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UNIT 1. The Nature of AtmosphericWind

What this unit is about

To be able to predict the performance of awind turbine it is essentid that a designer or wind Site
devel oper has a knowledge of the behaviour and structure of thewind itself. It istherefore
necessary to understand the main causes of atmospheric wind and the satistical nature of wind.
This unit describes how the wind speed changes over different time periods; from seconds
through to seasond and yearly variations. 1t describes how wind speed changes with height
above ground level and how it is affected by surface structure or topography.

Egtimation of the long term wind speed didtribution a a given Ste dlows the annud energy

capture for agiven turbine to be determined. This unit describes how this can be done
experimentaly and through mathematicd moddling.

What you will learn

After you have worked through this unit you will be able to:
Explain the causes of atmaospheric wind.
Cdculate how the wind speed varies with height above ground level for agiven wind ste.
Describe the variation of wind speed with time in both the long and short term.
Describe the generd annua wind speed didtribution.
Modd red wind speed data using the Weibull digtribution.

Use the Weibull digtribution to caculate important quantities such as annud energy capture
and optimum design wind speed for a given turbine,
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1.1 The Causes of Atmospheric Wind

1.1.1 Solar Heating of the Atmosphere

Winds are large-scale movements of air massesin the aimosphere. These movements of air are
created on aglobd scde primarily by differentid solar heating of the Earth’s atmosphere.
Therefore, wind power can be thought of as an indirect form of solar energy.

Air a the equatoria regionsis heated more strongly than at other latitudes, causing it to become
lighter and lessdense. Thiswarm air rises to high dtitudes and then flows northward and
southward towards the poles where the air near the surface is cooler. This movement ceases a
about 30°N and 30°S, wherethe ar beginsto cool and sink and areturn flow of this cooler air
takes place in the lowest layers of the atmosphere.

The areas of the globe where air is descending are zones of high pressure and where air is
ascending, low pressure zones are formed.  This horizonta pressure gradient drivesthe flow of air
from high to low pressure, which determines the speed and initid direction of the wind motion.

In describing the direction of the wind, we dways refer to the direction of the origind wind. That
is, anorth wind is blowing from the north and is going toward the south.

The greater the pressure gradient, the greeter is the force on the air and the higher is the wind
gpeed. Sincethe direction of the force isfrom higher to lower pressure, and perpendicular to the
isobars (lines of equa pressure), the initid tendency of the wind isto blow parale to the
horizontal pressure gradient and perpendicular to the isobars. The resulting wind is called the
gradient wind.

For gtraight or dightly curved isobars the resultant wind is dso cdled the geostrophic wind.
However, as soon as wind motion is established, a deflective force is produced due to the
rotation of the earth which dters the direction of motion. This force is known as the Coriolis
force. See Level 2. Page 4
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| Level 2 |

The Rotation of the Earth - The Coriolis Effect

The Coriolis force explains the effect of the earth’ s rotation under amoving parcd of air. From a
fixed vantage point in space air would appear to travel in agraight line. However, from the
vantage point on earth it appearsto curve. Therefore the Coriolisforceis not actudly aforce at
al but merely due to viewing amoving parcd of arr from aroteting frame of reference. The basc
effect isshown in figure 1.
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Figure 1: The Corioliseffect. Thetwo curved lines are at congtant latitude, with point B
located directly south of point A. A parcd of ar is moving south from A towards B. At some
later time the two points on the surface of the earth will have moved to points A¢and B¢
respectively looking from above, due to the earth’ s rotation. If we assume the speed of the air
remains constant with respect to the ground, the direction will change because the of the earth's
rotation under the parcdl.

The circulation of the amosphere is profoundly influenced by the rotation of the Earth (which
gives asurface speed of approximately 1600km/hr at the equator, decreasing to zero at the

poles).

It can be shown that the rotation causes the air flow from the equator to the poles to be deflected
towards the east and the return flow from the poles to the equator to be deflected towards the
west producing the so-caled Trade Winds. North of latitude 30°N and south of latitude 30°S
the aimaospheric motion is characterised by westerly winds. When strongly curved isobars are
present, a centripetal force must aso be considered.




Unit 1. The Nature of Atmospheric Wind. O CREST 2000
A amplified diagram showing the world' s large-scale air movementsis shown in figure 2.

Figure 2: The Generd circulation of winds over the surface of the Earth

In addition to the main globa wind systemsthere are dso avariety of locd effects. Differentid
heeting of the seaand land aso causes changes to the generd flow. The nature of the terrain,
ranging from mountains and valeys to more loca obstacles such as buildings and trees, dso has
an important effect.

An explanation of weather systems and the effects they have on amospheric pressure are given in
the next section.

1.1.2 The Weather and Atmospheric Pressure

The amospheric pressure a apoint is the result of the column of air above that point. The arr
pressure can be measured using a barometer and is generdly in units of bars, (dthough the Sl unit
for pressureis the Pascal measured in N/n¥?, where 1bar = 10° Pascals). Atmospheric pressure
is approximately 1 bar and barometers are usudly calibrated in millibars (i.e. one thousandth of a
bar). The average atmospheric pressure at sealevel is about 1013.2mbar.

A typicad weather map of Europeis given in figure 3 showing aress of high and low pressure and
wesather frontsis shown below. High pressure regions tend to indicate fine weather with little
wind, whereas the low pressure regions indicate changeable, windy westher and precipitation. In
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the northern hemishpere, winds rotate anti-clockwise into low pressure regions (known as
cyclones) and clockwise out of high pressure regions (known as anti-cyclones).

strong winds spiral in in winter, highs often sit high pressure zone, or
towards the centre of over large land masses, ‘anticyclone’, giving fine
the depression bringing cold, clear nights weather with clear skies
\ and heavy frosts for days on end
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Figure 3: A typicd weather map of Europe with an explanation of weather systems.

Article 1 gives a brief outline of the causes of wind and introduces some of the ideas that we will
be looking a in detail in thisunit and unit 2.
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1.2 TheVariable Nature of Wind

The wind speed a a given location is continuoudy varying. There are changes in the annud mean
wind speed from year to year; changes with season (seasonal), with passng weather systems
(synoptic), on adally bass (diurnd) and from second to second (turbulence). Figure 4 shows
typica wind speed variations over different time periods for a given location.
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Figure 4 Variation in wind speed on different time-scales. The shaded area in the 100 day

sample refers to the whole areain the 15 days sample, etc
By kind permission of Risg, Denmark

All these changes, on their different time scales, can cause problems in either predicting the overdl
energy capture from aste (annua and seasond), for wind speed measurements (Synoptic, diurna
and turbulence) and for wind turbine design (al time scales are important).

We can see that dthough the wind speed is continualy changing it is most congtant over arange
of between 10minutes and 1 hour. If the averaging period for the mean wind speed is chosen to
lie within this range, the synoptic and diurnd variations can be separated from those due to
turbulence.
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Generaly, measurements are taken every 10 minutes to an hour and there are severa good
reasons for choosing an averaging period in thisrange.

1. It lies near the spectra gap and so stable averages will be obtained
2. Itisshort enough to reflect sharp sudden sorms

3. If much shorter periods were used, data sets would be large and unmanagesble

A typicd plot of wind speed over anumber of minutesis shown in figure 5. 1t can be seen that
there is consderable variation in wind speed over the whole period and that significant variations
occur over periods of afew seconds.
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Figure 5: The wind speed over a 5 minute period (measured a the Rutherford Appleton
Laboratory, UK May 1995). The figure has been generated from raw anemometer data using
MATLAB.

The variations of wind speed over different time scales are wdl illugtraied in a Van de Hoven
Spectrum thisisexplaned in L evel 2 page 9.
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| Level 2 |

The Van de Hoven Spectrum

This effectively gives the amount of variation in the wind speed associated with a particular time-
scale (or frequency).

The Van de Hoven spectrum is shown in figure 6. It can be seen that the dominant contribution
comes from passing weather systems which occur typicaly over a few days which can result in
extremely large changes in wind speed. These are the synoptic variations. The daily (diurnd)
variation can aso be sgnificant (depending on the exact location), asis the turbulent variation with
atime-scale of minutes to seconds.

The“ Spectral Gap”
An interesting feature of the Van de Hoven spectrum is that there exists a ‘spectrd gap’ - a
period over which thereislittle variation - between say ten minutes and two hours.

The sgnificance of this spectrd gep is that, if the averaging period for the mean wind speed is
chosen to lie within this range, the synoptic and diurnd variations can be separated from those
due to turbulence,

Month Day Minute
| 1 I | [ I
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Figure 6. The Van de Hoven Spectrum showing the amount of variaion
in wind speed on a particular time-scae.

By kind permission of Risg, Denmark
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1.3 The Boundary L ayer

1.3.1 Variation of Wind Speed with Height

The strongest, steadiest and most persistent winds occur in bands some 10km above the earth’s
surface, known asthe jetstream. Wind turbines, however, are presently limited to the lowest
100m of the atmosphere. At these heights the wind is strongly affected by the surface, through
friction, and hence wind speeds are lower. The region below about 1-2km, wherethe wind is
affected by friction is known as the planetary boundary layer.

The boundary layer refersto the lower region of the atmosphere where the wind speed is
retarded by frictiond forces on the Earth’ s surface. In generd, the wind speed isnomindly zero
at ground levd, in accordance with the ‘no-dip’ condition, and increases steadily with height.

Thelower layers of air tend to retard those above them until the shear forces (i.e. the forces
pardld to the ground) are gradually reduced to zero. The change of wind speed with height is
known asthewind shear. A diagram showing the Earth’s boundary layer, the various names for
the different regions within the lower atmosphere and an indication of how the mean wind speed
typicdly varieswith height is shown in figure 7.
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Figure 7: The atmospheric Boundary layer.

10




Unit 1. The Nature of Atmospheric Wind. O CREST 2000

The height of thislayer varies from afew hundred metres a night to as much as 2km on the most
convective days. The transfer of momentum, hest and moisture, between the aimosphere and the
surface, takes place within this layer.

It can be seen that the wind speed increases smoothly with height, tending to alimit which is
approximately reached at the so called gradient height, which is a about 2000m above ground
level. The variation of wind speed with height is to some extent dependent on the atmospheric
stability. At high wind speeds needed for wind power generation, shear forces dominate. A
boundary layer dominated by shear forcesis caled neutrally stable.

ThelLogLaw

The variation of wind speed with height can be represented mathematically by alogarithmic law.
The law for neutrdly stable conditionsis given by:

U(z) =K.In(z/ z,) [1]

Where U(Z) isthe mean wind speed a height z, K is afactor which depends on the overdl wind
speed and is Site specific, and Z,, isknown as the surface roughness length. The physical

meaning of the factor K in equation [1] isexplained in Level 2 p13. However, in practice, the
vaue of thisfactor isrardly, if ever, evaluated for agiven Ste.

The surface roughness length characterises the terrain and has a given va ue depending on the
friction of the surface over which the wind passes. Typicd vauesof z, aregivenintable 1.
Equation [1] isvdid up to heights of about 100m, which is sufficient for gpplication to dl current
wind turbines.

Typeof terrain Zo a
Mud Flats, Ice 10° to 3x10°
Cam Sea 2x10 to 3x10™
Sand 2x10*to0 10°® 0.01
Mown Grass 0.001t0 0.01
Low Grass 0.01t0 0.04 0.13
Fdlow Fed 0.02t00.03
High Grass 0.04t00.1 0.19
Forest and Woodland 0.1to1l
Built up area, Suburb 1to2 0.32
City lto4

Table 1. Typical Values of surface roughness length z,and power
law exponent a (see later), for various types of terrain.

11
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It can be seen from Table 1 that the value of z, varies considerably between terrain types. For
example, thevaue of z, could vary by an order of magnitude at agrassy Ste, between the
summer and winter months, due to agrowth in vegetation. This variaion should be borne in mind
when congdering a prospective wind site.

The usua method used to determine the wind shear is to messure the mean wind speed at agiven
reference height z, and to use an assumed vaue of z, based on the type of terrain. This
information can then be used to diminate K and congruct the new equation:

U(2) _ Inz/z,)
U(z,) In(z,/z,)

[2]

Let us see how this can work in practice. Question 4 asks you to ca culate the mean wind speed
a severd heights given that you have measured the wind speed at areference height.

A usgful gpproximetion for evaluation of the surface roughness length is:
z,=¢€/30 [3]

where e isthe average height of roughness dements.

12
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| Level 2 |

The Variation of Wind Speed with Height above Ground L evel:
Atmospheric Stability and the M odified Log L aw

We have seen that the wind speed increases smoothly with height, tending to alimit which is
approximately reached at the so called gradient height, which is a about 2000m above ground
level. The variation of wind speed with height isto some extent dependent on the atmaospheric
dability. If avolume of air is digplaced verticaly (and adiabaticdly) it will tend to return to its
origind location if the amosphereis sable.

If it says at its displaced location the conditions are said to be neutrally stable. In an ungtable
atmosphere it will continue to move, due to buoyancy forces, in the direction in which it was
disolaced. The more ungtable the conditions, the greater the mixing with the result thet the
velocity gradients are lower. At high wind speeds that are needed for wind power generation,
shear forces dominate and the boundary layer is more or less neutraly stable.

The variation of wind speed with height can be represented mathematicaly by alogarithmic law
which, in stability dependent form, is given by:

U(z)=U—k*[1n(z/ 2)*Y. @ L) zifiz [4]

where U- isthefriction velocity (proportiona to the square root of the turbulent shear stress,
which is assumed congtant in the lower boundary layer); k is known as the Von Karman constant
(~0.4); z isthe devation above the ground level; and z, isthe surface roughness length. The
dahility, y <, isafunction of z/Ls where Ls is known as the Monin-Obukhov length. For neutra
gability which is usudly taken to apply to the higher wind speeds associated with wind turbine
operationy sisvery smal and can beignored. Thus equation [1] reduces to:

U@ = ?g“ié.lngei? (5]

k2 &z0

i.e. the congtant K in main the text is equd to U-/k. More details on thisare givenin
W Johnson 1985.

Since U- isdifficult to evduate, thisformulais usudly rewritten in terms of a reference wind speed
U(z,), a reference height, z,, as given in the main text

U(2) _ In(z/2,)
U(z,) In(z,/2,)

[2]

13
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Equation [2] isvdid up to heights of about 100m, which is sufficient for application to al current
wind turbines.

TheModified Log L aw

In an attempt to gain greater accuracy in the representation of wind shear, amodification has been
made to the log law, based on empirica data. This so called ‘modified log law’ claims greater
accuracy up to 300m and takes into account the Coriolis forces and the longitudina position of
the ite.

The modified form of the log law that has been proposed which claims greater accuracy and
applies up to about 300m:

U@=(U. /K[1n(Zz, )+ 5.752/] [6]

where h = U./6f isthe gradient height and f = 2Wdn) isthe Coriolis parameter with |  the latitude
and W the angular velocity of the earth.

In terms of a reference height, this becomes:

é In(Z z,)+5.757h U
§1n(z / 20)+ 5752 /h il

U@=U(z) [7]

14
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The Power Law

For neutral conditions, present when wind speeds are high, asimple power law has been found to
provide a reasonable fit to the data. When smple estimates of the distribution of the mean wind

speed with height are required, some engineers prefer to use the empirical power law:.

> (D

U(z) =U(z,) 2 8]

4
N
e e C?n

h

where a depends on the surface roughness. Typicd vauesof a aregivenintablel. Togeta
fed for how the log law and power law compare (i.e. equations[2] and [8]), now go through
computer tutorial 1. An approximate relationship between a and z,, over the height range of

10m to 30mis given by:
a = 1/-1n(Zo/ 15.25) [9]
where a depends on the surface roughness.

For z, in the range 0.0001m and 1m, accuracy, in determining a, of the order of afew percent
can be expected. Unlikethe log law, thereis no physica basis to equation [8].

More details are given in Bl Freris 1994.
Thewind resource and wind shear in open seaisdiscussed in Article 2. This compares how

wind shear compares on land and in open seawith varying the roughness length and how wind
speed over seawill effect roughness length (due to increased wave heights).

15
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1.3.2 The Effect of Topography

Much of what we have covered in section 1.3 is only applicable to winds over flat level ground
with uniform surface roughness.  Equations which involve the surface roughness length z, should
be used with care where there is terrain relief or a change in roughness in the terrain.  In such
Stuaions, the wind speed will vary from dte to Ste as the wind speed profile adjudts to the
influence of the terrain. The wind profile will be different from that over flat level ground with the
same but uniform surface roughness.

Of the two, the effects of terrain relief will be of most rdlevance in wind energy. Wind turbines
are often sSted on top of hills to take advantage of higher wind speeds that generdly prevail there
which makes the problem of predicting the wind speeds a a prospective wind turbine site more
difficult.

The turbulence levels over a hill are generdly lower than those over level ground if the dope of the
hill is not too steep. Hills with a dope of less than about 1:3 result in an increased wind speed and
reduced turbulence. For dopes grester than about 1:3 we find that the wind flow darts to
“separate’ (i.e. the wind flow goes from a smooth “lamina’ flow to a disrupted “turbulent”.
These idess are discussed in Unit 4), which will result in low wind speeds with high levels of
turbulence making it unsuitable to Ste awind turbine.

Anaysis has shown that for dopes less than about 1:3 there is a large increase in shear stress
close to the ground (i.e. the wind speed increases more ragpidly with height than would be the case
on flat leve ground). The flow fidd is shown schematicaly in figure 8.
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Figure 8: Diagram showing the increased wind shear on top of asmal hill
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1.4 Wind Speed Modelling

1.4.1 The Frequency Distribution of Wind Speed

The speed of thewind is continually changing and hence to make meaningful estimates of long
term energy capture, atisticd methods must be introduced. A histogram of the rdlative
frequencies of wind speed is given in figure 9, based on smal wind speed intervals (known as
“bins’), a agiven site measured over a period of awhole year.

The relative frequency is the proportion of wind speed measurementsin each bin. 1t can be
viewed as an estimate of the probability that awind speed reading will bein that bin. The rdaive
frequency is defined such that the total area under the curve has avaue of unity, i.e. the
probability of the wind speed being between zero and infinity isone, i.e. it is certain.

The wind speed has been measured every 10 minutes over asingle year for aparticular Site.

Each measurement has been sorted into narrow wind speed bands. This is known as binning the
data. A binwidth of 0.5m/s has been used in thisinstance, and for example. ameasured wind
speed of 7.65m/swould be placed in the 7.5 - 8m/sbin. The wind speed classes are 0-0.5m/s,
0.5-1.0m/s etc. and o the central value of each bin is taken to be 0.25m/s, 0.75nV/s etc.

Frequency distribution of Wind Speed
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Figure9: A wind speed frequency distribution

Two important features can be seen from the frequency distribution.

1. The mean wind speed or the average wind speed. The mean vaueis far higher than the
‘modal’ wind speed, (that is the wind speed that occurs most frequently).

2. The occasiond occurrences of very high wind speeds. These have some important implications
for the structura design of wind turbines (see Unit 3).

17




Unit 1. The Nature of Atmospheric Wind. O CREST 2000

| Level 2 |

Wind Speed Statistics

The speed of the wind is continuoudly changing, making it desirable to describe the wind by
datistical methods. Clearly it is of little use to awind developer to be given the wind speed at a
particular ingant. What isimportant is the average wind speed over a given period and how the
wind speed is distributed around the mean vdue.

The mean wind speed denoted by U, where the bar above the U denotes ‘ average’, can be
caculated from the formula:

0=4UPU) [10]

Where U, denotes the centrd wind speed vaue of thefirgt bin, U, the second etc., and P(U)) is
the probability (or reative frequency) that the wind speed isin bin i.

In addition to the mean wind speed, it is necessary to know how the wind speeds are distributed
over the averaging period. For example, isthe wind speed for agtefarly congant intimeor is
therealarge variation? An important quantity isthe variance of the wind speed data. This
measures the amount of variation from the mean value and is given by:

s?=4UPU,)- O) [11]

i=1

A stewhere the wind isfairly constant would have arelatively low variance and a Ste with very
changesble weether would have areatively high variance. A commonly used measure isthe
square root of the variance, which is called the standard deviation and denoted smply by S . Itis
atractive in having adimension of nvs.

18
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1.4.2 The Weibull Distribution

To cdculate the energy capture from a given wind turbine & a given Ste and to estimate other
useful parameters, such as the proportion of time the wind speed liesin a certain range, the wind
speed distribution can be “modelled”.

By thiswe mean to try and fit amathematica function that closdly resembles the wind speed
digtribution and which can easily be used in the required caculations.

It should be noted that modelling is generdly used only in the early designed stages when long
term wind speed data is unavailable (see “ Measure-Correl ate-Predict methods Unit 2). Thereis
no subgtitution for measuring the wind speed.

Based on knowledge of wind statistics, and in particular the mean wind speed and variance & a
given Ste, the sdlected probability distribution can beidentified. There are anumber of candidate
mathematica functions which have been used. However, in wind energy andyss, the most
commonly used isthe Welbull digtribution.

Figure 10 shows actud wind speed data together with a*best fit” Weibull distribution.

Annual Wind Speed Distribution c=9.3, k=1.7
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Figure 10: A Weibull digtribution typicd of wind regimes in the UK with a scae parameter C of
9.3m/s and a shape parameter k of 1.7.
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| Level 2 |

The Weibull Distribution

It has been found that the frequency distribution of wind speeds at most sites can be conveniently
and adequately represented by the Weibull distribution function. For this function, the probability
of the wind speed having avaue U is given by the equation:

_aK
%cggéo

[12]

D: (q) D~
CDO
C) N C;

The Weibull digtribution is controlled by two parameters k (the shape parameter) and C (the
scaing parameter). A typica Weibull digribution is shown in figure 11.

The Weibull digtribution tends to get more peaked as k gets larger with the pesk moving in the
direction of higher wind speeds. The parameter C scales the X-axis (wind speed) to fit different
wind regimes. When the value of k is equa to 2 the Welbull distribution reduces to the one
parameter Rayleigh distribution. Thisiseaser to use, but only applicable to certain wind
regimes.

Waeibull Distribution with C = 9.3m/sand k=1.8
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Figure 11: A Weibull digtribution typicd of wind regimes in the UK with a scde parameter C of
9.3m/s and a shape parameter k of 1.8.
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Weibull Distribution at Low and High Wind Speeds.

For k greater than 1 (which is dways the case for reasonable wind sites) it can be seen from
equation [12] that the Weibull digtribution gives a zero probability of having awind speed of zero.
Clearly thisis not accurate since there will dways be periods of cami.e. when U = 0.

However, thisis not a problem because, for reasons discussed in Unit 5, the turbine will not be
running at very low wind speeds and so thisinaccuracy will not affect the estimate of annua
energy capture.

The Weibull Digtribution tends to zero a high wind speeds. This means that there will be anon-
zero (albat very smdl) probability of obtaining al wind speeds up to infinity. Thisinaccuracy a
high wind speeds is not a problem because at high wind speeds the wind turbine is shut down.

The Cumulative Weibull Distribution

It is often required to know the probability of the wind speed at a particular Stelyingin a
particular range (to optimise the turbine for a particular Ste for example). This can be calculated
by usng the cumulative Webull digtribution.

The cumulative Welbull digtribution is obtained by integrating the Weibull ditribution between
zero and the particular wind speed of interest. This gives the probability that the wind speed is
gregter than U asthe following:

_ 1 e
HU) = exp+- §Co [\; [15]

Thisformula can be used to cdculate the probability of the wind speed faling in agiven range.
For any two vaues of wind speed, U; and U,, the probability of the wind speed being between
U; and U, issmply FU,) - F(U,). Clearly F(0) = 1 and F(¥) = 0. For mogt sites F(30) » 0,
hence wind speeds greater than about 30nVs are of little importance for annua energy capture
caculations

A plot of the cumulative Weibull distribution for the values of C and k for the Site in computer
assgnment 3 isshown in figure 12.
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Cumulative Weibull Distribution (C=9.3 and k=1.8)
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Figure 12: Shows the probability that the wind speed is greater than a particular wind speed U.

It isclear that the curve must tend to zero as wind speed increases.

The cumulative Welbull digtribution aso gives amethod for estimating the Weibull parameters by
plotting the double logarithm of the cumulative probability againgt the log of the wind speed.

Taking logarithms twice on both sides of equation [15] gives:

In(-In(F(U)) = k In(U) =k In(C).

[16]

Henceif 1n(-1nF(U)) is plotted againgt 1n(U), where F(U) is cdculated from the datafor awide
range of vaues of U, then the result should be gpproximately a straight line with k as the gradient

and an intercept onthe Y-axis at -k.1n(C).

Care must taken using this method however because smdl errorsin data are amplified by the use

of two logarithmic functions in equetion 16.

The result of such an andys's showing that the Welbull distribution is a reasonable fit to wind

Speed datais shown in figure 13.
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In(-In(Q)

/

A&g In(V)

X
Slope =k o/ Intercept = -k In(C)

Figure 13: Htting to identify Welbull parameters

Although widely used, linear regresson applied to logarithms and double logarithms of the
dependent and independent variables will not provide the best choice of parametersk and C.

A more rigorous gpproach to parameter estimation uses maximum likelihood techniques. These
are recommended if it isimportant to have great accuracy.

In many Situations however rough estimates of k and C will suffice. In these circumstances the
following approximate relaions are very useful.

Estimation of Weibull parameters

For a given site with measured mean wind speed and variance, values of k and C can be
esimated by the following relations:

k @I?.c:e’p“z/(ZLT3 ) for (1.8 £k2.3) [17]
and
&2 0 - -
C U » 113U 18
» % » [18]
for 1.6 <k <3.0

Provided the ranges indicated are adhered to the accuracy of these formulais within 1%.

Anocther approximate relation, which does not depend on knowing the mean of U?, is:

,.-1086
o

Kk » ?: [19]
U9
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To get afed for how the Weibull distribution can be used to mode area wind speed distribution
and to understand the physica meanings of the two parameters k and C go through computer
assgnment 3.

In specid cases the wind speed at one point will be approximately proportiond to the wind speed
at another point. For example if the points are two heights at a given location for which the smple
log law (neutrd gtability) applies.

If U, = aJ,, then kl = k2 and C,=aC;

Calculation of Energy Yidd from a Wind Turbine

It is sraightforward to caculate the energy yield from awind turbine to be placed on agiven site,
usng the Weibull parameters and the wind turbine power curve.

The average power from the wind turbine, assuming 100% rdiability, is given by

p(U) P(U) dU [20]

1:
1
1o«

u

where P(U) is the power output from the wind turbine at wind speed, U and p(u) isthe
probability given by equation (12). Thisintegra will in genera have to be evauated numerically.

If the record of hourly mean wind speeds from the Site is available this can be used directly with

the power curve to cdculate the energy yield which would have occurred had the turbine
experienced that specific wind higtory.
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Estimating the Optimum Turbine Rating using the Weibull Distribution

Wind speeds close to the average site wind speed occur more frequently than higher wind
Speeds, however they contain less energy. Clearly thereis atrade-off between having alow
design wind speed and running close to that design speed most of the time, and having a higher
design wind speed which would give a higher power output, but thiswill be achieved asmdler
fraction of thetime,

We shdl seein later unitsthat there is aways a*“cut-in” wind speed for a given turbine, below
which the turbine will not generate any power. Each turbine will produce its designed power a a
particular ‘rated wind speed’. At higher wind speeds than this, various mechanisms have been
devised to keep the turbine output at the rated power (see unit 5) by extracting asmaller fraction
of the energy contained in the wind.

Thewind speed U, thet will give the most energy is given by the maximum vaue of the product
U3.P(V) i.e. the cube of the wind speed multiplied by the relative frequency of that wind speed.
By modelling the wind speed data by the Weibull digtribution U . can be estimated and is given

by:

_ ~ak+2pk
Ume—Cg B [21]

Unme Will typically be between 1.4 and 1.7 times greater than U depending on the wind regime. A
derivation of equation [24] is given in the book “Wind Energy Systems’, by G.L. Johnson, 1985.
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1.5 Turbulence

Short term variations in wind speed are aso important in the design and evauation of wind
turbines. For amplicity we can regard the instantaneous wind speed U(t) as a quasi-steady

component U and a turbulent fluctuations u(t)about this mean wind vauei.e.

U(t) =U + u(t) [25]
The quas-geady state value is given by averaging over an gppropriate period of time.

Over this same period we characterise the variability of the wind by the variance of U(t), whichis
equdl to the mean square value of u(t) in equation [25].

Anindication of the gustiness at a given Steis provided by a parameter, known as the turbulence
intengty, denoted I. Thisis defined as

| = s/U [26]

The averaging period used is often ungtated, but thisis inadvisable snce the cdculated vaue will
depend to some extent on the length of thistime period. The reason for thisis that the wind
speed is not exactly saionary in the Satistical sense; in other words there is a tendency for
datistica parameters such as the mean and standard deviation to vary intime. It isgood practice
therefore, dwaysto state the averaging period that has been used in the calculation of turbulence
intengty, according to equation [26]. Ten minutesis an attractive averaging time sinceiit lies
within the spectrd gap.

It can be shown that the mean value of the wind speed cubed is equd to the mean wind speed
cubed by the relationship

(U3 =(T)° 1+312) [27]

Although thisimplies (theoretically) that a more turbulent wind gives a greater energy, the wind
turbine may not be able to react quickly enough to make use of it
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1.6 What'sin the Next Unit?

We have seen in this unit how winds arise on agloba scde and how the wind is affected by locd
factors. We have adso seen how the wind speed varies with height above ground level and how
the wind speed variesin time. The unit then concentrated on how the long term wind speed
digtribution can be modelled mathematicaly by the Weibull digtribution.

In the next unit we shall learn how wind speed and direction are measured and how the data can
be presented in a useful way.

Unit 2 then focuses on how the long term wind speed can be determined using meteorological
data and the method of “Measure-Correlate-Predict”.

Findly, physica methods and computational models which can be used to estimate the wind
resource a aparticular Site are described.
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Symbol Quantity Units
U Annua Mean Wind Speed m's
u(®) Wind Speed a a given Ingtant m's
Z Height above ground level m
Zn Reference height above ground level m
Zo Surface Roughness Length m
a Power Law Exponent None
s? Variance of the Wind Speed Distribution P/
k The Shape Parameter of the Weibull Distribution None
C The Scding Parameter of the Welbull Didribution m/s
r The density of air = 1.225 Kgm®® kg/nt
' Turbulence Intensity None
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