that the spectral matrix is
real and that the lateral and longitudinal components are uncorrelated;
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bcth of these assunptions can be justified in the light of experimental
evidence, Kristensen and Jensen (1979) and Daverport (1961).

The individual terms within the S* can be calculated via the ccherence
function and a suitable form of the single point power spectrum.

The coherence function, for either compbnent, is defined (ESDU 1971) as

)f:s CA\',@S = | SCS N, w \lz

. ' (10)
Sec ) gJS ()
but as we have assumed that the turbulence is homogeneous then
Sii(n) = Sjj(n) i=12... 2 (11)

and hence

e

¢

: CA\‘,(@S l s SLC (_C05 ("S (A\", CQ) (12)

ESDU (1971) have proposed, based cr. experimental evidence, the following
relationships for the coherence function for the two components,

\(’23 (9 Ay = ecp (—rQ“A*'/C’h' Cl))

(13)
where
r
A =3+ 270 A r‘}/"r,uI longitudinal (14)
rAn =210 A\ r%/xLu lateral (15)
and XL is the longitudinal length scale. The single point power

u
spectrum based on the von Karman spectrum was used for Sii(n) with the

appropriate constants for each of the two velocity components. The
restriction of Taylor's hypothesis can be removed by generating two
uncorrelated velocity fields and interpolating between them.
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However, even though this method is numerically very efficient, a
considerable amount of core:storage is required and therefore special
software is required to enable disk storage to be used efficiently unless
a virtual operating system is available.

RESULTS

To gain confidence with this technique a comparison, in statistical
terms, was made with real wind data. This data consisted of measurements
of three perpendicular components of the wind at 12 points, 8 in an outer
ring, 4 in an inner ring. Positions and dimensions are shown in Figure
3. The anemometers used were Gill propellors, an@ the data were sampled
every 0.2s. To effect a comparison the longitudinal length scale,
turbulence intentsity and mean wind speed had to be determined. From the
comprehensive analysis of this data carried out by Fordham (1984) the
following Qalues were taken; longitudinal length scale = 85m, turbulence
intensity = 13.5%, mean wind speed = 10.78 m/s. Using these data a
simulated wind field was generated using the above described technique.
For both the real and simulated wind fields estimates of the single point
power spectra and coherence functions were obtained by the method

- generally known as segment averaging. A Hanning window was applied to

each segment prior to performing a FFT in order to reduce leakage
effects. 'The results of this analysis (for the longitudinal turbulent
component only) is shown in Figures 4 and 5. It can be observed from
both figures that close agreement exists between the simulated and the
real data. Presented in Figure 6 and 7 are isovenf contour maps, of
horizontal slices, of a simulated field; the contours are at 1 m/s
intervals. The number of simulated points perpendicular to mean wind
direction was 32 in a rectangular grid 4 (vertical) by 8 (lateral)
spanning an area 72m by 100m respectively. The total length of the field
was 8192 points spaced at equal intervals of approximately 20m.

Results from using this technique in conjunction with structural models
of both horizontal and vertical axis wind turbines can be found in
Anderson et al. 1985 and Powles and Anderson 1984.
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WIND CHARACTERISTICS IN THE TURBINE WAKE.

Jan-Ake Dahlberg

Information about the wind characteristics in the turbine
wake has been obtained by measurements in the fixed mete-
orological towers at the Swedish prototype sites WIS 3 at
Maglarp and WIS 75/2 at Nasudden.

The towers are located approximately 3 turbine diameters
from the turbines.

The towers are equipped with sensors according to:

Sensor: Number of 1levels: Updated every:
Wind speed 7 (x2) 10 sec
Wind direction 3 10
Turbulence 3 (x3,X,Y & 2) .5
Temperature 7 10
Humidity 1 10

Air press 1 10

Ice ' 1 10

Figure 1 and 2 show the locations of the sensors.

All the signals from the meteorological tower are fed into
the data aquisation system together with signals from the
turbine.

Recordings are automaticly "triggered" when the wind direc-
tion is pointing to the tower or the wind direction is swee-
ping past the tower.

A number of such occasions were presented during the meeting
by means of Video recorded sequences of animated wind pro-

files including turbulence level, wind direction and power
output.

An example of the presentation is shown in figure 3.

Copies of the Video tape are avaliable at FFA.
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Wind Measurement and Evaluation Methods

J. P. Molly

Summary )
Different wind measurement and data evaluation methods are

explained briefly. These methods are applied or under con-
sideration on the test site of the DFVLR. They are used to

' describe the spatial and transient behaviour of gusts and the
correlation of wind and wind energy converter (WEC) load res-
ponses. Recording wind and load real time data with a sufficent
time resolution needs large storage capacities, which normally
not exist at the test sites. Therefore methods for on-line data
reductions are necessary. Those which are applied by DFVLR

are reported.

General Problems

Experiences on the WEC test site of DFVLR showed the difficulty

of recording high speed wind and WEC load data for sufficient long
periods which are necessary for the statistical description of

the typical wind and WEC response behaviour. Dependent on the guan-
tity of data channels the storage capacity of common data recording
systems are only sufficient for recording some minutes or hours of
high speed data streams. The collected data therefore are limited
to some spot checks and the chance to record extraordinary occur-
ances are quite small. To increase the observed time, statistical
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on-line reduction methods are necessary, but using them the
transient gust behaviour will be lost. On the other hand a
statistical data evaluation could simplify the correlation

problem between measured wind speed and the time delayed

response of the WEC which is dependent on wind direction and
velocity.

To get good compromises between the needed on-line data reduction
and the loss of information, DFVLR developed special data reduction
technics and wind measuring systems. '

Measurement of the Wind Speed

All systems which use a certain grouping of anemometers to measure
the wind speed across the rotor disk area have the disadvantage

of a strong influence on the correlation between wind measurement
and WEC response if the both measuring sites are not aligned

with the wind. To avoid this, DFVLR has a wind measurement system

in preparation, which will be mounted on the rotor blade of a

WEC transmiting the relative wind velocity along its rotational

path of the rotor blade by a telemtry system.

Dependent on the applied reduction, spatial wind field informations
can be gained by this measuring method for a longer time period
under nearly always perpendicular flow conditions through the
measuring plane. The equipment is designed for the use on the
DEBRA-25 WEC which has a diameter of 25 m. With the pitch control
system it is possible to operate the rotor under various rotation
speeds and under zero load conditions with the advantage of very low
influences on the flow field caused by the power extraction of the
rofor. Under rated speed conditions and only one rotor blade

equiped with wind sensores all 1.2 s a wind speed average for the
measured rotor cCross section can be built up. The measurement accuracy
for the calculated incoming wind speed is about 0.5 m/s at low wind
speeds. At higher wind speeds the resolution will become better.
Flow speed and direction relative to the chord direction of the
blade will be registered with a maximum data sampling rate of 10 ms or
every 3° of rotor azimuth angle under rated rotor speed condition.
The sensor for the flow speed measurement is a Erandtl pipe which
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is mounted in front of the leading edge of the rotor blade.
Parallel to the speed sensor a wind vane is fixed to measure the
incoming flow direction (Fig. 1). Both signals together with

the rotor speed are used to calculate the actual flow perpendi-
cular to the rotor plane.

Determination of the Transient Gust Behaviour

The knowledge of the time history of gusts is quite important for
the load calculations of rotor blades and drive train. Wind speed
accelerations and decelerations during gust conditions have a WEC
dependent influence on the loads that means the load maximum depend
on the reaction time of the pitch control and on the changing speed
of the aerodynamic flow condition.

To find out the typical transient behaviour of wind gusts, DFVLR
developed a wind data evaluation programme which classifies the
gusts due to their speed difference between beginning and maximum
speed of the gust. For the gusts collected in one class an average
transient gust behaviour is calculated, which specifies the
acceleration of the gust front, the duration of the maximum speed
the deceleration at the gust back and the speed after the gust.

The definition of what a gust is can be chosen by selecting
accelerations or magnitudes.

All gusts of each class are counted as well as maximum values are
registered. By this method typical gust shapes and frequencies for
example for different weather conditions or/and different sites

can be evaluated from raw data tapes. An on-line processing using
this method is in preparation and can be applied in conjunction with
the existing data acquisition system at the DFVLR testfield

Schnittlingen. Fig. 2 shows an examplé of a data evaluation using
this method.
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Relation Method Between Wind Speed and Load Measurement

Significant difficulties exist in relating the wind speed with

the load reaction of the WEC due to the time delay between wind

speed measurement point and WEC. ,

To avoid the necessity of calculating the time delay with which

the wind reaches the WEC it seems to be possible to register both
with the same statistical reduction method and than compare the
typical shape of the data pattern. Such a method of course also

would include the possibility of an on-line data compression with the
advantage of a long-term data acquisition.This increases the chance

of measuring really extraordinaire and therefore design relevant gusts

The existing data processing system of DFVLR, which is in use at
the test site already offers such statistical data reduction me-
thods, which can be applied on-line or off-line. The simpliest
method is the normal procedure of counting up the frequencies of
wind speed and load bins (power, stresses, moments etc.). With the
comparison of the load and wind speed pattern a certain relation can
be found. The main disadvantage is the loss of all transient in-
formations because the frequency distribution allows no longer any
statements, if the wind speed laid down in a certain bin was taken
during a constant, change or peak condition.

To solve that problem DFVLR installed a Markov-matrix as an on-

or off-line data processing method by which again wind and

load data can be evaluated. In the Markov-matrix transitions from
one level to an other level are registered and laid down at the
specified place. Transition from one wind speed to an other can
occure with different accelerations which are lost in a normal
Markov-matrix.

Therefore the wind speed transitions can be classified into up to
five different acceleration classes. By this method it is possible
to concentrate the data recording on the most significant transitions-
Fig. 3 and 4 show such a data evaluation for the wind speed

and for the corresponding power output of a WEC. In both graphs

the diagonal values are suppressed because they do not represent
load changes.
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Conclusion

The different methods presented in this report are an attempt

to find measurement and evaluation methods which can be applied

on the data on- or off-line. On-line data reductions enclose the
possibility of long term data recordings, which have to be done in

a way that the important transient information are not totally

lost. The application of these methods on the test site of DFVLR
will show their suitability. Dependent on the resﬁlts, a combination
of the three data collecting and measurement systems is planned.
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Fig. 1 Flow speed sensor for measurement at the rotor blade
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Fig. 4 Markov matrix applied on power output corresponding
to the wind of Fig. 3.
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Fig. 6 gives some typical gust structures. The steplike velo-
city change is preceeded by a slow velocity decrease respecti-
vely increase depending if the gust is positive or negative.
The step is followed by a slow velocity change back to the
mean value. The relative number of gusts is typically larger
for positive gusts as is shown in Fig. 7. The gust amplitude,
defined as the difference between the maximum and minimum
value of the velocity step, can be normalized with the square
root of the variance multiplied by the detection level factor,
and becomes approximately constant, Fig. 8.

Figs. 9-10 shows results for wind components making an angle

© relative to the mean wind direction. In Fig. 11 the relative,
gust amplitude has been plotted against ¢ . The amplitude
ratio does not follow the cosine-function which one would
expect if the gust front is plane. So this is an indication

on that the gust front is curved.

Fig. 12 shows gust samples for different integration time
intervals, 1.4-20.25s. The data in this case have been samp-
led with 20 Hz frequency (recorded by MIUU with hot wire
probe) .

Fig. 13 shows gust samples for time interval 9 s. These data
have been sampled with 1 Hz frequency (recorded by SMHI with
Gill turbine anemometer). It is found that the most distinct
gust structure is -found for time interval 5-10 s indicating
that this should be a characteristic time scale for gusts.

A continued work on gust structure studies should include a
comparison of the gusts detected with conditional sampling
with other gust models e.g. the velocity difference model.
Also analysis of multipoint measurements ought to be made in

order to get a better description of the spatial structure.
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GUST STRUCTURE

Magnus Linde

An analysis has been made of wind turbulence measurements
using conditional sampling technique. Wind-data from the
Swedish WECS test sites have been used. The data has been
collected by MIUU, Uppsala University and SMHI, Norrkdping.

The gust structure is defined as the time history of the
wind velocity in one or several points in space, in a
fixed or a rotating frame (Fig. 1). The present analysis
is limited to fixed points in space.

Conditional sampling technique has earlier been used in
turbulent boundary research in order to study characteri-
stic events or "well-ordered structures" as the term has
sometimes been. In the present work it is used as a tool
to study characteristics of gusts. Some work has earlier
been done by the author and some others (Fig. 2).

The VITA-technique (Variable-Interval-Time-Averaging) uses
the short-time variance as a detection function for events
with strong fluctuations (Fig.3). All detected events are
collected in a sample and this sample function is presen-
ted in following figures. The events are separated in
positive and negative ones using an additional criterion
shown in Fig. 4. Fig. 5 shows an example of a sample where
separation ahs not been made and then the negative respecti-
vely the positive events separated.
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Fig. 6 gives some typical gust structures. The steplike velo-
city change is preceeded by a slow velocity decrease respecti-
vely increase depending if the gust is positive or negative.
The step is followed by a slow velocity change back to the
mean value. The relative number of gusts is typically larger
for positive gusts as is shown in Fig. 7. The gust amplitude,
defined as the difference between the maximum and minimum
value of the velocity step, can be normalized with the square
root of the variance multiplied by the detection level factor,
and becomes approximately constant, Fig. 8.

Figs. 9-10 shows results for wind components making an angle

© relative to the mean wind direction. 1In Fig. 11 the relative.
gust amplitude has been plotted against ¢ . The amplitude
ratio does not follow the cosine-function which one would
expect if the gust front is plane. So this is an indication

on that the gust front is curved.

Fig. 12 shows gust samples for different integration time
intervals, 1.4-20.25s. The data in this case have been samp-
led with 20 Hz frequency (recorded by MIUU with hot wire
probe) .

Fig. 13 shows gust samples for time interval 9s. These data
have been sampled with 1 Hz frequency (recorded by SMHI with
Gill turbine anemometer). It is found that the most distinct
gust structure is -found for time interval 5-10 s indicating
that this should be a characteristic time scale for gusts.

A continued work on gust structure studies should include a
comparison of the gusts detected with conditional sampling
with other gust models e.g. the velocity difference model.
Also analysis of multipoint measurements ought to be made in
order to get a better description of the spatial structure.
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GUST STRUCTURE

THE TIME HISTORY OF WIND VELOCITY

8 IN A FIXED POINT IN SPACE
B [N SEVERAL FIXED POINTS IN SPACE

& _IN A ROTATING FRAME

IS IT IMPORTANT TO KNOW THE GUST STRUCTURE?

WHAT IS NEEDED - WHAT CAN BE USED?

Fic, 1.
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HYPOTHESIS: “WELL-ORDERED” STRUCTURES EXIST IN THE ATMOSPHERIC
SURFACE LAYER (CF. TURBULENT BOUNDARY LAYERS)

ANALYSIS USING CONDITIONAL SAMPLING TECHNIQUE
VITA (VARIABLE INTERVAL TIME AVERAGING)

GUSTAVSSON H THE GUST AS A COHERENT STRUCTURE IN
LINDE M THE TURBULENT BOUNDARY LAYER. 1979
LINDE M ANALYSIS OF GUST STRUCTURE IN THE

ATMOSPHERIC BOUNDARY LAYER BY USING
CONDITIONAL SAMPLING. 1981

LINDE M GUST STRUCTURE AND GUST STATISTICS...
1983
ANTONIA RA ET AL CONDITIONAL SAMPLING OF TURBULENCE IN

THE ATMOSPHERIC  SURFACE LAYER. 1983
ScHoLs JLJ THE DETECTION AND MEASUREMENT OF

TURBULENT STRUCTURES IN THE ATMOSPHERIC
SURFACE LAYER. 1984

Fic. 2.
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CONDITIONAL SAMPLUINE MODEL

VITA - TECHNIQUE
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Fie., 3.
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ADDITIONAL CRITERION FOR THE SEPARATION OF “POSITIVE”
AND “NEGATIVE" GUSTS

AREA S; < AREA S, = POSITIVE GUST

Fic. 4.
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Gust amplitude variation.
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SUMMARY

] CHARACTERISTIC TIME - VELOCITY RELATION
] GUST AMPLITUDE RELATION
] DOMINANT TIME SCALE FOR GUSTS?

] INDICATIONS OF GUST SPACE STRUCTURE?

CONTINUED WORK:

. COMPARISON WITH OTHER GUST MODEL
(VELOCITY DIFFERENCE)

. ANALYSIS OF MULTIPOINT MEASUREMENTS

Fic. 14.
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CONCLUDING DISCUSSION

The concluding discussion after the presentation of all
papers was led by Jim Connell.

One major question that was raised reveral times during the
sessions and also during the discussion was, "How well do
we have to describe the wind?". Obviously this is not same
questions as, "How well can we describe the wind?".

Those who work in the frequency domain when making load cal-
culations seem to have the same, quite simple, turbulence
modelling (Garrad). If one wants to find out if the turbu-
lence description is satisfactory one has to verify what

the effects of the turbulence are (Gustafsson). The paper
presented by Ganander showed some results for how stochastic
loads could be separated from the periodic ones. Ganander,
however, remarked that the test campaigns have to be long
enough so that the complete dynamics of the turbuelnce is
included. Someone suggested that it could be interesting to
compare the sum of a number of shorter campaigns with one
long campaign.

Turbulence is of great importance for the fatigue of a wind
turbine (Berg). A more detailed turbulence modelling then
should be motivated (Smedman). The calculation of the
fatigue life of a wind turbine however also includes seve-
ral other important and difficult parts, e.g. load calcula-
tion and material fatigque data. Efforts to improve these
parts of fatigue calculation of course are going on so, as
Connell remarked, also work for the improvement of turbulence
modelling should continue.
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Dragt made a remark on the importance of the coherence func-
tion. Some calculations with different assumptions for the
coherence were presented showing how much this effects the
result. Further measurements in order to get a better know-
ledge of the coherence function was suggested.

Most load calculations seem to be made in the frequency
domain. A linear system then is assumed. When working in
the time domain the complete dynamics of the system is
achieved as pointed out by Ganander. Discrete gust models
should only be used for extreme events and not for fatigue
calculations (Anderson).

It was remarked that the meeting almost entirely had been
devoted to turbulence modelling for HAWT:s without much
attention to VAWT:s which probably is even more difficult.
Another remark was that wind turbines with variable speed,
which look very promising, will need more sophisticated
turbulence modelling. A third remark was that perhaps more
attention should be paid to the turbulence modelling in
wind farms. If a large scale utilization of wind power
comes a more or less windfarm like configuration will have
to be used. Then most wind turbines will not work in the
undisturbed atmospheric surface layer, but in a turbulent
flow field which is influenced by other wind turbines.
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RESEARCH ON TURBULENT WIND IN THE U.S. WIND
ENERGY TECHNOLOGY PROGRAM

James R. Connell

~1. INTRODUCTION

The typical procedure in the initial design of a wind turbine uses a
modest description of the turbulent wind. However, redesign and analytical
testing of turbine rotors, after the fluctuating forces of operating in' the
turbulent wind have been experienced, often place a high priority on accounting
for the details of turbulence. Thus the part of the U.S. Department Of Energy
(DOE) wind energy technology program dedicated to turbulent wind characteriza-
tion has found a strong coupling with the primary DOE program elements of aero-
dynamics and mechanical design and testing of wind turbines. The responsibility
for turbulence research and the characterization and modeling of turbulence
experienced by wind turbines has been assigned to DOE's Pacific Northwest
Laboratory (PNL)(Connell 1979). Inter-laboratory cooperative activities with
Sandia National Laboratories (SNL)(Veers 1984) and the National Aeronautics
and Space Administration (NASA)(Spera 1984), and more recently with the Solar
Energy Research Institute (SERI) (Thresher and Holley 1981), have transformed
some of the basic research done by PNL (Connell 1981, 1982) into interim models
of turbulent wind specialized for their particular use of aerodynamics models.

This paper outlines the U.S. DOE wind energy technology program's past
progress in turbulence wind research, current activity and future directions.

2. A BRIEF HISTORY OF U.S. DOE RESEARCH ON TURBULENCE AT WIND TURBINE ROTORS

Research in the United States on turbulence effects on wind turbines
started with Eulerian descriptions, both theoretical and empirical, of the
wind observed at single nonmoving points. Only slightly later, measurements
with a circular array of anemometers placed in a crosswind vertical plane were
made, to more completely describe the wind that would cross the disk space of
a horizontal-axis wind turbine (Verholek 1978). This research developed
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quickly into analysis of turbulence as it would be observed from a point
rotating around a circle, matching the rotation of a wind turbine blade. The
term "rotational sampling" was coined to describe the process of sequential
observation from a point moving at constant speed in a circle in a rotating
frame of reference. An empirical spectral model and the outline of an approach
to a theoretical model of the rotationally sampled wind velocity were
developed (Connell 1980, 1981, 1982).

In late 1979, at an International Energy Agency (IEA) meeting in LinkSping,
I presented the PNL model of the measured spectrum of rotationally sampled
turbulence. I also brought a copy of the 1955 Ph.D. thesis in which Rosenbrock
formulated a theoretical model of a rotationally sampled wind spectrum as a
small part of a much larger work on wind turbine dynamics (Rosenbrock 1955).
Figure 1 shows the spectral density function generated by Rosenbrock's theoreti-
cal model of the "free stream" axial wind speed fluctuations viewed from the
rotational sampling frame of reference. It suggests that there would be more
high-frequeﬁcy fluctuations than are predicted by an Eulerian wind model.
Returning to the United States by way of Risg I was delighted to find that the
spectrum of measured blade root bending moment of the Gedser mill had the struc-
ture that I predicted for turbines from the new PNL model of the rotationally
sampled wind (Lundsager, Christensen and Frandsen 1979).

A vertical plane array was erected by PNL in front of a 200-kW horizontal-
axis wind turbine in order to develop the correlation between turbine response
and the turbulent wind (Connell and George 1983; George and Connell 1984). At
the same time, three separate approaches to modern theoretical modeling of the
rotationally sampled turbulent wind were initiated to keep pace with the mea-
surements (Connell 1981, 1982; Fichtl 1980; Thresher and Holley 1981). Figure 2
contains spectral density functions generated for three cases of the axial wind
speed rotationally sampled from PNL's vertical plane array in front of the MOD-0A
at Clayton, New Mexico (Connell and George 1983a). Figure 3 gives one example
of the corresponding spectrum derived from the PNL theretical model. The simi-
larity between measured and theoretical wind spectra is very strong. Figure 4
shows three cases of the spectral density function of the flatwise root bending
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moment of the MOD-0A downwind of the vertical plane array in the top row and
of power output in the bottom row (Connell and George 1983; George and Connell
1984). 1Its similarity to the wind spectrum is also very strong. Simple aero-
dynamic arguments lead to the conclusion that the rotational sampling model of
wind advanced substantially our understanding of fluctuating aerodynamic forces
on a wind turbine rotor. This piece of research established the validity of
the rotationally sampled wind model of turbulence for wind turbine aerodynamics
as a replacement for the Eulerian wind model.

3. RECENT ADVANCES IN TURBULENCE MEASUREMENT AND MODELING

Models and measurements of the rotationally sampled wind for the "free
stream" do not provide the winds that actually force the rotor blade, because
the rotor itself induces upwind flow distortion. Further, the wind information
they provide does not correlate, instant by instant, with blade response because
of the time required for wind to get from the "free stream" to the rotor and
because of the transitory nature of the detailed flow in turbulence (Connell,
George and Sandborn 1985). To help understand this phenomenon, some measure-
ments of the turbulent wind velocity just ahead of the leading edge of rotor
blades -have been made with special anemometers (Sandborn and Connell 1984)l
The use of the turbulence measurements made with these hotfilm anemometers has
resulted in the only successful computation of the bending moment fluctuations
measured on the MOD-2 blades (Connell, George and Sandborn 1985; Miller 1984).

Figure 5 shows an example of the spectra of the axial wind speed measured
with a hotfilm anemometer protruding from four locations on the leading edges
of the MOD-2 wind turbine blades (Connell, George and Sandborn 1985). The wind
was measured in the flow distortion region relative to a sensor that moved with
the teetering, flapping blade at the 0.7 radius. This is the wind that the
blade actually experienced, and it does not need to be corrected by a model of
the flow distortion caused by the rotor. The similarities to and differences
from the "free-stream" rotationally sampled wind are evident and raise some
important questions about how closely the flow distortion for the steady aero-
dynamics of a rotor must be modeled. Research efforts to find out more about
the changes in turbulence and mean wind velocity caused by flow distortion near
the rotor have recently been begun by PNL.
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In order to accurately compute the aerodynamic force on a rotor blade as
a function of time, the wind velocity must be known at several radial
locations. To find this information, the most practical method is to measure
the turbulence simultaneously with several hotfilm anemometers placed at
different radial locations on a rotating system. Figure 6 shows six pairs of
time series of wind speed measured by two hotfilms on a rotating boom. Fig-
ure 7 shows the amplitude and phase spectra for one example of radial separa-
tion from the tip location on the boom. Up to a certain frequency, the
spectral relationships are linear. These preliminary results are being used
in the design of further measurement and theoretical research into the two-
point, two-time analysis of rotationally sampled turbulent wind.

4. CURRENT ACTIVITIES

Mean wind and turbulence measurements have been initiated at PNL to study
the effect of flow distortion caused by a rotor. The early phases of this
research used a small wind turbine model in a large wind tunnel. Some
preliminary measurements of the power coefficient of the model are shown along
with the locations of wind measurements being made in Figures 8 and 9. No
scaling is planned. We are using- these results to guide our design of experi-
ments for measurement of flow distortion in front of a larger turbine in the
real atmosphere in later phases.

In addition to performing basic research, PNL is active in simplifying
models of the rotationally sampled wind and providing time series of the spec-
trally modeled wind for use in design analyses. We are also evaluating and
developing instruments for measurement of turbulent wind for wind turbine
design and response purposes. Some of these models and instruments will be
discussed below.

Figure 10 shows spectra of a simplified model time series graph of rota-
tionally sampled wind speed for three wind cases in the free stream ahead of a
MOD-0A wind turbine, derived from turbulence measurements taken from a single
tower (Connell 1985; Connell and George 1983a,b). The data were transformed
into a rotationally sampled wind speeds by a PNL method called the Single
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Tower Rotationally Sampled model, type 2 (STRS-2). Use of the STRS-2 computer
program can be learned readily, although knowledge of turbulence physics is
helpful for setting the amount of artificial expansion used in stretching
single-tower measurements to the crosswind plane in which a rotor turns. 1In

the three cases where the single-tower model was compared to the corresponding
7-tower measurement of the rotationally sampled wind, the spectra were reason-
ably well modeled at frequencies of up to three times the rotation rate of the
sampling (or the rotor). The accuracy degenerated to very poor beyond five times
the rotor's rotation rate. Figure 11 contrasts STRS-2 wind time series from a
single tower and from a laser anemometer both rotationally sampled corresponding
to a large (MOD-2) turbine. Figure 12 shows the corresponding spectra. It
would appear that, overall, the two methods give about the same result. How-
ever, to the experienced eye, the detailed structure Tooks more realistic for
the laser measurements. No clear test of either method has been made on this
scale of rotation.

A recent simulation of time series, derived from the PNL theoretical spec-
trum model of rotationally sampled wind, is shown in Figure 13. The simulated
time series retains the spectrum of the theory from which it was derived, which
is based upon the integral scale. Other statistical parameters of the time
series would not be expected to match those of measured turbulence, except by
chance. One example of a simplified model of this time series is shown in Fig-
ure 14. The time series is reduced to a set of five sine waves.

Turbulence at a coastal sand dune site has been measured in a pilot study
using five levels of anemometry between 19 and 46 m AGL on a single meteoro-
logical tower. These results indicate very different distributions of mean
wind speed and turbulence variance for different wind directions. Figure 15
shows several examples of the vertical profiles of these average variables.
Excess wind speed in the middle heights of measurement is indicated for certain
wind directions. The data can be rotationally analyzed for use in wind turbine
response estimation using STRS-2.

One of our other tasks has been to assess the quality of wind velocity
values and their time series measured in turbulence with kite anemometers and
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with cup or hotfilm anemometers attached to tethered balloons. Theoretical
results and corresponding measured results obtained during accuracy tests for
the kite anemometer are shown in Figures 16 and 17. It appears that neither
the kite nor the tethered balloon system is capable of accurately measuring
turbulent wind velocity on the scales important for blade fluctuations. Inter-
estingly, the kite anemometer sometimes produces a time series having a spec-
trum that looks somewhat like a rotationally sampled wind spectrum (Figure 17).
Considering the kite's motion in turbulence, some type of moving sampling is
expected, but it would not be sampling around a circle at a constant rotation
rate and radius. ’

5. FUTURE ACTIVITIES IN THE U.S. DOE TURBULENCE AND WIND TURBINE RESPONSE
PROGRAM OF RESEARCH

The U.S. DOE wind turbine research program is at a point where new initia-
tives are beginning at the field measurement stage and where a few of the older
wind turbine research tests are winding down. New activities are beginning
for the measurement of the turbulent wind with single meteorological towers at
older sites like that of the MOD-2 in Washington State and the WTS-4 in Wyoming.
The physical arrangement of anemometers at the WTS-4 site is shown in Figure 18.
The anemometers are spaced uniformly across the height span of the disk at a
distance of 1.7 rotor diameters upwind from the turbine. We cannot expect to
correlate turbine rotor response on an instantaneous basis with the turbulence
measured so far away, but we may hope to relate the measured spectrum of the
rotor response to the spectrum of the rotational time series of the turbulence
modeled from these measurements, using STRS-2. The measurement phase of the
microscale turbulence research at the WTS-4 will be completed by the end of
April 1986.

The primary tool for our research on the rotationally sampled turbulent
wind has been a rotating boom apparatus at the PNL. The boom may be rotated
in the horizontal-axis wind turbine (HAWT) or the vertical-axis wind turbine
(VAWT) mode and carries a pair of three-dimensional hotfilm anemometers that
may be placed at selected radial distances along the boom. This permits con-
trolled studies of the phase and coherence of two-point, two-time turbulence
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properties. We plan on further developing the methods of accurate turbulence
measurement from rotating systems using the rotating boom. Figure 19 is a
drawing of an originally planned version of the apparatus. The actual appara-
tus had a truss tower, a helicopter blade and other rudimentary features. We
are now upgrading the apparatus substantially. Some of the results from the
existing apparatus have already been discussed.

The measurement of turbulence from HAWTs is being extended to include
three-dimensional turbulence measurements taken simultaneously at two points
on a blade of the Howden turbine installed at San Gorgonio, California, where
there is a good research test site in a good wind regime. This will provide
turbulence information for a non-teetered rotor, intermediate size machine.
Our previous results were for a teetered-rotor megawatt machine and for a small,
flexible rotor of 8-m diameter.

Theoretical modeling will be extended to include two-point, two-time
information corresponding to some of the most recent turbulence measures. This
will likely close our theoretical efforts for a while, since it will be
important to assess their accuracy and usefulness in aerodynamic computations
for design and to verify them with new measurements before continuing to develop
theories.

6. CLOSING REMARKS

Three areas of fundamental research on turbulent winds seem to merit
future attention. The first is a fuller description of the size and shape of
the coherent structures, or eddies, that make up the field of turbulent flow
that interacts with turbine rotors. Coherence and spatial correlation analy-
ses will be done in relation to theoretical modeling needs. Out of this
research will come more information on phase relationships in the wind that
are important in calculating the aerodynamic forces that rotate and bend the
rotor.

The second area of fundamental research has to do with the unsteady, three-
dimensional aerodynamic forces as they are influenced by the turbulent wind.
For this research, it is expected that a combination of turbulence measurements
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made with hotfilms, pressure measurements along the surface of the blade and
advanced aerodynamic flow calculations will be integrated with measurements of
the effects on and near the rotor.

The third area of research is measurement of the flow distortion effects
a turning rotor has on the energy and the sizes and shapes of elements of tur-
bulence approaching a rotor.

Much of the planned future research could be classified as refinement of
present knowledge and might not be viewed as having basic value for turbine
design. However, as turbines become more successful in their current, rugged
forms, refinement may well be the name of the design game. We would prefer to
be prepared with useful turbulence information for that time, some years away,
when it will be called for. Such turbulence information will not otherwise
appear rapidly when, say, five years from now, it may be needed.

7. POSTSCRIPT

It will come as no surprise, at this technical meeting with a strong inter-
national flavor, that I hope that we in the United States will be able to keep
informed of the advancements in research on the turbulent wind, steady and
unsteady aerodynamics, aeroelastics and mechanics and the testing of the res-
ponse of turbines that will clearly all be part of the international research

now going on. I look forward to a 1lively continuing exchange of results and
ideas.
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Figure 15. Turbulent wind at a coastal sand dune site
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Where of = Variance of kite-tether tension
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W' = (W+1Qcos©)
Mean wind speed

Along-mean wind fluctuation speed

Vertical fluctuation wind speed
Kite-tether string length
= String elevation angle
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[

= d© (where t = time)
dt

Significance of Turbulence Components and Kite Motion:

Magnitude of Terms ing;> Equation

e} (Longitudinal) ( Vertical ) (Cross Correlation )
(Kite Motion Rate) Velocity Velocity of Velocities
0 0.069 0.0067 0.014
0.001s™ 0.185 0.0404 0.054

Figure 16. Mathematical relation between kite string tension and turbulent
wind velocity
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ABSTRACT

Turbulence measurements from the Nisudden peninsula, Gotland, during
near-neutral stratification, are used to study the instantaneous wind
gradients, the wind velocity difference AU = U(t+T) - U(t) using differ-
ent time lags T (1-10 s), and the amplitudes and durations of gusts

as defined by a gust model.

The observed wind gradiént distribution is found to be well approximated
by the normal distribution and the standard deviation may be determined
through its relation to the standard deviation of the longitudinal wind
component, G . By using the observed two dimensional mean wind speed —
mean wind shear distribution, the long term probabilities of encountering
large differences in wind velocity between the 38 m and 120 m levels are

estimated.

The observed AU-values are also found to be normally distributed for the
data used here, provided the period studied is short enough (1 h or less)
for non~stationary effects to become unimportant. Especially in these
cases the probabilities of finding large AU-values may be underestimated,
when using the normal distribution. Relations between the standard de-

viation of the AU-distribution and g, are given,

Finally it is shown that the gust amplitude and duration distributions
may be described by the normal distribution, provided that the wind data
are filtered with e.g. a 5 s/50 s band-pass filter. The standard deviation

of the amplitude may be determined through the relation O, = 1.35 *0,-
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1 INTRODUCTION

The turbulence of the atmospheric wind field is usually analysed in
terms of 'moments', such as the standard deviations of the wind com-
ponents (Ou’ g, Ow) and the friction velocity (u, = V=u'w'). Often
spectra of the turbulence moments are also calculated, in order to
find out at which frequencies the turbulent fluctuations predominantly
occur. In this report, however, we more directly want to investigate
the gustiness of the wind. In order to do this, turbulence measure-
ments from the 145 m high tower at Nisudden, Gotland, have been used.
The instruments are equipped with hot-wire probes with very high fre-
quency response [Hdgstrdm et al. 1980]. The maximum sampling rate is
set by the data logging system at 20 Hz. The data used here are wind
speed and wind direction sampled once every second at three levels

in the tower (11 m, 77 m and 135 m). Both instantaneous values and

5 s-mean values have been employed when studying wind gradient fluc-
tuations and changes in wind velocity over short time intervals
(1-10 s). The distributions of amplitude and duration of gusts as

given by a gust model are also shortly described.
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2 FLUCTUATIONS OF THE WIND GRADIENT

The mean wind gradient, or the wind shear, varies quite a lot depending
primarily on the roughness of the underlying surface, on the thermal
stratification of the atmosphere and on the wind velocity itself. Accord-
ing to an investigation of the wind shear distribution between the 38 m
and 120 m levels at Ndsudden [Kvick et.al. 1983] the most common values
are found in the interval 0.01-0.04 s_1, equivalent to a difference in
wind speed of 0.8-3.3 m/s between the two levels. The lowest observed
value is about -0.04 s—1 and no value is greater than 0.16 s-1. The
greatest wind shears are usually observed during nocturnal conditions
with very stable thermal stratification, when sometimes a maximum can be
observed in the wind velocity at about 100-200 m height. The mean wind
profile may, at least during fairly horizontally homogeneous conditions,
be predicted from the Monin-Obukhov similarity theory [Monin and Yaglom,
1971], provided we know the roughness length (z,), the thermal stratifi-

cation and the wind speed at least at one level. The aim of the present

study is, however, to investigate the fluctuations in the gradient.

To do this we are going to make use of the turbulence measurements taken
in the 145 m_high tower at Ndsudden. First we -look at the wind gradient
between 11 m at 77 m, simply by taking the difference in wind speed be-

tween the two levels,

AU _ Uz -Up

oz 6~ C (1)

In Figures 1 and 2, two examples of the resulting distributions are shown.
The data used in Figure 1 are unfiltered, i.e. the wind values used is
practically instantaneous, while in Figure 2 the wind velocity is pre-
filtered by calculating 5 s-mean values before the wind gradient is com-
puted. As a comparison to the observed distribution, the normal probabil-
ity (Gaussian) distribution is also included in the figures, and we may
conclude that the agreement between the two is quite good. This is evi-
dent also from Figure 3 showing the cumulative frequency distribution.

We can see in this figure that even at very small probabilities the agree-
ment between the observed and the Gaussian distribution is rather good.

From Figure 3 we may also draw the conclusion that the probability of en-
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countering very large wind gradients is reduced by about one order of

magnitude when we consider 5 s-mean values instead of momentary values.

As indicated by the above examples, we may establish from the analysed
data that the normal probability distribution is a good approximation to
the observed wind gradient distribution. To be able to calculate this dis-
tribution one only needs to know the mean wind gradient and the standard
deviation of the gradient distribution, where upon the probability may be

estimated from the relation

72
P(G) = _1. . exp [- .12. .(i._c)_} (2)
o, vam og2

where G denotes the magnitude of the wind gradient, G is the mean value

and Og is the standard deviation.

The corresponding cumulative probability that G is greater than a given

value Gi is then given by

o]
LTy 2
P(G>6,) = —1— J exp [- %&—G)—J dG (3)
g V2w g 2
8 G, g
2.1 The standard deviation of the wind gradient distribution

We will now try to find the standard deviation of the wind gradient dis-
tribution, provided that the mean value is either observed or calculated
from for instance the Monin-Obukhov similarity theory. That this standard
deviation in some way must be related to the atmospheric turbulence is
clear. It may thus be dependent both on the mean wind velocity, on the

thermal stratification of the atmosphere, and on the surface roughness,

In Figure 4, where the standard deviation of the wind gradient is plotted
against 0,» we see that the relationship between the two is quite well
established and consequently, if we do know the stability dependence of
0, we have found a possible way to include both the velocity and the
stability dependence In the J-values of the wind gradient distribution.

As the largest wind gradient fluctuations are found for large Ou-values,
and consequently most frequently in situations with high wind velocity, an
assumption of neutral stratification should, however, not seriously affect
the results. The relation between S, and the wind speed U which was given

by HSgstrom [1984] has consequently been used here
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o, = U/ln (z/0.04) (4)

As the data analysed in this report are all from situations with not far
from neutral stratification, the range in z/L at 11 m being from -0.08 to
0.28, it is, however, impossible to draw any definitive conclusions about

the wind gradient distribution other htan for near neutral stratification.

2.2 Long term probabilities of large wind gradients

Having outlined a method to calculate the wind gradient distribution during
a specific situation, we will now try to get some estimates of the long term
probabilities of finding large differences in wind velocity between the 38 m
and 120 m levels, i.e. roughly across the diameter of the 2.5 MW wind tur-
bine, which is located at Nisudden. To do this we are going to use the bi-
variate mean wind velocity — mean wind shear distribution, see Table 1, ob-
served at Ndsudden between these two levels during the period 1980-08-01 to
1982-07-31 [Kvick et.al. 1983].

Table 1. The bivariate mean wind velocity — mean wind shear distribution
observed at Ndsudden 1980-08-01 to 1982-07-31. The number given for each
class, is the observed percentage of the total number of observations
(17136 hourly mean values). The midpoints of the classes are given. After
Kvick et.al. 1983.

Mean wind speed Mean wind shear between 38 m and 120 m (s ']
at 75 m
(m/s] -0.055 -0.015 0.025 0.065 0.105 0.145
2.95 0.006 16.52 18.72 0.263 0.006 0
7.95 0 3.922 30.90 2.609 0.012 0
11.95 0 0.321 14.81 4.137 0.082 0
15.95 0 0.006 4,173 1.972 0.018 0
19.95 0 0 0.957 0.338 0.006 0.006
22.95 o 0 0.163 0.058 0 0

Although the class widths are somewhat large these observations will be

used directly, without any attempt to model this mean value distribution.

As we have seen above, the standard deviation of the wind gradient distri-

bution is very well determine through its relationship to O,

If we now denote the instantaneous wind gradient by G, its mean value for

a given class by Ei and if we let G' denote some high value which we want
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to know how often G exceeds, then the probability that G>G' for that

class may be expressed from Equation (3) as

1 o[? " 1 (G—Ei)z'l
P(G>G') = —— J exp [-5-—_—J dG (5)
o Vom 2, g 2
g G g

But each class in Table 1, besides corresponding to a given mean wind

shear Ei’ also corresponds to a mean wind speed U., i.e. the probability
given by Equation 5 is with the two conditions G = Gi and U = Uj' To get
the 'true' probability that G>G' for that class, we have to multiply by
the probability that G

Ei and U = ﬁj’ This gives us

P(G>G") =P@>GW°PH2=E¥U=[H) (6)
As an example, the values of Pc with G' = 0.122 5—1, i.e., the difference
in wind speed between the 38 and 120 m levels is 10 m/s, are given in
Table 2. To get the total probability we finally have to sum over all the

classes, both G-classes and U-classes, which yields

1y = '
PT(G>G ) z PC(G>G ) (7)
i,j
Consequently we have added to the observed mean wind velocity gradient
given in Table 1, the fluctuations in the gradient due to the ‘turbulence
and come up with some estimates of the probability for the fluctuating

gradient to exceed some given values. The result is presented in graphical

Table 2. The probabilities as given by Equation 6 (in parts per million)
for each class of Table 1, that the difference in wind speed between the
38 m and 120 m levels is greater than 10 m/s (G' = 0.122 s~ 1).

T(75) T (38-120m)  [s ']

(m/s] -0.015 0.025 0.065 0.105 0.145
2.95 0 0 0 0.002 0
7.95 0 0 0.009 8.151 0

11.95 0 0 20.23 133.0 0

15.95 0 0.545 132.9 40.38 0

19.95 0 3.715 81.68 16.22 45.94

22.95 0 2.844 2.510 0 0
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form in Figure 5, which gives 'the number of hours per year you could ex-
pect to find a given values of the difference in wind velocity between
38 m and 120 m. Two curves are given, one for momentary values and one

for 5 s-mean values. Some numbers are also given in Table 3.

Table 3. Number of minutes per year the wind velocity difference
between 38 m and 120 m exceeds some given values.

Uizo - Uss minutes/year using

greater than momentary values 5 s—mean values
10 m/s . 260 ' 150
12 m/s 30 20
14 m/s 7 5

16 m/s 1.3 0.7
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3 WIND VELOCITY DIFFERENCE

In this section we are going to study the statistical behaviour of the
difference in wind velocity over some given separation in time, T. Thus

our new data will consist of a series of AU-values, defined as
U(t,t) = U(c+T)-U(t) (8)

This makes it possible to study the velocity fluctuations of different
time-scales in a more direct way than by making a spectral analysis,
although the two methods of course are interchangeable. It is notable

that the variance of the velocity difference series, is identical

2
NIL
to what in the mathematical description of turbulence often is called the

structure funétion, D(T),

2
g% =D(1) = {U(C'*T)-U(C)J 9)

AU

and that D(T) is related to the spectral density function Su(n) by the

relation
oo
D(T) = 2 J (1-cos 2mn 1) Su(n)dn (10)
0

where n is the frequency [Monin & Yaglom, 1975].

It should accordingly be possible to estimate the variance O&L from the
ordinary energy spectra and then calculate the distribution of the veloci-
ty differences, provided that they are normally distributed. In fact. ac-
cording to the analysed data, this seems to be the case, as can be seen
from the examples in Figures 6-7, which show the observed AU-distributions
at the 11 m and 77 m levels from one hour of measurements. No smoothing of
the data have been done, and the time step T is 10 s. The agreement between
the observations and the normal distribution, given by the full lines, is
quite good, and there is consequently reason to believe that we may cal-

culate the AU-distribution provided that we are able to get some estimate

of its stnadard deviation OAU'

It must be pointed out, however, that a condition for this to be true seems
to be fairly stationary conditions, because otherwise the normal distribu-

tion will underestimate the probabilities of finding large AU-values.
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This is illustrated by Figure 8, which results from an analysis of a 3.5
hour period when the wind speed decreased from 6.1 m/s to 4.0 m/s at 11 m.
The influence of this non-stationarity is that the normal distribution,
with the OAU—value measured during this very period, gives a probability
of finding e.g. [AU| >3 m/s, which is about twice smaller than the obser-
vations give. If the AU-analysis is confined to the first hour of this
3.5 hour period, the agreement between the observed probabilities and the

normal distribution is much better, as can be seen from Figure 9.

The agreement between observations and the normal distribution may, however,
not be general as other investigations indicate that this is not the case.
No definite conclusions may be drawn from the limited data set analysed
here. Use of the normal distribution will, however, enable us to calculate

the probability distributions of AU(T).

The problem reméining, is how to determine the standard deviation, Opy? of
the velocity difference distribution. As mentioned above it is possible to
integrate the spectral density function Su(n) according to Equation 10,

using for example some non-dimensional form of Su(n). A more direct way is
to make use of the relation which must obviously exist between o

AU
the standard deviation of the longitudinal wind component. Two examples of

and 0 ,
u

this are shown in Figure 10. The full line result from linear regression
using the least square method. This type of calculations have been made for
both unfiltered data ('momentary values') and for data filtered by a 5's
running average. The time lags T used are 1's, 2 s, 5 s and 10 s. The

quotient OAU/Ou as a function of time lag T is plotted in Figure 11.

We are now ready to estimate the probability distribution of the velocity
different AU. To do this we make use of the turbulence intensities, OU/E,
determined from our measurements as a function of height. Thus, using the
observed mean wind velocity distribution at Nisudden, cf. Table 4, we are

able to calculate the distribution of OAU'

Table 4. Frequency distribution of the wind velocity (hourly mean values)
at Ndsudden 1980-08-01 to 1982-07-31. After Kvick et.al. 1983.

Height wind velocity interval [m/s]
[m] 0- 2.5~ 4.5~ 6.5~ 8.5 10.5- 12.5- 14.5- 16.5- 18.5- 20.5- 22.5-
2.4 4.4 6.4 8.4 10.4 12.4 14.4 16.4 18.4 20.4 22.5

10 0.140 0.332 0.264 0.151 0.072 0.028 0.010 0.002
75 0.045 0.115 0.208 0.204 0.149 0.108 0.066 0.034 0.020 0.008 0.002 0.001
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Computations of the probability of finding AU-values greater than 2, 3,
4 and 5 m/s are then made with the time lags 1, 2, 5 and 10 s. The results
from the 11 m and 77 m level are illustrated graphically in Figures 12-15,
for unfiltered data ('momentary values'), as well as for data filtered
with a 5 s running mean value. One must, however, remember that these re-
sults are estimates made assuming both neutral stratification (Ou « u) and
that the velocity differences are normally distributed. It should also be
pointed out that this analysis does only account for the fluctuatioms in
the wind velocity caused by the atmospheric turbulence, while phenomena
such as heavy cumulonimbus clouds or thunderstorms may well be accompanied
by gusts giving rise to large AU-values outside the scope of the ordinary

turbulence.
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4 STATISTICS USING A GUST-MODEL

In this section the longitudinal wind component, u, alone will be studied.
A gust is defined according to Figure 16, having an amplitude A and a
duration T. Comparing the observed amplitude distribution, using non-
filtered data, with the Gaussian distribution we find that the two dis-
agree markedly, as shown in Figure 17. This result is in agreement with

the findings of e.g. Powell and Connell (1980).

By band-pass filtering the data, the normal distribution will quite well
agree with the observations, as shown in Figure 18. We have here used a
5 s low-pass filter and a 50 s high-pass filter. The standard deviation

of the amplitude distribution is in this case given by the relation

OA.% 1.35 Ou ()
where O, is the standard deviation of the longitudinal wind component. The

constant 1.35 is the mean value from 4 hours of measurement.

An example of the gust duration distribution is shown in Figure 19. Assuming
this to be one half of a normal distribution, it may be shown that the stand-

ard deviation of the whole normal distribution will be given by

o= —1_ ' (12)

where Or is the observed standard deviation of the duration. As shown in
Figure 20, the agreement between observations and the normal distribution
is rather good also in this case. The correlation between amplitude and

duration varied between 0.62 and 0.71 for our data.

Also the wind velocity differences, as defined in Section 2, may be analysed
in terms of the gust model defined above. Two examples of the observed AU-
amplitude distributions are shown in Figure 21, where the corresponding
normal-distributions are also included. The agreement between the two is

quite good in this case too.
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5 CONCLUSIONS

An analysis of measurements of the atmospheric turbulence at Nisudden,
Gotland, during near-neutral conditions, has shown the fluctuating part
of the wind gradient to be normally distributed. The standard deviation
of this distribution was found to be well defined through its relation

to the standard deviation of the longitudinal wind component, which makes
it possible to estimate the long term probability fo finding large wind
gradients of short duration. In doing this the observed two dimensional
mean wind shear — mean wind velocity distribution at Nisudden was also
used. Assuming neutral stratification, the computations indicate that the
instantaneous difference in wind velocity between the 120 m and the 38 m

levels exceeds 12 m/s about 0.5 hour/year, 16 m/s about 1 minute/year.

Cases with extremely stable thermal stratification, when the mean wind
gradient may be very large, are not taken account of, but during such
‘situations the atmospheric turbulence is weak and consequently the wind
gradient does not deviate very much from the mean value. In situations
with highly unstable stratification, the longitudinal standard deviation
is much larger than during neutral conditions. The quotient ou/u*, being
‘about 2.5 for neutral condicions,'may increase by a factor two. This in
turn causes an increase in the standard deviation of the wind gradient

and consequently larger instantaneous deviations from the mean wind gra-
dient than during neutral stratification. During unstable conditions, how-
ever, the mean wind gradient is rather small, and consequently large mo-
mentary gradients are probably not very common. But the measurements
analysed, all being from situations with near-neutral stratification, do
not permit us to draw any final conclusions about the behaviour of the
wind gradient fluctuations during very stable and very unstable conditions.
Some uncertainties also arise from using the two dimensional mean wind
speed — mean wind shear distribution observed during jusg two years. A

longer observational series and modelling of this distribution may give

‘a different result.

The fluctuations of the wind velocity with time have also been studied.
This has been done by looking at the distributions of the wind velocity
difference AU, using the time lags 1, 2, 5 and 10 seconds. It is shown

that the AU-values are approximately normally distributed, provided short
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enough periods are analysed (shorter than about one hour). If longer
periods are used, non-stationary effects may imply that the normal dis-
tribution gives too few large AU-values. This bias may also be caused by
the autocorrelation. As the time lags are small, the two wind velocities
entering the difference are in fact correlated. Using the normal distribu-
tion and unfiltered data we arrive at the result that the momentary wind
velocity difference over the time interval 10 s exceeds 5 m/s about

10 hours/year at the 11 m level and about 10 minutes/year at the 77 m
level. Taking into account the uncertainties introduced using the normal
distribution, these figures may be raised to about 20 hours/year and 20

minutes/year respectively.

Using a gust model, the fluctuating wind speed may be analysed in forms of
amplitude and duration for individual gusts. These two parameters may also
be described by the normal distribution if the wind signal is prefiltered
using a band-pass filter with a width of about one decade, e.g. 5/50 s.

The standard deviation of the amplitude may be determined through its rela-
tion to O, which for the analysed data is o, = 1.35 * 0, The correlation
between amplitude and duration is, as may be expected, positive. It is,
however, not larger than 0.6-0.7, indicating that gusts with large ampli-
tudes may in some cases have very short duration. A more complete inves-

tigation of the two-dimensional amplitude-duration distribution requires

much more data than have been used here.
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Figure 3. Same as Figure 1-2, but cumulative frequency; +: unfiltered
data; o: data filtered by a 5 s running average.
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Figure 8. Observed cumulative frequency distribution of |aU| at the 11 m
level during a period of 3.5h, unfiltered data. The full curve gives the
corresponding normal distribution.
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Figure 9. Same as Figure 8, but only the first hour is used.
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Figure 16. Definition of a gust with amplitude A and duration T.
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Figure 18. Cumulative frequency distribution of gust amplitude from two
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data.
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Turbulence Time Series Modelling
with Different Spectra

Hermann G. Matthies

Spectra of wind turbulence give important information needed in WECS loading

calculations. They can be used in at least three different ways:

1) Frequency domain computations, where the spectrum is multiplied by the
squared modulus of the transfer-function to give the spectrum of the
output quantity.

2) Time domain simulations with pseudo-random wind time series derived

from a spectrum.

3) Time domain computations with discrete gusts; here the frequency of

occurence of these gust is derived from the spectral moments:
[~ -]
A= [ s
-4

M. - n-thspectral moment
f - frequency

S(f) - one-sided power spectrum

The frequency of zero up-crossings is given by

v (A

and the frequency of maxima by

P (N /xz)‘h

If the wind turbulence is assumed as homogeneous and isotropic, the general shape

of the wave-number spectrum can be sketched as follows /1/:
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The energy peak is followed by the Kolmogoroff ¥ /-"range, which then melts into
the k™ Heisenberg range.

Jo use this in calculations, we have to convert from wave-numbers to frequencies;

this is usually done with the aid of Taylor's hypothesis:
w /k = Phase speed = & (mean wind velocity)

This hypothesis is valid when the turbulence intensity Iu = 6§/ «l. Looking at the
spectra available in the literature, e. g.

&C‘) £ M4 )

-
s Aa @3.5 K):h
the "Kaimal" spectrum /2/ with X =fe2z /T
z = height
- 5.».f 4 &
= 5
st (A+ Jo.8R") /e

the "Harris" spectrum /3/ with &= {.L./Q
(L, = turbulence integral scale), derived from the von K&rmén correlation
function for homogenous isotropic turbulence.
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s? (A + v A2) 3

the "Davenport" spectrum /4/, modified such that the maximum coincides with

the "Harris" spectrum.

-  the original spectrum of /4/.

_ S$(€)~(: A0S A
Ut B (A~+33a) ">

the "Smedman" spectrum /5/ with

we = 040G/ ln(2/2,)
2, = surface roughness parameter.

These spectra are shown in fig. 1. They look very similar and only model the k'sl >
Kolmogoroff range, since this is where the eigenfrequencies of most usual

structures are.

1) In frequency domain computations there will be hardly any differences with
any of the above spectra for usual structures. This changes if rotational
sampling has to be considered /6/. The low frequency part is "folded" up to

multiples of the rotation frequency.

2) The same is true for time domain simulations, if the spatial coherence is taken

into account /7/.

3) The moments necessary to compute zero crossings etc. do not exist in a strict
sense for the above spectra, a cut-off frequency has to be introduced /2/ at
the beginning of the Heisenberg range, or averaging over the rotor disk with

the coherence function /8/ to filter out the high frequencies.

The spectra of fig. 1 are shown in fig. 2 on a linear scale, and we see considerable
difference in the low frequency end, while for higher frequencies they are all
practxcally equal. For a wind measurement whlch was done on the GKSS test field
on the island of Pellworm (cf. /9/ for a descrlptlon of the test field), it was tried to
simulate a time series which would look similar to the measured one. In figs. 3 and
4 the comparison between measured and simulated time series is shown for two
spectra. By a visual inspection it may be seen that they are different. This and the

other measurement shown later were performed at 10 m height with a cup
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anemometer and a high sampling rate of over 50 /s (due to simultanious recording
of structural data). The recording times were all in excess of 20 min. In fig. 5 we
compare the measured spectrum with the ones of fig. 2, and it can be clearly seen
where they differ. For higher frequencies not shown the shapes were much more
similar. Looking at the time domain and comparing the auto-correlation functions
in figs. 6 and 7 for different time lengths, the differences are ‘also clearly to be

seen.

Before computing spectra and auto-currelation functions, the mean value and
linear trend had been removed from the data. In fig. 7 there is a recurrence with a
period of approx. 140s, which may be an instance of postulated gravity
waves /9/. In tablel we show for another measurement comparisons of the
frequency of zero up-crossings and maxima for different cut-off frequencies,

showing the sensitivity to the cut-off frequency.

Conclusion:

Comparison of measured wind data with spectra available in the literature shows
sometimes pronounced differences, as there may be much more energy in the
low-frequency range than predicted. These frequency contributions could botent-
ially contribute significantly to WECS fatigue loading due to rotational sampling.
More infofmation is needed on the probability and shape of these spectral
deformations, and on their causes. The comparison also shows the need for reliable
cut-off frequencies if spectral moments are to be computed.
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Auto-Correlation Functions sig=1.33m/s L=76m
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table 1
Measurement 18 : Vz = 13.06 m/s sig. = 1.783 m/s 20 = 0.002 m
Zero Up¥Qrossing Frequency (Hz) Measured: 0.369
Harris Davenport Davenport O. Smedman Kaimal
from 0.0 to 4 Hz 0.4037 0.4252 0.3964 0.3010 0.2941
0.01 to 4 Hz 0.4633 0.4596 0.4410 0.4411 0.4121
0.0 to 1 Hz 0.1621 -0.1711 0.1593 0.1194 0.1174
0.01 to 1 Hz 0.1869 " 0.1854 0.1778 -0.1767 0.1659
Freqﬁency of Maxima (Hz)  Measured: 0.803
Harris Davenport Davenport O. Smedman ‘Kaimal
from 0.0 to 4 Hz 2.5318 .2.5316 - 2.5312 2.5349 2.5307
0.01 to 4 Hz 2.5319 2.5316 2.5312 2.5351 2.5309
0.0 to 1 Hz 0.6354 0.6351 - 0.6345 _ 0.6368° 0.6337

0.01'to 1 Hz 0.6355 0.6352 0.6350 0.6371 0.6340
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MODELLING ATMOSPHERIC TURBULENCE

Ann-Sofi Smedman
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1. INTRODUCTION

In wind energy engineering knowledge of the turbulence characteristics of a
proposed or real site is vital. To describe atmospheric turbulence, which
is a stochastic phenomenon, one has to make use of statistical models. The
calculation methods for predicting the response of a WECS structure to a
fluctuating wind have been improved rapidly during the last years and these
models can now handle fairly complicated statistical turbulence models as
input.

The turbulent fluctuations of the wind can be described by using

a) The energy spectrum of turbulence.
The spectra of the velocity components depend on the atmospheric condi-
tions as well as terrain, roughness and height above ground.

A very simple method to take these facors into account is shown in this paper.

b) The cross-correlations of the velocity fluctuations at different points
in space.
The correlation of velocity over different spatial separations can be
expressed by a spectral correlation coefficient (coherence).

Some examples from measurements in Sweden, which are shown here, support the
fact that the coherence of the wind velocity components are depending on the
atmospheric. integral scale.

2. SPECTRA OF ATMOSPHERIC TURBULENCE

During the last few decades appreciable knowledge of atmospheric spectra
has accumulated - in particular so for the conditions of flat, homogeneous
terrain. In wind energy applications high wind conditions are of particular
interest. This simplifies matter, as the atmospheric conditions can then
often be considered as nearly neutral. For such conditions i.e. near neutral
conditions over flat, homogeneous ground and for heights below, say 100 m,
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the following expressions, according to Kaimal et al (1972), are valid:

nSy(m - osf 0
us (1+33F)5/3

ns,(n) 17¢ (2)
u2 (1+9.5F)%/3

nSw(n) - 2f (3)
u2 145,353

where Su(n), Sv(n) and Sw(n) are, respectively the power spectra for the
longitudinal, the lateral and the vertical wind components and

n = frequency (Hertz)

f = %% = non dimensional frequency

z = height above the ground (meters)

U = the wind-speed (m/s) at z

u, = the friction velocity (m/s); it can be obtained from the 1oga¥-

rithmic wind law:
U = Tnlz/z (4)

where k = von Karman's constant =0.4 and z = the roughness length (meters).

As stated above, these formulas are valid only for flat, homogeneous terrain.
In the real world, however the terrain is likely to be more or less inhomo-
geneous insome respect or other and the stratification is not always neutral.
Now when calculation models have been improved it may be time to take these
factors into consideration.

In this paper we will not deal with mountainous terrain but instead with
relatively flat terrain with highly varying roughness - a typical case being
that of a coastal site. At many WECS sites there is a more of less pronounced
variation in elevation as well. This causes important modification of the
local turbulence structure, even in cases with very slight height relief (see
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Smedman and Bergstrom, 1984). As shown in e.g. Hunt (1980), Panofsky et al
(1982) there are methods available to estimate the modification of the
turbulence field over gently sloping terrain at least approximately. The
reader is referred to these papers for sites on hills or on sloping terrain.

3. THEORETICAL FRAMEWORK

In 1982 two groups of scientists (Panofsky et al, 1982 and Hogstrom et al,
1982) discovered independently of each other a fundamental phenomenon which
has been termed the spectral lag and local equilibrium effect. In essence
it means that the high frequency turbulent fluctuations adjust rapidly to a
'new' environment, i.e. when the air passes from an area characterized by
a certain roughness (zo)1 to an area with different roughness (zo)2 - as an
example (zo)1 can be less than a millimetre, in the case of a water surface
and (zo)2 almost a metre, for a forest; as seen from Eq (4) this has great
implications on the friction velocity - whereas the low frequency fluctua-
tions (the big eddies) adjust only very slowly to the new environment, thus
giving rise to spectral lag. Fig. 1 illustrates this. The dots in the two
figures represent spectral measurements taken at 14 m above ground at the
site Kalkugnen in Sweden - see Fig. 3. The spectra represent cases with

the wind coming from the north, wich means that the air has long traveled
over the sea when it encounters the relatively rough land area between the
shoreline and the meteorological mast, about 200 m inland. The measurements
have been obtained with a wind vane based three-axial hot-wire anemometer
instrument (see Hogstrom 1980). The friction velocity used for normaliza-
tion in the diagram, Usgs is the value u, attains locally at the site. The
curves drawn in the two diagrams have been obtained from Eq (1) and (3). As
clearly seen from Fig 1 the curves that are valid for the flat, homogeneous
case agree very well with the measurements in the high frequency range

(n > 1 Hz) but come much above the measurements in the low frequency range.
Thus we see the local equilibrium in the high frequencies and the spectral
lag inthe low frequencies - the spectra behave as if they "remember" the
conditions over the flat sea surface in this spectral range. As seen in the
next Section it is possible to obtain the spectra dispayed in Fig. 1 from
simple physiographical data of the site. But before doing that it is necessary
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to introduce the concept of internal boundary layers (IBL).

When air flows from an area characterized by a certain zo-value, (zo)1 say,
to an area with different zo—value, (zo)2 say, its turbulent characteristics
are being modified gradually, the influence of the 'new' surface spreading
from the ground upwards in a progressive way, as shown schematically in

Fig. 3. The sloping line in the Figure indicates the boarder between the
lower, modified internal boundary layer and the upper layer which as not
yet been modified. Thus this outer layer is in principle fully charcteristic
of the (20)1-surface - i.e. spectra measured over land at the site M at a
height z larger than h are expected to Took exactly teh same as the spectra
measured at that height at a point situated above the sea. Spectra measured
at the land site M at heights lower than h are, however, modified in the
manner described above, i.e. they exhibit spectral lag and local equilibrium.
From this it is seen that we need a way to determine the height of the IBL,
h as a function of distance from the 1ine of discontinuity, see next Section.

4. THE METHOD TO CALCULATE SPECTRA IN AREAS WITH VARYING ROUGHNESS

Consider first the situation schematically depicted in Fig. 3, and let M be
the proposed WECS site. In conclusion of the previous Section, in order to
arrive at a practicable method to calculate wind spectra at relevant heights
above the ground z for this site, we have to consider the following points:

. We must get a method to determine the height of the IBL at M.
When we have this information:

. If z > h: Spectra can be calculated with the aid of Eq (1) - (4) with

20 T o1

. If z < h: We must devise a method to construct a relevant spectrum characte-
rized by spectral lag and local equilibrium. As will be seen below, this can
be done by matching one spectrum for the high frequency parts and one for

the low frequency parts.

For the determination of the rate of growth of a neutral internal boundary
layer, we will use a simple method originally suggested by Pasquill (1972),
i.e. the height h is given as a power law of the distance from the discon-
tinuity x:

h=a-xP (5)

Empirical values of the parameters a and b are presented in Table I as a
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function of the roughness length of the rougher of the two surfaces at a
discontinuity. Relevant zo-values for various types of terrain can be ob-
tained from a table in Smedman-Hogstrom and Hogstrom (1978), which was
originally presented in a report (ESDU 72026, 1972).

In order to calculate u-, and v-spectra for the case z < h we adopt the
following proceedure (a similar proceedure can be applied to w-spectra, but
it requires certain modification, and is not given here).

For the high frequency part, i.e. for n > 0.05 Hz, we apply Eq (1) and (2)
with u, determined with Eq (4) and the zo-value relevant for the site M,
e,z =z, (cf. Fig. 3).

For the low frequency part, i.e. for n < 0.01 Hz, we use the same Eq-s but
with u, being determined (with Eq (4)) for a surface with z, = 2,,. We then
obtain two curve parts which can be easily connected by hand (see the example
in next Section).

Now we can apply the above method to a more general case. Fig. 4 illustrates
a generalized geographical situation. Here we can identify three sectors
with very different characteristics. But for each of these sectors we can
apply the method as described above, i.e. we must determine relevant z,-
values for every type of surface - farmland, sea and forest in this particu-
lar example, we must also determine the distances from the WECS site to the
various discontinuities.

5. AN EXAMPLE ILLUSTRATING THE APPLICATION OF THE METHOD DESCRIBED IN SECTION 4

Figure 2 shows the WECS site Kalkugnen in Sweden. With northerly winds we

have the situation depicted in Fig. 5. At about 170 m distance from the shore-
line there was a meteorological tower where turbulence measurements were

taken at two heights: 14 m and 36 m above the ground (Smedman, 1983).

In this case, when we have access to turbulence measurements, we get a direct
estimate of u, = V-u'w' for the two measuring levels. For 36 m we obtain the
following data:

u=7.1m/s
u,= 0.26 m/s
2 =36m

Putting this into Eq (4) enables us to determine z, = 6.5 -10'4 m. For the

lower measuring height we get:
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u =5.0m/s
u, = 0.50 m/s
z =14nm

and we deduce (from Eq (4) that z, = 0.26 m/s. These z
indicative of the sea surface (z =6.5 T
respectively. Applying Eq (5) and Table I with zo:=0.26 m gives:

0-va1ues are clearly

m) and the c]earing(z0 =0.26 m)

h=31m

which thus shows that the upper measurements should be outside the IBL. We
thus expect Eq (1) to hold for the longitudianl spectrum, with u, being
determined from Eq (4) with z_=5-10"" m. Fig. 6A shows the normalized
curve (Eq (1)) and Fig. 6B the actual spectrum nSu(n), the curve in that
Figure being obtained from the curve in Fig. 6A by multiplication with u2,
where this quantity has been obtained from Eq (4). The dots in Fig. 6B are
the actually measured spectral points. The agreement is very good.

In order to get sbectra for the lower measuring height, 14 m, we apply the
matching proceedure. In Fig. 7A the curve a- a' is obtained with Eq (1) and
the u,-value derived with Eq (4) with z,= 0.26 m. In accordance with the
proceedure outlined above we terminate, however, this curve at n=0.05 Hz.
Curve b has been calculated with Eq (1) and with u, obtained from Eq (4)
with zo==6.5 -10'4 m. We terminate this curve at n=0.01 Hz and connect the
curves a and b by hand. Fig. 7B shows the curve a-b-c and the measured
spectral points. The agreement is excellent.

6. THE COHERENCE FUNCTION

Calculations of loads, stresses etc. of WECS also require knowledge of the
statistical relations between the wind velocity components at two points
separated in space. The most common way to describe this relation is, as
mentioned above, to use the coherence function.

The coherence is defined

Coh(n) = Co?(n) + Q (n) ) (6)
51(n)' Sz(n)
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where
n = frequency
Co = cospectrum for velocity components at two points in space
Q = quadrature spectrum for velocity components at the same two
points in space
S = energy spectrum in one point

The coherence approaches unity when n -~ 0 (big turbulence elements) and it
falls off rapidly when the frequency increases (small turbulence elements).

Davenport (1967) suggested that the coherence can be expressed as an expo-
nential function of frequency, wind-speed (U) and the distance between the
points in space (D).

Coh(D,n) = ¢"2N-0/0 (7)

where a is an empirical constant which has to be determined.

The coherence can be calculated for the three components of the wind (u, v, w)
in three directions (x,y, z). That will give us nine empirical constants
i.e. for lateral separation
u v oW

a, a , a
y» oy’ vy
The values of these constants vary very much between different investigations
(5 - 70) depending on the stability of the atmosphere, height above ground
and the roughness parameter z,. '
Fig. 8 shows vertical coherence measurements performed at Granby, Uppsala.
The data fit an exponential curve well, and the constant (a:) is determined

to 20.

There are, however, a lot of cases where the coherence decay is not expo-
nential. Fig. 9 shows a case where the decay is much faster. The measurements
are taken at the WECS test site Kalkugnen, about 150 km north of Stockholm,
and the coherence is calculated for a vertical separation of 22 m for the
u-component.

However, 1979 Kristensen and Jensen (KJ) presented a theoretical model for
isotroptic turbulence where they express the coherence as a function of
D/L where L is the so called integral scale, defined as
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L = u/21mmax

(8)

Nmax is the frequency where the longitudinal wind spectra has its maximum.
In the atmosphere the integral scale (L) varies with the stratification
of the atmosphere as well as the height above ground and is usually in the

range 10 - 1000 m.

KJ show that the coherence has an exponential decay only if D<KL, otherwise
the coherence is much lower and will not approach unity. Fig. 10 shows two
of their calculated curves (D/L = 0 and D/L = 0.5) for lateral separation,
together with measurements from Ka]kﬁgnen (D/L =~ 1). The agreement between
the curves is very good. For vertical separation they find the same depend-
ence of D/L in the coherence. Their theoretical curves for the three wind
components and for D/L = 0.50 (Fig. 11A) can be compared with measurements
taken at Maglarp (Fig. 11B). The general behaviour of the curves agree well.

As stated above the integral scale and thus the coherence varies strongly
with the stratification in the atmosphere. It is in this case quite necessary
to take the temperature variation with height into account and not always
presume neutral condition.

7. CONCLUSIONS

Analytical expressions for turbulence spectra valid for flat homogeneous
terrain during neutral condition have been widely used as input to different
calculations of WECS response to a fluctuating wind field. Now perhaps it

is time to use a slightly more complicated turbulence model as input. Some-
how one must take local surface irregularities, such as water/land discon-
tinuities, minor hills, escarpments and variations of surface roughness

in different directions, into account.

The stratification of the atmosphere will influence the shape of the velo-
city spectra as well as the total variances and the integral scale.

Thus the coherence function will vary very much according to stability.
For a certain distance of separation the coherence decay can i.e. be ex-
ponential in unstable condition where L is large but be almost zero during
very stable condition.
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Table I. The constants a and b in Eq(5) given for certain intervals of the
roughpness length parameter z, for the rougher of the two surfaces of dis-

continuity.
Z, a b
> 1.5 0.83 0.73
0.5 - 1.5 0.73 0.75
0.2 - 0.5 0.55 0.79
0.06 - 0.2 0.38 0.83
< 0.06 0.20 0.87
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Figur 1. Normalized spectra for the longitudinal component nSu(n) and the
vertical component nSw(n) respectively. The dots are measurements at 14 m
from Kalkugnen. The curves are Eq-s (1) and (3).
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Figure 2. Map of the WECS site Kalkugnen. P is the 63 kW wind turbine. The

meteorological measurements discussed in this paper have been taken in the
mast at N.

115

Figure 3. Sketch showing the gradual formation of an internal boundary layer
as a result of a discontinuity in surface roughness.
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Figure 4. Schematic map illustrating a complex roughness configuration
around a WECS site.
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Figure 5. Schematic cross section at the Kalkugnen site (cf. Fig.2) with
northerly winds. At the measuring site '‘N', 170 m from the shoreline the
height of the IBL has been estimated to 31 m with Eq (5). It means that the
measurements at 14 m are taken well in the IBL but the measurements at 36 m
represent the overlaying marine boundary layer.
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Figure 6A. The normalized longitudinal spectrum according to Eq (1).
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Figure 6B. The curve has been obtained from Fig. 6A by multiplication of the
ordinate with the ui-value measured at 36 m at Kalkugnen and by transforming

the abscissa to ordinary frequency n. The dots are spectral measurements at
36 m.
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Figure 7A. Example from Kalkugnen showing application of the matching
proceedure - see the text for details, Height 14 m.
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Figure 7B. The curve is the b-c-a curve of Fig. 7A. The dots are spectral
measurements at 14 m at Kalkugnen.
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Figure 8. Vertical coherence measurements performed at Granby, Uppsala
for the u-component. D = 2.1 m

1.0
Coh

0.5

] 1 @ T~ i L 3 !
0.02 006 0.10 014 0.8

n-D/d
Figure 9. Vertical coherence measurements performed at Kalkugnen for the
u-componant. D = 22 m,.
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Figure 10. Calculated lateral coherence function for D/L = 0 (.-7) and
D/L = 0.5 () together with a measured curve for D/L =~ 1 (.".).
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Figure 11A. Calculated coherence for vertical separation (D/L = 0.5) for
the three components (u, v, w).
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Figure 11B. Measured coherence for vertical separation (D/L ~ 1) at Maglarp
for the three components (u, v, w).
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A GENERALIZED METHOD TO DERIVE GUST STATISTICS FOR
- DYNAMIC-RESPONSE ANALYSIS OF SMALL WINDTURBINES

P.E.J. Vermeulen

The analysis of the dynamic behaviour of wind turbines or wind-turbine
components is most often carried out through simulations in the time
domain. Consequently, also a description of the wind input is needed

in the time domain.

Such a description can either be deterministic, in the form of a '"gust",
or be a realisation of a stochastic wind speed signal.

The first way of description is ﬁost often used to determine extreme-
design loads while the latter is often used to analyse the stability

and control behaviour of the total system.

At MT-TNO a method has been developed which can be used to derive the

properties of a deterministic wind gust on a statistical sound basis.

The method comprises the following items:

- use is made of a complete model of the atmospheric turbulence;

- the lateral and vertical structure of turbulence is taken into account
by integrating the cross-power spectrum over the rotor area. This
results in a spectrum of the rotor averaged wind speed fluctuations;

- statistical techniques are used to derive from the spectrum the amplitude
distribution of the wind speed; the zero crossing rate of the wind speed
signal and the distribution of the wind speed acceleration;

- from the above mentioned parameters a time-domain description of a wind
gust is constructed, using specifications for terrain roughness,
wind speed and exceedance probabilities of the amplitude and acceleration

of the wind speed.

The method has been used to derive "gusts' for the determination of extreme
loads and fatigue loads for a number of wind turbine projects in the

Netherlands.
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Jorgen Hoystrup

Measurements of Lateral

Coherence at Nibe
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Qutline

How good does the description of turbulence have to be?
Turbulence: A function of many variables!
Lateral Coherence

Turbulence structure 0% wakes
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The variability of turbulence

Neutral conditions
Diabatic conditions

-- Veloecity profiles
-- Length scales
~~ Spectra

Homogeneous terrain

-- Roughness changes
-- Hills

-- Buildings, other wind turbines

More simplifications

Isotropy, gaussian processes

Taylor hypothesis
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Roughness length mibe, windspeed 9 m/sec' (45 m).

0 Roughness (m) .
y 0 R — T —— T —
10"" JA‘ .
e F—
L /
1072 \ £
| - - - 7/
107° —\ ] :
Y
107* At
5
0 100 200 800 400
Direction (deg)

FPig. 2.

Measured roughness lengths at the Nibe site based on velocity
profiles from three years of data (1981-1983). The data shown
refer to situations where the wind speed at 45 m was in the
range 7.5 - 10.5 m/sec. Data with the wind turbines running up-
stream of the anemometers have been excluded.
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NIBE, water roughness length

Z‘Z} (m)
10-=T —— ———— —_
—o—
10-8 ?/=
;’71 Jﬁ’:4’r47
/;/
10_4 " <
= —_— =
N .1015‘120¥

Windspeed (m/s)

Fig. 3.
Measured roughness length as a function of wind speed for the
45 degree west sector. Measured values are denoted by "o". The

curve denoted by "x" is the water roughness length as calculated
using Charnocks formulation:

2
u
* : N .
2, = ¢C— , g =gravitational acceleration
9

(Charnock 1955) with a value of a = 0.014 (Garratt 1977).



247

1072

Pln(sz/ U)

10-3 ST SRUY GU WU S ST WU YN DU S S S S PP |

0.00 - 0.05 0:10 ' 0.16 0.20
fD,/U
D,/z=1.2 -  n=16

——————r—r—r—7— . —r——

150°F R

of °° ° x %

Sv 100 :_ ° o o -E

50°F . ° 3

\N OE o .° 0: ° o ° oo °°. E

'-OQ-l A 0 Fqggo?:»gaooou o "’boo: ° o, 0 °% e o3

\—: 500: (-] @0 Sa °O' Oo o 2

- T YVE o ° ® ° E

HH of o0 o o E

: -100 — o Qoo o “

of o © 3

_150; A [ W S ]xl N xL —d ;8‘ ‘°E

0.00 _ 0.05 _ 0.10 _ 0.15  .0.20
fD,/U

Fig. 6. |

The Nibe 4 (o) and Nibe 5 (x) coherence and phase data for D3/z =
1.2. The straight line in the coherence plot is the exponential
coherence model with a decay parameter of 36.
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NIBE DECAY PARAMETERS
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Fig. 8.
The Nibe decay parameters as a function of D/z. The curve is
Iwatani's (1977) equation for a13.
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MEASUREMENTS OF THE TOWER WAKE AT MAGLARP

Jan-Ake Dahlberg

Measurements of the tower wake has been carried out at the
Maglarp wind turbine.

The results from theese measurements have alréady been pre-

sented elswhere (Hamburg Oct 1984) why only some figures are
included here.

Figure 1 show the 10 meter measurement bar, tightend to the
blade-inspection platform, and equipped with 8 hotwire ane-
mometers.

Figure 2 show instantaneous (0.025 sec averaged) velocity
profiles repeated every 1.2 sec corresponding to every blade
passage.

Figure 3 shows the maximum velocity deficit in the wake
vs downstream position. The blade will always experience
this deficit when passing through the tower wake.

Figqure 4 show autospectral density functions from signals
measured at the middle position.

Since there are no marked peaks the flow conditions could
not be considered to be periodic although released vorti-
cies clearely could bee seen from the velocity signals.

The measurements were also completed with smoke visualization
of the flow in the tower wake.

The intention of the experiment was to see how the vorticies
where correlated.with height and to see if vorticies were trig-
gered by the passage of the blade. .

From the Video recording (showed at the meeting) it is clear
that there is a strong vorticity correlation with height and
hardly no influence from the blade to the released vorticies.
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Figure 1




265

Figure 2

FFA THE AERONAUTICAL RESARCH INSTITUTE OF SWEDEN 18-OCT-84 0838
MAGLARP TOWER WAKES AT X/D=23
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Figure 3

Maximum velocity deficit

vs downstream position
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Figure 4

FFA THE AERONAUTICAL RESARCH INSTITUTE OF SWEDEN 18-OCT-84 14:03

AUTOSPECTRAL DENSITY FUNCTIONS FROM THE

MAGLARP TOWER WAKE MEASUREMENTS AT X/D=23
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MODELLING OF ATMOSPHERIC TURBULENCE

Edmund J. Fordham

You may be interested to know that my thesis work covered
turbulence  spatial  structure, rotational sampling and
transformation between fixed and rotating reference frames,
turbulence distortion effects and transfer to aercdynamic loads in
addition to a practical field programme. Scme of the results have
been published as BWEA conference parers (Fordham and Anderson

(1982) and Fordham (1983) in particular) although not in full
detail.

The Wind Engineering article represents chapter 1 only of my
thesis, and was first written over New Year 1984, now nearly two
years ago. (I should caution you incidentally against several
mathematical misprints in the published paper)., The rotational
sampling analysis was done with Mike Anderson in 1981/2. (Based on

data from the Batt“elle experiment on which Dr Con‘éll did a
similar paper). n

In addition, I had many interesting discussions while at the
Cavendish Lab, with Dr A A Townsend, FRS, (author of "The
Structure of Turbulent Shear Flow") and with Dr J C R Hunt of the
Cambridge Applied Maths Dept on dynamically rational methods of
full 3-dimensiocnal turbulence structure mocdelling. By this I mean
a mathematical model able to predict any statistical correlation
function, with any spatial separation and any time delay, for any
two turbulence velocity camponents, and satisfying equations of
continuity and (linearised) equations of motion for the turbulent
flow field. Such a model is dynamically and statistically
rational, says as much about the statistics as it is possible to
say (for a stochastic field assumed to be jointly nommal in its
probability distributions, anyway) and, being based cn time damain
statistics, is available for immediate translation to a moving
reference frame. (at least at constant rotational speed).
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 The model discussed would be based on Townsend's 1970 analysis of

the rapid distortion of an initially isotropic field by a uniform
plane shear. Several adjustable parameters and an initial
turbulence. spectrum would be available for "tuning” the model to
agree with available observational data. The mcdel would
reproduce major features of the observed anisotropy of atmospheric
turbulence, in particular Ly‘%x““(O.S and the existence of "eddy
slopes” in the vertical direction. See chapters 3 and 4 of
Townsend's book (1976 edition) and the iso-correlation plots of
Figure 4.5 in particular. My thesis comments on these ideas
briefly in the 'suggestions for further work' category.

I coded up many of the necessary calculations early last year, but
did not have time to finish the work, as I was under pressure to
present my thesis. This was in itself a disappointment; most of
my turbulence work (which seems to me to have been of the greater
interest) had to be done almost in spare time in between my
obligations in building and. instrumenting two Sm turbines. I
would still be interested in finishing the work; my only problem
is time (and possibly camputing resources).

On the topic of your meeting, I would advocate the follcwing:

that more attention is paid to the sizes and variability of the
gross scaling parameters of the turbulence (variances, mean
velocities, and especially the various integral length scales)
than to detailed functional forms for spectra or correlations.

The definitions and different methods of determination of the

length scales in particular -need attention. See Teunissen (1980)
for the best discussion I know.

that time domain statistics (ie: the correlation functions) be
regarded as primary, rather than fixed reference-frame spectra
which have no obvious application to wind turbine rotor problems.
Translation to moving reference frames is only straightforward
from time domain statistics.

that any turbulence model should be dynamically rational ie:

should satisfy fluid continuity and at least approximate eguations
of motion.

that even if inherent non-linearities in the transfer between
turbulence velocities and structural response force attention onto
direct time-stepping dynamic simulations, linear statistical
models should still be explored as a far cheaper and easier way of
conducting parametric surveys (ccmpare eg: Anderson's PhD
simulation (EWEA 1982) applicable only to a few design cases, with
Anderson, Garrad and Hassan, Jnl.of Wind Engineering and Ind.
Aerod. 1984, which demonstrates trends in results with variation
of scaling parameters).

that any time-stepping turbulence simulation, however dervied,
should have the statistical properties of its output checked
against real atmospheric turbulence statistics.

that so-called "discrete gust models" be confined to analysis of
extreme events, and worst-case loading design, and not applied to
general fatigue life problems unless it can be shown that they
satisfy (5) and (3).
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I note one. possible confusion of terminolcgy in your introductory
notes. I think that there is a distinction to be made between
"stochastic" or ‘"analytical" mcdels, and "time-stepping” or
"direct simulation” ones, but not between "frequency damain” and
"time domain". I suggest that the latter two temms are equally
applicable to "stochastic” medelling of turbulence; a correlation
function (time domain) is related to a spectrum function
(frequency damain) by a simple Fourier transform, and both
representations are in principle exactly equivalent in the
information they contain about the turbulence. My point in (2)
above is that the "time domain" representation is the more
convenient for wind turbine analyses, because it can be
immediately related to a moving reference frame, which spectra
cannot, except by going through a Fourier transform to time damain
statistics. It is also more useful for the anisotropic cases

. Wwhere  a rotating reference frame -description may became

non-stationary (ie: not all' orientations of the blades are
statistically equivalent). I am not convinced that such cases are
usefully described by spectra at all.

What I call "time-stepping” or "direct simulation" models seem to
be referred to as "time domain" in much of the wind turbine
literature, which I feel is misleading. Their important feature
is that they involve abandoning an "analytical stcchastic"
approach, for the gcod reason that the aero and structural dynamic
transfer between turbulence and random load may well be
non-linear, and there is no good theory relating stochastic inputs
and outputs for non-linear systems.

Improvement in modelling the dynamics is however likely to carry
the penalties: ’

the need for a complicated simulation of randem turbulence inputs-—

possibly very expensive camputationally if a full 3-D simulation
is used.

the difficulty of conducting parametric surveys (variation of
scaling parameters) without running a long list of design cases,
further multiplying camputational cost.

the difficulty of checking the simulated inputs against
cbservational data except in a statistical sense.

These are the reasons lying behind my advocacy of (4) above.
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IEA - Implementing Agreement LS-WECS
Previous Expert Meetings

Seminar on Structural Dynamics, Munich, October 12, 1978

Control of LS-WECS and Adaptation of Wind Electricity to the Network,
Copenhagen, April 4, 1979

Data Acquisition and Analysis for LS-WECS, Blowing Rock, North Carolina,
Sept. 26-27, 1979

Rotor Blade Technology with Special Respect to Fatigue Design Problems,
Stockholm, April 21-22, 1980

Environmental and Safety Aspects of the Present LS WECS, Munich,
September 25-26, 1980 '

Reliability and Maintenance Problems of LS WECS, Aalborg, April 29-30,
1981

Costings for Wind Turbines, Copenhagen, November 18-19, 1981

Safety Assurance and Quality Control of LS WECS during Assembly, Erec-
tion and Acceptance Testing, Stockholm, May 26-27, 1982

Structural Design Criteria for LS WECS, Greenford, March 7-8, 1983

Utility and Operational Experiences and Issues from Mayor Wind Instal-

‘lations, Palo Alto, October 12-14, 1983

General Envirommental Aspects, Munich, may 7-9, 1984

Aerodynamic Calculational Methods for WECS, Copenhagen, October 29-30,
1984

Economic Aspects of Wind Turbines, Petten, May 30-31, 1985
(no written report)

Modelling of Atmospheric Turbulence for Use in WECS Rotor Loading
Calculations, Stockholm, December 4-5, 1985





