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Summary

In the framework of the JOULE-0064 'Full-scale Measurements in
Wind Turbine Arrays' in the period between June-November 1992measurements
have been performed in the Sexbierum Wind Farm. The aim of the measurements
is to provide data for the validation of wake and wind farm models, which are

being developed simultaneously, and to provide input data for wind turbine load
calculation programmes.

The campaign concerned measurement of the wind speed, turbulence and shear

stress behind a single wind turbine at distances of 2.5,5.5 and 8 rotor diarneters,
respectively. Besides detailed measurements of the wind field, the power of the
turbine was measured.

A database has been compiled containing 1-minute averaged values of the
measured quantities. The database was analysed using a two-dimensional bin
analysis with respect to the undisturbed wind direction and wind speed.

The analysis contains horizontal and vertical profiles of the:

- U-,V-, and W-component of the wind in the wake;

- turbulence intensities in three directions and turbulent kinetic energy in the
wake;

- shear stresses u'v', u'w' and v'w' in the wake.
These quantities are presented both in dimensional as in non-dimensionalized
form.

rWith the data base a useful set of data is created for the validation of wake and
wind farm models.
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List of symbols

ârou Weibull scale factor at hub height
cp Power coefficient
D Rotor diameter
H Hub height
I Turbulence intensity (e.g. u'/tf
k turbulent kinetic energy per unit mass {r(u'2+v'2+w'2)
kooo Weibull shape factor
Mn" Meteo mast 4, height 2 (= hub height)
P Turbine Power
Tru Turbine 36
T,, Turbine 18

T", Twbrne2T
U wind speed component along the undisturbed wind
u' rms value of turbulent velocity fluctuations in U-directions
u'v' U-V component of turbulent shear stress

u'w' U-W component of turbulent shear stress

U, undisturbed wind speed

u'0 undisturbed U-component of turbulent velocity fluctuations
V wind speed component perpendicular to the undisturbed wind direction
v' rms value of turbulent velocity fluctuations in V-directions
v'w' V-W component of turbulent shear stress

W vertical wind speed component
w' rms value of turbulent velocity fluctuations in W-directions
z height
zo roughness height
ô wind direction
K Von Kármán constant
î, tip speed ratio
p air density

suflix
max maximum value
min minimum value
0 undisturbed conditions
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Introduction

During 1992, a detailed measuring campaign was carried out in the
Sexbierum Wind Farm in order to collect experimental data on the wind speed,

turbulence intensity and shear stresses in the wake of a single wind turbine at
distances of 2.5, 5.5 and 8 ¡otor diameters, respectively. This report gives the
results of the measurements and of the bin analysis of the data. Further, it
describes the measuring conditions and the geometry of the wind farm and the
turbines. A campaign concerning the wake conditions in a double wake situation
was described in a previous report. In a later stage the reports will be combined in
a final report. This final report will also contail the results of long term power
measurements and turbulence spectra in the wake. The purpose of this report is to
document the results of the analysis and to pass the information to the participants
in the project Wake and Wind Farm Modelling (JOUR-0087), who will use it for
the development and validation of wake models.

The measuring campaign is part of the CEC JOULE project 'Full-Scale
measurements in Wind Turbine Arrays' (JOUR-0064). The project aims at
collecting full-scale data for the purpose of:

- validation of wake and wind farm models;

- providing input data for load calculations.
To this end long term measurements and short term campaigns are carried out in
various wind farms within the CEC.

In the Sexbierum wind farm the following quantities are monitored:

- fast ¡ate wind speed data in wakes: spectra and wake data;

- wind turbine power;

- fatigue loads: rain flow counts of load cycles in various components, such as

blades, hub and shaft.
Spectral wake data, wind turbine power data and ¡esults of rain flow counts will
be reported, separately.

In The Netherlands KEMA and TNO jointly carry out the measurements and the
analysis of the wake data. KEMA is responsible for the measurements and pre-
processing of the data; TNO is responsible for the experimental set-up and the
analysis of the data.

Chapter 2 describes the experimental set-up of the measurements. It gives details
on wind farm lay-out, properties of the wind turbines and measuring sensors and
procedures. Chapter 3 describes the data analysis procedure, which has been
applied and chapter 4 describes the results ofthe analysis.

593-æ?1112324-22420



TNO-report

Results of Sexbierum Wind Farm; single wake measurements

2 Experimental set-up

Sexbierum wind farm

Lay-out

2.I

2.1.1

The Dutch Experimental Wind Farm at Sexbierum is located in the
Northern part of The Netherlands at approxirnately 4 km distance of the seashore.

The wind farm is located in flat homogeneous terrain, mainly grassland used by
farmers for the grazng of cows. In the direct vicinity of the wind farm only a few
scattered farms are found.

The wind farm has a total of 5.4 MW installed czpacity consisting of 18 turbines
of 300 kW rated power each. The wind turbines are placed in a semi-rectangular
grid of 3x6 rows at inter-distances of 5 rotor diameters along one major grid line
and at an inter-distance of 8 diameters perpendicular to this grid line (see

figure 2.1). The direction of the rows is at 7' with the North.

Around the wind farm there are 7 meteorological masts, which enables the

measruement of the undisturbed wind conditions for every wind direction.
Further, the pressure and temperature are measured. Masts 4 ar'd 6 are parallel to
the prevailing wind direction and have wind sensors at 3 heights. The other
5 masts have sensors at hub height. Turbine T36 has been instrumented to study
the wake effects on the wind turbine loads.

The prevailing wind direction in the wind farm is along the line T18 to T36. The
wind climate at hub height is given by Weibull frequency distribution with scale

factor aooo=8.6 m/s and shape factor kro¡=2.L. The average wind speed is 7.6 m/s.

93-082111232+22420
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Figure 2.1 Lay-out of SexbierumWind Farm

2.1,2 Turbines

The wind turbines in the wind farm are HOLEC machines with three

WPS 30/3 blades and with a rated power of 310 krW. The rotor diameter is 30.1 m,
the hub height is 35 m. The turbines contain synchronous genefators and operate

at variable speed. In order to obtain maximum efficiency the tip speed ratio is kept
constant up to a wind speed of 1-0 m/s. Above this wind speed the power is limited
by means of pitch control. The machines have a cut-in wind speed of 5 m/s; a rated

wind speed of 14 m/s and a cut out wind speed of 20 m/s.

The control computer of the turbine takes care of these action and also takes care

of yawing. The input data for the yawing actions comes from the wind farm
control computer.

93-æ21'l'12324-22420
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Figure 2.2 Calculated power cofficient of HOLEC WPS-30 wind turbine

Sexbierum ltind Fam
Holec IPS-3; thnlst co€fËcieût

1,0

0.9

0.8

0.7
d

Ë o.o
É

Tou

I 0.4
¡i¡* 

o,g

0.2

0,1

0.0 678910 11 1

vind
2l
sped

314
(n/s)

15 16 t7 18 19 20

Figure 2.3 Calculated thrwt coeffrcient of HOLEC WPS-30 wind turbine

93-æ2J11232+22420



TNO-report

Results of Sexbierum Wind Farm; single wake measurements

Figure 2.2 gives the calculated power coefficient; figure 2.3 gives the calculated
thrust coefficient of the wind turbine. In A¡mex A1 more detailed data can be

found on the HOLEC wind turbine.

2.1.3 Data acquisition

The data-acquisition system and ilstrumentation of the wind farrn
serves the following purposes:

- monitoring and control of the wind farm;

- detailed measurements of the wake structure inside the farm;

- wake effects on the mechanical loads on the turbines;

- wake effects on the aggregate wind farm power;

- electrical behaviour of the wind farm.

For this purpose the wind farm has a central computer, which takes care of
monitoring and control of the wind farm and a data-acquisition system consisting
of measuring computers and data elaboration computers (see figure 2.4).

c central computer

m measuring computer

d data-elaboration
computer

central control building

Figure 2.4 The data-acquisition system of the Sexbierum wind farm

The signals from the extra-instrumented turbine T36 are sampled at 32 Ílzby a

measuring computer inside the tower. The signals from the mobile measuring

masts are also connected to this computer and sampled at 4 Hz.

93-OA2n12324-22420
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Signals with respect to the electrical behaviour of the wind farm are sampled at

32Hzby a measuring computer in the central control building. This computer is
connected to the central computer which supplies at 1 Hz the following data:

- undisturbed wind speed and wind direction from the stationary wind masts;

- air pressure and temperature;

- status of each wind turbine.

All acquired data are passed to the two central data elaboration computers in the

central control building. The data can be processed on-line using statistical
software or can be stored on tape or optical data for fufher processing off-linc.

2.1.4 Instrumentation

Meteorological masts
The wind farm is surrounded by 7 fixed'wind measurement towers. The locations
of the towers are given in figure 2.l.Each tower has a wind anemometer and a
wind vane at 35 m (hub height). The towers 4 and 6 have also wind sensors at

20 m and 50 m height. At mast 3 the temperature and the air ptessure are

measured. The signals from the meteorological tower are sampled at a rate of
1ÍIz.

Instrumentation of turbines
Turbine T36 (see figure 2.1) has been extra instrumented. It contains sensors for
the measurements of mechanical loads in the blades, the hub, the tower and the

drive train. Sensors have been mounted for measurement of the pitch angle, blade

position and nacelle di¡ection. Further, various electrical signals are measured.

The signals are sampled al a32 Hz sampling rate. A complete list of the measured

signals is given in annex 42.

Mobile wind measuring masts
There are three mobile masts in the wind farm for detailed wake measurements.

It is possible to install the masts at any place inside the wind farm enabling
detailed wind measurements of the wake structure.

One mast is equipped with 3-component propeller anemometers at 47 m,35 m and

23 m, respectively. At heights of 41 m arrd 29 m two extra cup anemometers have

been mounted. The other two masts contain 3-component propeller anemometers

at 35 m. The signals from the mobile masts are sampled at a 4 Hz sampling rate.

The 3-component propeller anemometer consists of three lightweight carbon

fibre propellers mounted on a pyramid-shaped rig at angles of 30" relative to each

other. Combination of the th¡ee anemometer signals gives the X, Y and Z
components of the wind. The sensor was calibrated in a wind tunnel and yields
reliable results within a cone of approximately 30" relative to the sensor centre-

line.

93-OA2l1 12324-22420 10



TNO-report

Results of Sexbierum Wind Farm; single wake measulements

2.2 Measuring campaign

2,2.1 Description

Between 1992 measurements have been made in the wake of T18, ahead of T27
(see figure 2.5). In the indicated direction the distance between the turbines is
285 m,i.e.9.4.

Mast b, installed 75 m (2.5D) behind T18, contained the 3-component propeller
anemomoters al 47 m,35 m and 23 m, denoted b1, b2 and b3. The middle
anemometer was thus mounted at hub height, the top and bottom anemometers at
0.4 rotor diameters above and below hub height. Mast a was erected 165 m (5.5D)
behind T18 and contained a 3-component propeller anemometer at hub height,
denoted a2. Mast c was irstalled at 240 m (8D) behind Tl,8 and contained a 3-
component propeller anemometer at hub height, denoted c2. T\e undisturbed
wind conditions wore measured with cup anemom€ters at wind vanes at mast 4 at

3 levels (20 m, 35 m and 50 m). Sirnultaneously with the wind measurements the
power of T18 was measured. Table 2.l gives an overview of the stored data.

2

3

T18

0

b

75m

Figure 2.5 Experimental set-up during the measuring campaign

93.OA2111232+22420 11
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Table 2.1 Overview ofthe measured and stored data

Bã¡Êõ¡¡r 
- 

i...i....i:ir

a2..c2

bzt,bzh

P18

wvel41 ,

wdir41,

sblh18

42 43

42,43

U' V, W, Uro, U.¡n, Vr*, Vr¡n, Wr"r, W.¡n,
ut2,Y'2, w'2, u'v', u'w', v'w'

U, u', Ur*, Ur¡n

P, op, Pr¿,, Pr¡n

U9, u'9, Ugr¿*, Uqr¡n

ôs, o6e, ôer"r, ôs.¡n

pitch angle T1 8, op¡1cn, pitchma, pitchm¡n

The measured data were stored on hard disk and every day a back-up was made
on magnetic tape. [,ater, the tapes were pre-processed off-line into l-minute
averaged samples.

,,,,, Observations

During the measuring campaign no serious problems arose and a body
of approximately 2700 1-minute samples were recorded successfully.

The following problems were observed:

- sensor wv'J.c2 (X/D=8) had no signal for about one third of the samples;

- the wind direction sensors at the undisturbed wind measuring mast had a
misalignment of +5", +5' and -L0' for height 1-, 2 and 3, respectively. The
measurements have been corrected for this;

- the topmost sensor wvel41 shows a dip in the wind speed measurements due

to shading of a lightning conductor for wind directions between 170' and2lD' .

- sensor wvel42 showed malfunctioning at the end of the measuring period,
indicating too low wind speeds. During a first analysis this resulted in 'skew'
profiles of (for instance) U/Us combined with considerable scatter. In the final
analysis use was made of sensor wvel43, which resulted in 'flat' profiles with
reduced scatter.

93-OA2n 12324-22420 12
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3

3.1

Analysis

Pre-processing and resulting database

A first data-reduction and quality control of the measured data was
done during pre-processing of the data. The L flz and 4 Hz time series of the
measured quantities were manipulated in order to obtain time series of 1-minute
averages ofvarious quantities such as the wind speed, the turbulent velocities and
the shear stress. Table 2.1 gives an overview of the time series contained in the
data base. The l--minute data have served as the working data base. The chosen
format makes it possible to combine the 1-minute averages into samples with
multiple-minute averages. Annex A3 gives the statistical operations used for the
data manipulation.

3.2 Time averaging

Before the data base was further analysed, the samples were combined
to obtain 3-minutes averaged quantities. Considerations for selecting a period of
3 minutes were the following:

stationarity of the data
It is common practice to assume a spectral gap for wind velocity data between
1.0 minutes and t hour. Shorter averaging periods will result in non-stationary
dala;

coherence between undisturbed wind signal and wake signal
Meteorological mast 4 and mobile mast c are 330 m apart, assuming a wind
speed of 8 m/s, this corresponds to a delay of 45 seconds, approximately. In
order to obtain a reasonable coherence between the wake wind data and the
undisturbed wind data it is necessary to use an averaging period greater than
this period.

effect of slow wind direction variations
If the averaging period is chosen too long, slow variations in the wind
direction will blur the details of the wake.

number of available rccords
Longer averaging periods result in less samples. A 3-minutes averaging period
resulted in a database with 857 samples.

effect on wind turbines
Power curves for wind turbines are most often determined using averaging
periods of 10 minutes; Wind fluctuations shorter than L minute are most
important for the determination of wind turbine loads. Slower fluctuations are

absorbed by the control system.

93-OA21112324-22420 13
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3.3

The wake deficit profiles are hardly affected by the averaging period. However,
non-linear signals, such as turbulent velocities and shear stresses are indeed
affected by the changing averaging period. I-onger averaging periods result in
higher turbulent velocities, for instance. Nevertheless, it is not easy to select an
optimum averaging period. Taking into account the arguments listed above, itwas
decided to analyse the data on the basis of 3-minutes averaged samples.

Frame of reference

Figure 3.1 Definition of the frame of reþrence

Besides scalar quantities, such as the wind turbine power and the total turbulent
kinetic energy k, also vector quantities (wind vector) and tensor quantities
(turbulent co-variance matrix) had to be analysed. Therefore it was necessary to
define a proper frame of reference for the presentation of the data. It was decided
to couple the frame of reference of the wake data to the co-ordinate system of the
undisturbed wind. The definition of the frame of reference is given in figure 3.1.
The undisturbed wind direction is given with respect to the line connecting the
turbines T18 and T27, defined as 0 degrees. The u-component is parallel to the
undisturbed wind, the v-component is perpendicular to the undisturbed wind in
the horizontal plane. The w-component is in the vertical direction. u,v and w
define a right-handed co-ordinate system. This conforms to the normal
meteorological definitions. Before the 3-minutes samples were bin-sorted, they
were converted first to the above given coordinate system, using the co-ordinate
transformation formulas given in Annex 43.

Bin-sorting

The 3-minutes samples were sorted into different bands of undisturbed
wind speed and wind direction. Between 5 m/s and 12 mls a bin width of 1 m/s
was used; above 12 m/s the bin width was taken equal to 2 m/s. The selected wind
direction bin width was 2.5'.

3.4

93-æ21'l1232+22420 14
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For each bin the mean value, variance, minimum and maximum values of the
measured quanlities were determined and saved in separate files. Together with
these quantities the number of samples in the bin, the average undisturbed wind
speed and the average wind direction were saved.

Since the wind turbines operate at constant tip speed ratio in the interval 6-l-0 m/s,
it was expected that the wake effects would not vary much over this speed range.
A selected number of bin analyses has been made using a single wind speed bin
of 5-10 m/s.

3.5 Dimensionless quantities

Except in dimensional form the results are also presented in a non-
dimensionalized form.
First, the measured quantities have been non-dimensionalized with the
undisturbed wind speed:

- uÂJo, viuo, wuo;
- u'ÂJo, v'flJ., w'[Jo, k/U02, u'/u'o;

- u'v'/U02, u'w'/U02, v'w'/U02.

Second the quantities have been non-dimensionalued using local parameters:
_ V/IJ, WTJ;

- ü'/IJ, v'fU, w'fU,klW;

- u'v'/k, u'w'/k, v'w'/k.

In the next chapter the results of the analysis are presented.

93-OA21112324-22420 15
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Results

This chapter contains the results of the analysis performed on the single
wake data described in the previous chapters. First, the undisturbed wind
conditions during the measuring period are described. Secondly, the power ouþut
ofthe turbine in the free-stream (T18) investigated. The next sections describe the
results of the wind measurements on the mobile measuring masts. Successively,
the wind speed, the turbulence levels and the shear stresses in the wake are treated
for a selected number of cases. A comprehensive overview of the analysis results
can be found in annex 44.

4.1 Undisturbed wind conditions

This section describes the undisturbed wind conditions at the
Sexbierum wind farm during the single wake measuring period. Further a

description of the undisturbed turbulence intensity is given and the roughness
length of the upwind terrain is estimated.

4.1.1 Wind speed distribution

Figure 4.1- gives the wind speed distribution during the measuring
period. It shows that the majority of the data has been found befween 7 and 9 m/s.
The average wind speed in the measuring period was 8.4 m/s. Negative wind
directions clearly prevail. Figure 4.2 show the frequency distribution during the
measurrng campalgn.

Sexbierum lfind Fa¡m
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Figure 4.1 Overview of available data
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Figure 4.2 Frequency dßtribution of the wind speed during the measuring campaign

The average wind speed during the measuring campaign was 8.4 m/s

4.1.2 Undisturbed wind profile
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Figure 4.3 Ratin ofthe undisturbed wind speeds at three heights
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Figure 4.3 gives the ratio of the wind speed for the combinations wvel41/wvel42,
wvel43/wvel41 and wvel41/wvel43 in the wind sector under consideration. The
following remarks can be made:

- for wind directions from -40 to -20 degrees wvel41/wvel43 and
wvel41/wvel42 show a dip. This is caused by the wake of a lightning
conductor which is mounted on top of meteorological mast 4. The other
anemometers are not affected by this effect because they are connected to the
mast by means of a boom;

- Except for the velocity dip due to the lightning conductor the ratio wvel4ll
wvel43 is constant. The ratio wvel4Zlwvel43 and wvel41/wvel42 shows a

steady increase with increasing values of the wind direction. During initial
analysis of the single wake data, making use of wvel42 for binning the data,

this resulted in skew wind profiles. Reviewing of the wvel42 records showed
that this anemometer showed irregular malfunctioning during the last period
of the measuring campaign. Therefore it was decided to use the undisturbed
anemometer wvel43 for the analysis of the wake data.

Due to the abovementioned effects it is hard to determine a reliable estimate of the
roughness length zo. Yet, using the data resulted in a roughness length of
zo=0.13 m. In the next section the roughness length is also estimated from the
measured turbulence intensity.

4.1.3 Turbulence intensity

Table 4.1 Turbulence intensity at 3 measuring heigh*

20m
35m
50m

0.1 00

0.095

0.086

0.145

0.138

o.125

0.046

0.058

o.044

The turbulence intensity has been determined by applying linear regression on
pairs of undisturbed wind speed Uo and turbulent velocity u'o for an averaging
time of 3 minutes. In order to estimate the turbulence intensity for a L-hour
average the conection was applied as described in [Cleijne, 1992]. The result is

shown in table 4.1 for the th¡ee measuring heights.

Using the expressions given in [Panofsky and Dutton,1984] the roughness length
has been estimated. This results in a roughness length of zo= 0.047m, which
seems to agree well with the results from the double wake campaign. It should be
noted that this estimate is insensitive to calibration errors in the sensors.

Finally, it is possible to estimate zo from the turbulence intensity profile I(z) using
regression. This method resulted in the estimate zo = Q.949 *.

93-OA2! 1 12324-22420 18
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Taking into account the uncertainties in the measurement of the wind profile, the
roughness length estimate from the turbulence intensity is preferred to the one
from the wind profile.

4.2

4.2.1

Wind turbine power

Free-stream power curve

Figure 4.4 gives the power curve of turbine T18 using data from all
available undisturbed wind directions with respect to the wind speed at 20 m
height.

Figure 4.4 Power curve and power coefficient of wind turbine T18, based on 3-minutes
averaqes

4.2.2 Pitch control

The HOLEC WPS turbines have a constant pitch angle below 10 m/s
and are kept at constant tip speed ratio by load variation. Above 10 m/s the pitch
angle is varied in such a way that the power is limited to 310 kW maximum.
Figure 4.5 shows the pitch angle of turbine T18 as a function of the undisturbed
wind speed wvel43.
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Sexbien¡m lÍind Farur
S'll9D 3I4 pitch angte TI8

10

I

I

î'?
o
L
Fe
o(
U
Aø+
A

'õ, s

t

I

0

vina speet (n/$

Figure 4.5 Pitch angle as a function of undisturbed wind speed

4.3 Wake defTcit

4.3.1 Wake deficit per bin

Figure 4.6 Wind speed ratio UlU6 at sensor b2 as a function of the und.isnrbed wind
direction
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Figure 4.6 shows the wind speed ratio UÂJo at sensor b2 as a function of the
undisturbed wind direction for the wind speed classes between 6 m/s and 11 m/s.

Sensor b2 was located at hub height 2.5D behind T18. The graphs of U/Uo of the

other sensors have been gathered in annex 44.

The figure shows that the wind speed ratio U/Uo is almost equal for the depicted

wind speed classes, which can be explained by the fact that the wind turbines
operate at constant tip speed ratio between 6 and 10 m/s. In this range the thrust
or axial force is therefore almost constant.

At the wake centre-line U/Uo reaches a minimum of 0.50, approximately. At an

undisturbed wind direction of 20 degrees the edge of the wake is observed and

U/uo is equal to unity. The shape of the wake profile is not completely Gaussian,

but more flattened. This is probably due to the fact that mast b is at a distance of
2.5 D only.

The values of the lateral wind speed V are small compared to those of the

longitudinal component and have not been depicted.
Figure 4.7 shows the vertical velocity V/. The figure shows that WUo is positive
for negative wind directions and rJy' is negative for positive wind directions. This
agrees with the fact that the rotor rotates clock-wise, when looking down-wind.
The velocities are small, however.

Ë

Þ

2.0

1.5

1.0

0.5

0.0

-o.5

-1.0

-1,5

-2.0

Sexbierum I[ind Farm
SlfgD_3ì4 rvtb¿

vinil direction

Figure 4.7 Vertical wind speed W as a function of wind direction at sensor b2
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4.3,2 Aggregated results

Figure 4.8 Winil speed ratio UlUs as a function of wind direction for sensors b2, a2

and c2

Figure 4.8 shows the aggregated results in the wind speed range of 5-10 m/s for
the three sensors b2, a2, c2 at hub height. Sensor b2 is at 2.5D behind the rotor;
a2 at 5 .5D and c2 ai 8D.
At x = 2.5D the wind speed ratio is 0.5; at x=5.5D a value of Uruo=0.7 is found
and at x=8D the wind speed ratio is 0.8.

Clearly, the flattened profile al x=2.5D develops in a more pronounced profile.
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Figure 4.9 Wind speed ratia UIU¡ as a function of wind direction for sensors bl, b2 and
b3

Figure 4.9 gives the ratio UlUoaf the 3 sensors mounted at different heights on
mast b, which is al 2.5D behind turbine T18. The figure clearly reveals that the
wake profiles are almost identical in shape at the given heights, with the lowest
values of U/uo at hub height. Outside the wake (see negative wind direction), the
wind speeds increase from the lowest sensor b3 to the highest sensor b1, which
agrees with a normal boundary layer flow.
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Figure 4.10 Vertical wake profile at the wake centre-line

93-08.211,12324.22420 23



TNO-report

Results of Sexbierum Wind Farm; single wake measurements

In figure 4.10 the vertical profile of UÄJo is given, together with the calculated

undisturbed wind profile using 20=0.045 m.

4.4 Turbulence intensity

4.4,1 Turbulence intensity data per bin

In this section we show the results of the analysis on the measured

turbulence in non-dimensional form.

Sexbierum Winil Fa¡m
SmD 3E rrvlbz

çinl direction

Figure4.11 Turbulenceintensityu'l(J6asafunctionofwinddirectionatsensorb2

Figure 4.11 shows the turbulence intensity (non-dimensionalized with Uo) of the

horizontal wind component for sensor b2 as a function of the wind direction.

Figures 4.12 and 4.13 show the lateral and vertical turbulence intensity. The

figures show that the turbulence intensity increases towards the centre of the

wake. u'/Uo is strongly peaked for wind directions of -15 and +15 degrees, which
corresponds to the locus of the maximum wind speed gradient (see figure 4.6).

There the turbulence production is at a maximum: ur/u. = o'2, compared with an

undisturbed value of u'/Uo = 0.1.

The peaks in the lateral and vertical turbulence intensity are less pronounced (see

figrre 4.12 and 4,13).
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Figure 4.12 Lateral turbulence intensity v'lUo as a function of wind direction at sernor b2
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Figure 4.13 Vertical turbulence intensity w'lUo as a function of wind direction at sensor

b2

Figure 4.14 shows the turbulent kinetic energy k (non-dimensionalized with Uo)

as a function of the wind direction. The behaviour of k is roughly the same as that
of the components of the turbulence.
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Figure 4.14 Turbulent kinetic energy kl(Jo2 as a function of wind direction at sensor b2
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Figure 4.15 Ratia of wake turbulence and undisturbed turbulence u'fuç' as a function of
wind direction at sensor b2

In figure 4.15 the ratio u'/u'o is given as a function of the wind direction. The figure
shows again that the turbulence level is increased in distinct peaks at this distance

(x=2.5D). The turbulence are increased by a factor of 2 h lhe peaks,

approximately.
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4.4.2 Aggregated results

Sexbien¡m ltind Farm
SII0D_SIú 5-10 m/s

linil di¡ection

Figure 4.16 Aggregated turbulence intensity u'lU6 at dffirent distances behind the rotor
(wvlb2: x=2.5D), wvla2 x=5.5D; vwlc2: x=8D)

Figure 4.L6 shows the development of the turbulence intensity profile as a
function of the distance behind the wind turbine. Clearly, at a distance of x=5.5D
the peaks have diffused into a plateau, with a level about 1.5 times higher than the

undisturbed turbulence intensity.
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Sexbien¡m Ttind Farm
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Figure 4.17 Aggregated turbulent kinetic energy k non-dimensùnalized with the local
wind speedU atx=2.5D (wvlb2); k=5.5D(wvla2) x=8D (vwlc2)

Figure 4.17 shows the development of the turbulent kinetic energy non-
dimensionalized with the local wind speed U at the three measuring positions
x=2.5D, x=5.5 D and x=8D.
Atx=2.5 D k/U2 = 0.10; atx=5.5 D WU2= 0.05 and at x=8D þu2 = 0.03.

Figure 4.18 Aggregated turbulence intensity u'lU6 as a function of wind directinn at
mast b

0
rind dimtion
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Figure 4.18 depicts the turbulence intensity u'flJo at mast b for the positions 1, 2
and 3. Peaks are found at wind directions of -12.5 and +12.5 degrees. Clearly, the
turbulence intensity is the highest at the top-most sensor (k/Uo2=9.24¡ and lowest
at the bottom-most sensor (k/Us2=0.18). This corresponds well to what is
expected. As production of turbulence is related to the wind velocity gradient, the

highest turbulence is expected where the gradients are at maximum. At the highest
sensor position the boundary layer wind velocity gradient is increased by the
presence of the wake, while the wake decreases the gradient at the lowest sensor
position (see figure 4.26).

Figure 4.19 Turbulent kinetic energy nan-dimensionalized with local veLocity as a

function of wind direction

Figure 4.19 depicts the lurbulent kinetic energy non-dimensionalized with the

local wind speed.
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4.5

4.5.1

Shear stress

Shear stress per bin
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Figure 4.20 Shear stress u'v'f (Js2 as a function of wind directian at sensor b2

The Reynolds-stress u'v' is the turbulent shear stress which is the driving force for
the recovery of the wake deficit in horizontal direction. Figure 4.20 shows the
shear stress u'v'non-dimensionalized with the undisturbed wind speed Uo against

the undisturbed wind. Starting from the right side of the figure (positive wind
directions) and going to the negative wind directions it shows that at the edge of
the wake u'v'[Jo2 is equal Io zero and then shows a minimum of -0.020. At 0" wind
direction it goes throughzero, it then shows a maximum of 0.015 before it relaxes
again to 0 at the left edge of thc wake. Generally speaking this is expected, since

it is generally assumed that the shear stress is proportional to the local wind shear,

i.e. the horizontal wind gradient. The fact that the curves return to zero at the edge

of the wake, and that they cross the x-axis at 0" wind directions gives confidence
in the quality of the data. Scaling of the data with Uo seems to be successful.
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Figure 4.21 Shear stress u'v' non-dimensionalizedwith the local turbulent kinetic energy
as a function of wind direction at sensor b2
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Figure 4.22 Shear stress u'w'lUf as a function of wind d.irection at sensor b2

The u'w'-component is given in figure 4.22. Apparently there is hardly a u'w'-
component at sensor b2. This can be explained by the fact that sensor is at the

symmetry plane of the wake. Indeed the sensors at different positions show a

significant u'w'-component variation over the wind directions. This will be

discussed in the next section.
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4.s.2

The v'w'-component of the shear stress also turns out to be very small at sensor

position b2. This shear stress component is proportional to the spatial derivatives
of V and W, which are both very small. Hence the shear stresses are also small.

Aggregated results

Sexbierum lind Farm
DrbMmU 5-10 n/s

N(
P

Þt

Figure 4.23 Non-dimensionalized shear stresses u'v'lUf as a function of wind direction
in wind speed bin 5-10 mls.

Distance x=2.5D : wvlb2
x=5.5D : wvla2
x=9D: wvlc2

Figure 4.23 shows the horizontal shear sttess u'v'ÂJo2 as a function of wind
direction at 3 different axial position x=2.5D, x=5.5D and x=8D. With the

relaxation of the wake the maximum values of u'v'/Uo2 decrease with increasing

distance.
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Figure4.24 Shearstressu'v'l(Jo2asafunctionofwinddirectionforsensorsbl,b2andb3

Figure 4.24 shows the non-dimensional shear-stress u'v'/U62 for the three sensors

at mast b as a function of the undisturbed wind direction. The shape of the three

curves is again very similar. Eddy-viscosity theory for turbulence assumes that the

turbulent shear stress is proportional to the local shear. This is clearly reflected in
the curves of figure 4.24. Outside the wake no horizontal wake effect is present

and hence the ho¡izontal wind gradient is zero. At the maximum gradient dU/dy
shear stress reaches a maximum, after which it decreases zero, where the wind
speed shows a minimum. For larger wind directions the shear shows a similar
behaviour but of an opposite sign.

The shape and the magnitude of the shear stless curves compare well with results

of wind tunnel tests [Srnith].
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F igur e 4.25 Shear stres s u'w' lU f as a function of wind direction for sensors b 1, b2 and b3

Figure 4.25 shows the non-dimensional turbulent shear stless u'w'ÂJo2 as a
function of the wind direction at the three sensor positions b1, b2, b3. The graphs

show quite a distinct behaviour from the horizontal shear.

The shear stress u'w' is proportional to the vertical wind speed gradient duldz.
Outside the wake the u'w' is negative corresponding to the shear stress in the

atmospheric boundary layer. Traversing through the wake at the top position b1,

the vertical gradient increases with the increasing wake effect and so u'w'
becomes more negative (figure 4.26). Al the bottom sensor b3 the situation is

different. When the wind direction changes the wake effect becomes stronger; the

wind gradient and hence u'w' changes sign.
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Figure 4.26 Change of the vertical wind gradient under influence of the wake defcit

4.6 Wake decay

Sexbierum itind Farm
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Figure 4.27 Wake decay for quantities l-(Il[J¡, u'lUo, u'luo'andkl(Js2 as afunctionof the

lon gindinal dß tanc e X I D

Figure 4.27 shows the decay of various quantities as a function of the non-

dimensional distance behind turbine T18. Urug gives the centreline deficit as a

function of the distance.k/Uo2, u'/uo, u'/u'o give the maximum value (taken across

the wake) of these quantities at the given position X/D.
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Conclusions

The measurement campaign in the wake a single wind turbine at

distances of x=2.5 D, 5,5 D and 8 D has resulted in a useful data base for the

validation of wake and wind fa¡m models and for input to wind turbine load
calculation programs.

The data base is built up of 873 3-minute samples containing data on undisturbed

wind conditions, wind turbine power, wind speed components, turbulence and

shear stress data. The data base has been analysed with respect to the undisturbed

wind conditions, i.e. with respect to wind speed and wind direction outside the

wind farm.

During the measurements no serious problems arose. However, a number of
systematic errors in the measurement of the undisturbed wind measurement was

detected, for which the data had to be corrected. Because the undisturbed wind
speed sensor at hub height was malfunctioning for part of the measuring

campaign, the wind sensor at 20 m height has been used for the analysis.

The abovementioned problems in the undisturbed wind measurements have

seriously hampered a good determination of the upstream roughness length'

Estimates of the upstream roughness length vary between zo=0.05m and

zo=0.15m.

The wake deficit at the various measuring positions has been determined. At
X=2.5D the wake profile deviates markedly from a Gaussian shape, at larger

distances this deviation disappears.

At X=2.5D turbulence intensity shows peaks at the maximum wind speed

gradient. These peaks disappear for positions further downstream the turbine

(X=5.5D and X=8D).

The shear stresses have been measured successfully. The course of the individual
shear stresses can be explained qualitatively by making some simple assumptions

about the wind speed gradient in the wake. Further the shape is very similar to the

one measured previously in the wind tunnel.

93-OA2l'112324-22420 36



TNO+eport

Results of Sexbierum Wind Førm; single wake measurements

6 References

t1l Beljaars, A.C.M.;
The measurement of gustiness at routine wind stations - A review;

WMO-instruments and observing methods, report no. 31-, Geneva 1987'

tzl Bendat, J.S., A.G. Piersol;
Random data; Analysis and Measurement procedures; 2nd edition;
Wiley, 1986.

l3l Bulder,8.H., J.G. Schepers;

Calculation data base of the WPS-30 wind turbine;
ECN report ECN-CX--91-053, September 1991.

t4l Cleijne, J.rW.;

Local wind speed distribution around the SEP experimental wind farm (in
Dutch);
TNO-report 9I-421; Jannty 1.992.

t5l Cleijne, J.W.;
Results of Sexbierum Wind Farm double wake measuroments;

TNO-report 92-388; November 1992.

t6l Crespo, A.;
2nd progress report JOUR-0087 'Wake and wind farm modelling';
Nf.ay,1992.

tll Panofsky, H.4., J.A. Dutton;
Atmosperic Turbulence, models and methods for engineering
applications;
Wiley, 1984.

t8l Smith, D.;
An experimental and theoretical investigation of wind turbine wakes in
arrays and complex terrain;
Ph.D. Thesis, NP-TEC, 1991.

t9] Strong winds in the atmospheric boundary layer: part 2 discrete gust

speeds;

Engineering Sciences Data Item 83045;
ESDU, November 1983.

[10] Taylor, G.J.;
Full-Scale Measurements in Wind Turbine Arrays JOUR-0064;
Kick-off document, 1990.

[11] Toussaint, P., H.K. Hutting, J.W. Cleijne, M. Mortier;
Results from operation and research of the experimental wind farm of the

Dutch Electricity Generating Board;
Proceedings EÌWEA special topic confere nce' 92, Herning, 1992.

93-O82t112324-22420 37



TNO-rêport

Results of Sexbierum Wind Førm; sìngle wøke meøsurements

Authentication

Name and address of the principal

Commission of the European Community
confact JOUR-0064

Names and functions of the cooperators

Ir. J.W. Cleijne - research engineer

Names of èstablishmerûs to which part of the research was put out lo contract

Date upon which, or period in which, the research took place

Jwe19V2 - March 1993

Approved by

93-æ21112324-22420 38



TNO-report

Results of Sexbierum WindFarm; single wake measurements

Annex A1

Type
Rotor
Number of blades
Blade material
Rotor diameter
Blade root radius
Blade profiles
Mass of one blade
Mass of blade foot
Mass of rotor (incl. hub)
First flap-wise
Own-frequency
Rotor rotation direction

Tilt angle
Cone angle
Tower material
Tower diameter -base

-top
Tower height
Distance rotor-lower
Rated Power
Rated wind speed

Cut-in wind speed

Cut-out wind speed

Generator
Control

Specification of the holec
WPS-30/3 wind turbine

HAV/T
upwind
.J

steel
30.1m
1.14 m1)

NACA 230xxx series

1800 kg
1360 kg
15400 kg

3.35 Hz
clockwise
(looking downwind)
5.5"
0.0'
steel
3.2m
1.32m
35m
1.67 m (at hub height)
310 kw
14 m/s
5 m/s
2Omls
synchronous with DC link
variable speed/
variable pitch

The blade root is defined to be the position of the outer bearing of the blade, see

ügure 5 the blade lay-out
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Annex A2 Specification of the extra instrumentation on
turbine T36

Channels

blades and hub
8 strain gauges on each blade
4 strain gauges on the hub
strain gauges on the joint between hub and blades

rest of turbine
torque on the main shaft
torque on the fast shaft
bending moments in N-S and E-V/ directions 6 m below the tower top

bending moments in N-S and E-W directions 4 m above the tower base

pitch angle
blade position
nacelle direction

Electrical and control signals
field voltage of the generator
field current of the generator

voltage of all 3 phases of the generator
current of all 3 phases of the generator

frequency of the generator
set point field cunent
set point DC current
set point pitch angle
DC voltage
DC current turbine
DC current convelter
voltage of all phase of the 10 kV grid connection

All above signals are sampled at a 32IIz rute
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AnnexA3 Data transformation and averaging

,{3.1 Co-ordinate transformation

The various quantities are measured in a frame of reference fixed to the
wind farm, having co-ordinates X, Y and Z. X is horizontal, Y is horizontal and
perpendicular to X, and Z points vertically upwards. X,Y,Z form a right handed
co-ordinate system.

Scalar quantities, vectors, as well as tensor quantities (Reynolds-stresses) are
measured in the fixed fiame of reference. For analysis purposes these quantities
need to be transformed to the wind frame of reference U, V, W. U is in the
direction of the average undisturbed wind speed, V is perpendicular to the wind
and 

.W 
is vertical. Again a right handed frame of reference is used. For a definition

of the two coordinate systems see figure 3.2. The directions of X and U are at an

angle ô. The transformation from the fixed co-ordinate system to the wild co-
ordinate system is hence a simple rotation about the Z-axis over an angle ô. The
transformation matrix is given by:

4.. -u

Scalars are insensitive to a rotation of the frame of reference and thus need not to
be transformed. However the components of a vector are affected by a rotation of
the frame of reference. The components in the wind frame of reference are found
by applying the lollowing expression:

3

uwind,i = IÂ,:'u",¡
j:1

The components of a tensor are changed according to the following
transformation formula

33
T,¡' = I )l,oro,l[

k=1 l-1

93-0821 1 12324-22420 Annex A3-1



TNO-report

Results of Sexbierum Wind Farm; single wake measurements

oÎt =

43.2 Merging of l-minute records to obtain multiple-minute
aYerages

The data-base consists of records with one-minute averages of the
measured quantities. However, for further analysis it is necessary to use multiple-
minute records (for instance 3-minutes averages as was done in this report). It is
possible to obtain averages over several minutes, combining subsequent records
withoul losing accuracy using the formulas given below.

A distinction is made between linear averaged quantities (wind speed, porver,
wind direction, etc.) and non-linear quantities, such as the variance of the given
quantities.

Linear averaged quantities
Subsequent records are simply averaged arithmetically to obtain the multiple-
minute averaged value:

p* denotes the overall mean, pm denotes the means of the separate records.

Quadratic avera ged quantities
Co-variance and variance mean values cannot be found by simply averaging their
record values, but should be corrected for the variance and covariance of the
record means.

The overall covariance is found in the following way:

MM

.,M

P'=# IP.
m=1

(u'¡u'¡) 
¡,1

¡r- and pM are as dsfined before. 1u,'u¡')rra denotes the overall average of the co-
variance. luiu¡'). denotes the average of the co-variance in record m.
Calculating the average variance is a special case of this expression and is found
by taking equal i and j.

1=-M
1=-M

M1s
ML

m=1

) in',n',)n,
m= 1

-M.ls
"í.*ú ) (t,,.-tr,,")'

m=1

I tp,,,- Fr,r) (tr¡,-- F1,v)
m=1

oi,M denotes the overall variance of the i-component, oi,- denotes the variance of
record m.
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Annex A4

In this annex a comprehensive overview is given of the analysis results. The
results are given in thc following order:

1. Results ofsensor a2
2. Results of sensor b1
3. Results of sensor b2
4. Results of senso¡ b3
5. Results ofsensor c2
6. Vertical profiles
7. Horizonlzl profiles
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A4.L Sensor a2
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Figure I Horizontal wind. speed U as a luncrton of wind directíon and wind speed bín
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Figure 2 Lateral wind speed V as a lunction of wind direction and wind speed bin
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Figure 3 Vertical wind speed W as a function of wínd direclion and wind speed bin
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Figure 4 Wake deficit UNo as a function of wind direction and wind speed bin
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Figure 9 Non-dimensionalized longitudinal turbulent Jluctuations u'lUo as a function of wind directíon
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Fígure 1O Non-dimensionalked lnteral turbulent fluctuations v'/IJo as a function of wind direction and wind
speed bin
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Fígure 15 Shear stress ,t'y' as afunctíon of wínd dírection and wind speed bin
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Figure 16 Shear stress u'w' as afunction of wind direction and wittd speed bin
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Figure 17 Shear stress v'w' as afunction of wind direction and wittd speed bin
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Figure 23 Non-dimensionalized shear stress v'w'/k as a funcrton of wind direction and wind. speed bin
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Figure 1 Horizontal wind speed U as afunction of wind direction and. wínd speed bin
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Figure 2 Lateral wind speed V as a function of wind direcrton and wínd speed bin
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Fígure 3 Vertical wind speed W as a function of wind direction and wind speed bin
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Figure 4 Wake deficit Ulllo as a function of wind directìon and wind speed bin
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Figure 5 Longitudinal turbulent fluctuatiotu u' as a lunctían of wind direction and wind speed bin
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Figure 1O Non-dimensionalized lateral turbulent Jluctuations v'lIlo as afunction of wind direction and
wind speed bín
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Figure 11 Non-dimensionalized vertical turbulent fluctuations w'/(lo as a function of wind direction and
wind speed bin

Figure 12 Non-ditnensionalized turbulent kinetic energy kN62 as a junction of wind direction and wind
speed bin
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Figure 13 Non4ímensionalized turbulent binertc energy lclU2 as afunction of wind direction and wind.
speed bin
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Figure 15 Shear stress u'v' as a function of wínd direction and wind speed bin
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Figure 16 Shear stress u'w' as afunction of wind direction and wind. speed bin
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Figure 17 Shear stress v'w' as afunction of wind direction and wínd speed bin
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Figure 19 Non-dimensionalized shear stess u'w'/Uo2 as afunctian of wind direcrton and wind speed bin
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Figure 21 Non-dimensionalized shear stress u'v'/k as afunction of wittd direction and wínd speed bin
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Figure 1 Horizontal wind speed U as a function of wind directian and wind speed bin
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Figure 3 Vertical wind. speed W as a functíon of wind direction and wind speed bín
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Figure 7 Vertical turbulent fluctuations w' as a functbn of wind direction and wind speed bin
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Figure 12 Non-dimensionalked turbulent kinetic energy kltlo2 as a function of wind direction and wind
speed bin
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Figure 13 Non-dimercìonalízed turbulent kinetíc energy kftP as afunction of wínd direction and wind
speed bin
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Figure 15 Shear stress u'v' as afunctíon of wind direction and wind speed. bin
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Figure 16 Shear stress u'w' as afunction of wind direction and wind speed bin
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Figure 17 Shear stress y'w' as afunction of witrd direction and wind speed bin
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Figure 2j Non-dimensionalized shear stress v'w'/k as a function of wind. direction and wind speed bin
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Figure 1 Horizontal wind speed U as afunctìon of wínd direction and wind speed bín
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Figure 2 Lateral wínd speed V as a function of wind direction and wind speed bin
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Figure 3 Vertical wind speed W as a lunctíon of wind direction and wínd speed bin
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Figure 7 Vertical turbulent fluctuations w' as a function of wind direction and wind speed bin
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Figure 9 Non-dimensionalked lnngitudinal turbulent Jluctuatío¡ts u'[Uo as a function of wind dírection
and wind speed bin

Sexbierum ìfinil Farm
$mD_3U nrlbS

wind direction

Figure 1O Non-dimensionalked lateral turbulent lluctuations v'/Uo as a function of wind direction and
wind speed bin



Sexbien¡m lïind Fam
SIrgD_3lS FdHl

0.20

0.18

0.16

0.14

0.12
ö
Ro.ro
þ

0.08

0,06

0,04

0.02

0.00
-30

uind direction

A{4

Figure 1 1 Non-dimensíonalked verrtcal turbulent Jluctuations w'/[Jo as a function of wind direction and
wind speed bin

Figure 12 Non-dimensionalked turbulent kinetic energy k/(Jo2 as a function of wind directíon and wind
speed bin
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Figure 13 Non-dímensionalized turbulent kinertc energy k/ll2 as a function of wind. direction and wind
speed bin
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Figure 14 Longitudinal turbulence enhancement u'/u'o as a function of wind direction and wind speed bin
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Figure 15 Shear stress u'v' as a function of wind direction and wind speed bin
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Figure 19 Non-dímensionalked shear stress u'w'/IJo2 as afunction of wind direction and wind speed bin
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Figure 21 Non-dimensíonalízed shear stress u'v'/k as a function of wínd dírectíon and wind speed bin
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Figure 23 Non-dimensíonalized shear stress v'w'/k as afunction of wind direction and wind speed bin
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Figure 1 Horizontal wind speed U as ø function of wínd direction and wind speed bín
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Figure 2 Lateral wind speed V as a function of wind direction and wind speed bin
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Figure 3 Vertical wind speed W as a function of wind direcrton and wind speed bin
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Figure 4 Wake deficit U/IJ, as a function oJ wind. directíon and wind speed bin
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Figure 5 Longitudinal turbulent Jluctuations u' as a functíon of wínd direction and wind speed bin
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Figure 7 Vertical turbulent fluctuations w' as a functíon of wind direction and wind speed bin
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Figure 9 Non4ímensionalized bngitudinal turbulent fluctuøtions u'/Uo as a function of wind direction
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Figure 10 Non-dimensionalized lateral turbulent fluctuations v'IJo as a function of wínd direction and
wind speed bin
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Figure 11 Non-dimensionalked vertical turbulentfluctuatians w'/(Jo as afunction of wind direction and
wind speed bin

Figure 12 Non-dimensíonalízed turbulent kinetic energy k/IJo2 as a functíon of wind direction and wind
speed bin
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Figure 13 Non-dímensionalized turbulent kinetic energy klIl2 as øtunction of wind direction and wind
speed bín
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Figure 15 Shear stress u'y' as afunction of wínd dírection and wittd speed bin
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Figure 16 Shear stress u'w' as a tunction of wind direction and wind speed bin
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Figure 17 Shear stress v'w' as alanction of wínd direction and wind speed bin

Sexbierum ltind Farm
SiffiD 3E wtd

N
1

eu
Þ,
Þ

0.030

0.020

0,010

0,000

-o.010

{.020

-0.0301-
-30 -20 -10 0

wind direelim
l0 ZD 30

/ä 4Ë. ,Z-

^1
/+-X-'+ ''Ë:n' #Er" E<!,/ìx

* x

Figure 18 Non-dimensionalized shear stress u'v'fUo2 as a function of wind direction and wind speed bin
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Figure 21 Nondimensionalized shear stress u'v'/k as afunction of wind direction and wind speed bin
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Figure 22 Non-dimensionalized shear stress u'w'/k as a fanctíon of wind direction and wind speed bin
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Figure 23 Non-dimensionalked shear stress v'w'/k as øfunctíon of wind dírection and wind speed bin
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Figure 24 Wake deficit U/Ilo as a function of wind direction in the wind speed bin 5-10 m/s
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Figure 26 Turbulent fluctuations as a function of wind directíon in the wind speed bin 5-10 tn/s,
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Figure 1 Wake deficit UIJ, as afunction of wind directíon in the wind speed bin 5-10 m/s
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Figure 5 Non-dimensionalized l¿teral turbulent fluctuatíons v'/(Jo as a function oJ wind direction in the
wind speed bin 5-10 m/s
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Figure 6 Non-dimensionalized vertical turbulent fluctuations w'lIJo as a functìon of wind direction in the
wind speed bin 5-10 m/s



Sexbierum fï-ud thrm
SIÍ9D-3U 5-10 mrls

0,06

0,05

0.04

It
Ê o.os

,j{

0.02

0.01

0.00
0

wind directim

- 44.6 -

Figure 7 Non-dímensionalized turbulent kinertc energy k[tJo2 as a functíon of wind direcrton in the wind
speed bin 5-lO m/s
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Figure 8 Non-dimensionalked turbulent kinetic energy klll2 as a funcrton of wind direcrton in the wínd
speed bin 5-10 m/s
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Figure 9 Non-dimensionalized shear stresses u'v'fiJo2 as afunction of wind direction in the wind speed
bín 5-1O m/s

Figure 10 Non-dimensionaLized shear stesses u'w'fiJ,2 as alunctian of wittd. direction in the wind speed
bin 5-1O m/s
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Figure 11 Non-dímensionalized shear stresses v'w'/Uo2 as afunction oJwind dìrectíon in the wind speed
bin 5-10 m/s

Fígure 12 Non-dimensionalized shear stresses u'v'/k as afunction of wind direction in the wind speed
bin 5-10 m/s
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Figure 13 Non-dimensionalked shear stresses u'w'/k as afunction of witrd direction in the wind. speed
bin 5-10 m/s

Fígure 14 Non-dimensionalized shear stresses v'w'/k as a function of wind direction in the wind speed
bin 5-1O m/s
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Figure 1 Wake deficít U/IJ¡ as a function of wind direction in the wind speed bin 5-10 m/s

Sexbierum lïind Farrn
S\Y9D Sltf ã-10 mrls

0.25

0.¿0

0.15

0.10

0.05

0.00

-0.05

-0.10

-0,15

-0.20

-0.25.

winil dirætion

Figure 2 Lateral wind speed V/IJ¡ as a function of wind directian in the wind speed bin 5-lO m/s
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Figure 3 Vertical wínd speed'W|IJ, as a function of wind directian in the wind speed bin 5-10 m/s

Figure 4 Non-dimensionalized bngitu.dinal turbulent Jluctuations u'/Us as a function of wind. d.irection in
the wind speed bín 5-10 m/s
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Figure 5 Non-dímensionalked lnteral turbulentfluctuations v'fUo as alunction of wind direction in the
wind speed bín 5-10 mls

Figure 6 Non-dimensionalked vertical turbulent fluctuatiotts w'No as a function oJ wind directìon in the
wind speed bín 5-10 tn/s
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Fígure 7 Non-dimensìonalízed turbulent binetíc energy k/Uo2 as a function of wind direction in the wind
speed bin 5-10 m/s

Figure 8 Non-dimensionalized turbulent kinetic energy k/U2 as afunction of wind direcrton in the wind
speed bin 5-1O m/s
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Fígure 9 Non-dìmensionalized shear stresses u'v'/(Jo2 as afunction of wind direction in the wínd. speed
bin 5-lO m/s

Figure 1O Non-dimensionalized shear stresses u'w'/[ft as afunction of wind direction in the wind speed
bin 5-10 m/s
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Figure 11 Non-dimensíanalized shear stresses v'w'[Uo2 as afunction of wind direction in the wind speed
bín 5-10 m/s

Figure 12 Non-dimensionalized shear stresses u'y'/k as afuncrton of wind direcrton in the wind speed
bin 5-IO m/s
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Figure 13 Non-dimensíonalízed shear stresses u'w'/k as afunction of wind direction in the wind speed
bin 5-10 rn/s

Figure 14 Non4imensionalized shear stresses v'w'/k as afunction of wind. direction in the wind speed
bin 5-10 rn/s
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Figure 29 Non-dimensionølked shear stresses u'v'/(162; u'w'[Uo2; v'w'/IJo2 as afunction of wind. direction
in the wind speed bin 5-lO mls

Figure 30 Non-dimensionalízed shear stresses u'v'/k; u'w'/k; v'w'/k as afunction of wind direction
ín the wínd speed bin 5-10 m/s
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