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FOREWORD

The procedures needed for testing and evauation of Wind Turbines or Wind Energy Converson
Systems (WECS) must encompass aspects ranging from energy production, quality of power,

reliability, durability and safety to cost effectiveness or economy, noise characteristics, impact on
environment, e ectromagnetic interference, lightning protection and €ectromagnetic compatibility.

Development of internationally agreed procedures for testing and evauation in each of these aressis
needed to aid the development of the industry and to strengthen confidence in the technology and
prevent chaos in the market.

It isthe purpose of this series of Recommended Practices for Wind Turbine Testing and Evauation to
contribute to the development of such internationaly approved procedures. The Executive Committee
of the IEA Wind Agreement, through Annex X1 to this agreement, continues to pursue this effort by
periodicaly holding meetings of experts, to define and refine consensus procedures in each of the
following aress.

1. Power Performance 2. ed. 1990
2. Cod of Energy from WECS 2. ed. 1994
3. Fatigue Loads 2. ed. 1990
4. Measurement of Noise Emisson 3. ed. 1994
5. Electromagnetic Interference 1. ed. 1986
6. Structura Safety 1. ed. 1988
7. Qudity of Power 1. ed. 1984
8. Glossary of Terms 2. ed. 1993
9. Lightning Protection 1. ed. 1997
10. Measurement of Noise Immison 1. ed. 1997
11. Wind Speed Measurement 1. ed. 1999

This document addressesitem 11. In many areas of testing, accurate and reliable measurements of
wind speed are very important. It isfet that the information and the recommendations put forward
can be of great vaueto dl who carry out field testing, and therefore judtifies the presentation of the
document in this series of Recommended Practices.

The Executive Committee will seek to gain approva of the procedures in each member country
through the |EA agreement. The recommendations shal be regularly reviewed, and areas in need of
further invetigation shal be identified.

B. Maribo Pedersen
Operating Agent, Annex XI



April 1999
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INTRODUCTION

When evaluating or testing awind turbine, particularly for performance determination, one of the most
critical measurementsis that of wind speed.

Uncertainty in wind speed measurements, be they made during a Site assessment, aSite cdlibration or a
wind turbine performance test, dl contribute to the overdl uncertainty in predicted annud energy yied.
In economic terms, this trandates into financia risk and in turn into higher cost of energy.

By adopting best practice in the design, sdection, calibration, deployment and use of anemometry,
uncertainty can be minimised.

Thereis no other branch of meteorology, science or technology where the importance of low
uncertainty in wind speed measurement is as great asin wind energy.

Until very recently* there has been no clear guidance, even in standards relating to wind turbine testing,
on best practice in the use of anemometry.

This document, drawing upon severa years of experience and research by the authors aimsto fill this
gap.

SCOPE AND FIELD OF APPLICATION

The advice given in this volume is focused primarily on the use of cup anemometry for power
performance evauation of awind turbine. Other types of anemometer and other types of test
gpplication are mentioned, but are given lower priority.

The am throughout is to provide guidance on best practice. Thetext isdesigned to givea
comprehensive overview of each issue. Good quality references are provided for those wishing to

follow-up a particular aspect.






RECOMMENDED PRACTICESFOR WIND SPEED
MEASUREMENT AND USE OF CUP ANEMOMETRY IN WIND
TURBINE TESTING

1. THE USE OF ANEMOMETRY IN TESTING WIND TURBINES

When evauating the power performance, mechanica loading, power quaity or acoustic emission of a
wind turbine, wind speed is an important, usually dominant, independent parameter. Hence when
testing awind turbine, wind speed must alway's be measured.

There are various types of anemometer (wind speed measuring device) on the market. Some are
highly responsive and can be used for defining the detailed turbulent structure of the wind, whilst others
are better suited to measuring the underlying mean wind speed.

For many gpplications such as wind resource assessment, power performance testing and
characterisation of acoustic emisson, it isthe mean speed (usudly averaged over 10 minutes) at a
particular height above ground that is of interest. The most appropriate type of instrument for such
applicationsis undoubtedly the three-cup anemometer.

Other types of instrument are available, and can be more appropriate in other applications. A review
of these and their potentia gpplications, advantages and shortcomings is given in Appendix 1. Such
ingruments include propeller-vane, fixed propdler, sonic, thermd, laser Doppler (LDA) and SODAR
anemometers.

The focus of this document is however on cup anemometry, primarily in the context of power
performance testing.

The ams of the document are twofold:

to provide generd guidanceto users
to provide the basis for specifying cup anemometers.

2. SELECTING A CUP ANEMOMETER

Cup anemometers are widely used for a number of very good reasons. They are generdly well suited
to definition of mean wind speed (or more accurately wind run), they tend to be cod attractive in
comparison to other types of instrument and they can be very robust.

Cup anemometers are not without their generic limitations, the principa ones being related to:

‘non-ided’ sengtivity to angle of attacks outwith the horizontal plane

dynamic response
non-linearity of cdibration and variation in caibration caused by mechanica friction or dueto the
shape of the cups

and, in some cases
changesin cdibration sengtivity with horizonta wind direction



When sdlecting or specifying a cup anemometer, it isimportant to be awvare of these effects both in
terms of their causes and their consequences.

2.1 What a Cup Anemometer Measures

A cup anemometer conventionaly consists of three hemispherica or conicd cups, aranged in a
horizonta rotor configuration around a centra vertica shaft that drives asignal generation device.

Cup anemometers are ostensibly adirectiond i.e. they should respond identicaly to winds coming from
different directions within the horizontal plane. Thusin terms of a andard x,y,z co-ordinate system
with velocity components u, v and w, the cup anemometer is primarily designed to measure the
horizontal wind speed, v (U?+Vv?), not the magnitude of the horizontal vector.

For the w (vertical) component of wind speed, two types of ‘ided’ sengtivity are possible:

if acup anemometer diplays a cosine weighted sensitivity to angle of deviation of the tota wind
vector from the horizonta plane, then the instrument will measure purely the horizontal wind speed,
e v+ V).

if a cup anemometer isinsengtive to angle of deviation of the tota wind vector from the horizonta
plane, then the instrument will measure total wind speed, i.e. v (U?+ v+ Ww?).

For wind speed measurement above doping terrain, or when testing wind turbines whaose rotors have
the ability to rock (teeter), it can be argued that the idedl cup anemometer to use is one which
measures total, not horizontal wind speed, since total wind speed does indeed represent what is
available for power conversion.

Unfortunately, no cup anemometer currently on the market perfectly displays ether type of behaviour,
athough thisissue is being addressedt.

Theissue of vertica sengtivity will be dedt with in more detall later.

2.2 Design Parameters

Although cup anemometers from different manufacturers may seem superficidly smilar, there are
subtle design differences that can have a significant influence on behaviour and accuracy.

The principa design parameters are noted in Table 1 below, with an indication of their importance in
relation to key behaviourd limitations.

Users should be aware of such design influences.



Qualitativeinfluenceon...

Design ... sensitivity to vertical ... linearity of ... dynamic ... calibration
Parameter components of wind calibration responsiveness sensitivity to horizontal
wind direction
Rotor Very important, Someinfluencefrom | Responsiveness Not influential.
geometry although a detailed edge profile. depends upon balance
(shape of under standing between aerodynamic
cups, cupto | sufficient for and inertial forces.

rotor sizeratio)

optimisation does not
yet exist.

Short arms (high cup
torotor sizeratio) will
give better response.

Size of rotor

Not important.

Bigger rotorswill have
better linearity since
mechanical friction
will become relatively
unimportant.

Bigger rotorswill have
greater inertia and
will belessresponsive.

Not influential.

Shaft length Important - thelonger | No influence. Not important. Helps minimise effects
the shaft the less the of body.
body distortsthe flow
over therotor.
Body Affects differencesin No influence. Not important. If body is not of
geometry sensitivity between uniform profile, then
upward and calibration will have
downward components adirectional
in vertical winds. dependency.
Shape and size affects
magnitude of flow
disturbance over the
rotor.
Miscellaneous | Could be of slight No effect. No effect. Major influence of
protrusions influence. unexpected
(eg. cable significance.
entries,
external shaft
heaters etc)
Type of Not significant. Major influence, the | Second order effect. May have an effect.
bearings magnitude of which
may vary with
temperature.
Type of signal | No effect. May have an effect if | Second order effectis | No effect.
generation therotor is‘loaded’ by |possible.
device the signal generator.

Tablel Cup Anemometer Design Parameters and Their Qualitative Influence on Operational
Characteristics

At present, thereisno formd ‘standard’ classification scheme for cup anemometers (this document
recommends one in Section 2.3).




The absence of a scheme makesit difficult at present, even for ‘experts , to seect cup anemometers.
Generdly, auser will have two mgor queries:

Is the anemometer suited to the gpplication
what inherent uncertainty does the anemometer have.

A reputable manufacturer should be able to discuss these issues knowledgeably.

By inspecting an indrument, it is often possible to identify whether the anemometer has been carefully
designed. Typicd attributes of a“‘wdl designed’ instrument are shown in Figure lawhilst a poorer
ingrument is shown in Figure 1b. The figures are not based on specific anemometers.

Users should be aware of the generd characteristics and features of a‘well designed’ cup
anemometer.

| g ] O
Carefully designed rotor

High Quality, precision geqmetry giving well defined
bearings to minimise vertical sensitivity 'and
mechanical friction. responsive dynamics.

Long shatt, Body is small and is totally

minimising the effect symmetrical with no

on the rotor of flow protrusions, and has a smooth

disturbance caused U profile to promote minimal

by the body. flow disturbance.

Figure 1a Schematic of a ‘Well Designed’ Cup Anemometer



Poor thought to
rotor
responsiveness

components.

and sensitivity to
out-of-plane wind
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over body to influence
rotor.

Short shaft allowing flow

Body is big and has sharp
edges, enhancing flow
disturbance and has

asymmetric protrusions which
will affect sensitivity in different

wind directions.

Figure 1b Schematic of a Poorly Designed Cup Anemometer

2.3 A Classification Schemefor Cup Anemometers

A cup anemometer being used for wind energy applications can be expected to experience arange of
environmenta conditions during operation. Table 2 shows the operating range in which accuracy is
important for power performance assessment. The limit vaues reflect wind turbine operating ranges

and typica climatic conditions.

Parameter Units Minimum Vaue Maximum Vdue
Wind Speed (10 nvs 4 16
minute average)
Turbulence Intensity % 5 100 * (1.13/u + 0.12), where
(10 minute) u isthe prevailing wind speed®
Air Temperature °C -10 40
Air Dengity kg/m® 0.90 1.35
Sopeof Terran ° -10 10

Table 2 Ranges Within Which Cup Anemometers Intended for Wind Energy Applications

(Specifically Power Performance Evaluation) Should Performto Claimed Accuracy

A competent anemometer manufacturer should be able to provide information on the accuracy of its

anemometer within these envelopes.




It has been suggested that this level of accuracy should form the basis of aformal classification
sysem.*

If aparticular gpplication Ste is known to have climatic parameters outside these ranges, then a
revised, specia specification should be used.

A number of fundamenta physica parameters and characteristics of an anemometer define its
behaviour and accuracy. These are:

rotor a'm length

Cup area

rotor inertia

drag coefficient on convex face of cup

drag coefficient on concave face of cup

dtic, dynamic and parabolic mechanicd friction coefficients for temperature range
sengtivity characteristic to out-of-plane attack

linearised cdibration curve.

These parameters can be used as the input to amodelling based evauation of accuracy.

3. CALIBRATION

All cup anemometers used for wind assessment or for wind turbine evauation should have a current
cdibration.

Type cdibrations are inadequate for wind energy purposes - each ingrument must have its own
Specific cdibration certificate.
Anemometers should be cdibrated prior to deployment. After field tests have been completed, the

cdibrations should idedlly be repeated or at least verified, eg. by field comparison with a newly
cdibrated instrument.

For extended deployment, re-calibration should be carried out at least every six months.

Cdlibration should be carried out in awind tunnel and users should only use cdibration ingtitutions that
can demondirate:

traceability to nationd standards and inter-comparability with other competent organisations
technical quality assurance (e.g. in Europe to EN45001 requirements), and
full understanding of the wind tunnd’s flow characteridtics.

Details of what a competent ingtitution should be able to demondrate are given in Appendix 3.

3.1 Calibration Procedure

The cdibration procedure (again fuller details are provided in Appendix 3), should comprise:

prior cdibration of the wind tunndl to relate conditions at a reference position with those at the
position of the anemometer

cdculation of wind speeds from measurements of dynamic head and ar density, the latter being
based upon measurement of ambient temperature, barometric pressure and relative humidity
correction of wind speeds to account for blockage effects

cdibration & 1m/sintervasfrom 4 up to 16 m/s



sampling of steady state behaviour at each wind speed over 30 second periods.

Cdlibration coefficients should be derived by carrying out atwo parameter linear regression of wind
speed upon averaged anemometer output.

3.2 Uncertainty Evaluation

It isvitaly important that a thorough uncertainty statement based upon recognised principles’ supports
the cdibration certificate.

The uncertainty assessment should take account of:

cdibration uncertainty of the wind tunnel

cdibration uncertainty for adl transducers and instrumentation (pitot tubes, pressure transducers,
barometers, thermometers, humidity probes, amplifiers, filters and data systems)

resolution uncertainty, e.g. quantisstion within digital detalloggers

uncertainty in blockage corrections

ddtidica uncertainty in derivation of mean values.

Detalls of an uncertainty assessment are given in Appendix 4.

Although individua steady-dtate cdibrations are required for each instrument, it is sufficient for other
behaviourd attributes to be defined from type tests.

3.3 Non-Linearity and Mechanical Friction

The equations of motion of a cup anemometer (see Appendix 2) demondirate that in the absence of
mechanicd friction, seady Sate cdlibration results should be perfectly lineer. However frictionis
aways present to some degree. Friction can be represented by static, dynamic and parabolic terms
(i.e. by termsthat comprise coefficients factored by speed to the zero, first and second powers). The
effect of friction if firgly to introduce an offset to the cdibration to overcome the setic term and
secondly to introduce a non-lineerity to the calibration.

Unfortunately these friction coefficients are temperature dependent, so an anemometer which behaves
well in awarm wind tunne laboratory environment may not have the same cdibration characterigtic in
an in-service cold amosphere.

Appendix 6 outlines a procedure whereby the friction coefficients and their temperature dependency
can be characterised experimentaly whilst Appendix 2 includes advice on using this information to
assess likely linearity of caibration.

4. ANEMOMETER DYNAMICS AND BEHAVIOUR IN THE REAL
ATMOSPHERE

Using qudity assured steedy State cdibrations obtained in awind tunnd will not autométicaly
guarantee accuracy in field measurements.

Red amospheric flow fidds are not steady and errors and uncertainties in measurement can be
introduced by turbulence and by related variationsin flow angles.

Three agpects of cup anemometer behaviour are of particular concern:



non-ided sengtivity to vertica wind components
overspeeding in turbulent winds
dynamic filtering in turbulent winds.

These aspects are of greater importance in complex terrain where ground induced flow disturbances
are more pronounced, but even in smooth terrain, they cannot be ignored.

4.1 Vertical Sensitivity
Although full research into the topic has not yet been completed, it would appear that senstivity of cup
anemometers to winds having vertica flow components depends upon:

the design of the anemometer (both the rotor and the body)
the wind speed

whether the anemometer isin the free atmosphere or awind tunndl.

Figures 3a-d show sengitivities for two anemometers in common use.
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Figure 3a Percentage Difference Between Indicated Wind Speed and True Total Wind Speed
for Cup Anemometer ‘A’ in the Wind Tunnel for Various Angles of Attack at Various Wind
Foeeds.
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Figure 3b Percentage Difference Between Indicated Wind Speed and True Total Wind Speed
for Cup Anemometer ‘A’ in the Free Atmosphere for Various Angles of Attack at Various
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Figure 3c Percentage Difference Between Indicated Wind Speed and True Total Wind Speed
for Cup Anemometer ‘B’ in the Wind Tunnel for Various Angles of Attack at Various Wind
Foeeds.
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for Cup Anemometer ‘B’ in the Free Atmosphere for Various Angles of Attack at Various Wind
Foeeds.

As suggested in section 3.1, for wind turbine evauation the wind speed quantity that should idedlly be
measured is the full, not just the horizonta plane, wind speed. Thisimplies arequirement for the cup
anemometer to have aflat sengtivity to angle of attack. Anemometer ‘A’ is better than anemometer
‘B’ inthis regard.

Were the objective to measure the horizonta plane wind speed, then a cosine sensitivity would be
desired, and anemometer ‘B’ would be the preferred choice.

Manufacturers and users should be aware of such characteristics and their consequences. Methods
are outlined in Appendix 5 whereby verticad sengtivities can be assessed experimentally.

4.2 Overspeeding

Many measurement instruments have a time constant that indicates a what rate they can respond to
changesin an input parameter. Thetimeto react is generdly independent of the actua magnitude of
the change or the garting vaue.

Cup anemometers do not behave exactly in thisway and, to afirst gpproximation, exhibit a‘ distance
congtant’. Thisisanadogous to atime constant, except that the response measure is a given wind-run,
not a given elapsed time.

Appendix 2 provides more details, but the key consequence of such behaviour isthat acup
anemometer responds more quickly to positive changes in wind speed than to negative ones, and dso
that responsivenessis better at higher wind speeds. This means that in a fluctuating wind, the mean

12



indication from a cup anemometer will be higher than the true average wind speed, and this effect is
termed ‘ overspeeding'.

Despite previous indications to the contrary, it is now accepted that thisis not a major source of error
in measurement of mean wind speed.

In the limiting case of an anemometer with infinite inertia, overspeeding errors of only 1.1% and 4.4%
will occur in turbulence intensities of 10% and 20%'.

Smple modds® indicate that the overgpeeding error in percent can be fairly approximated by the
expresson:

E=1%(18d- 14)

where E is the percentage error, | isthe turbulence intengty and d is the distance congtant for the
anemometer.

Thusfor an anemometer having a5 m distance congtant, an overspeeding error of 0.17% will occur
for awind having aturbulence intensity of 0.15.

This expresson can be used asthe basis for correction of indicated wind speeds and for uncertainty
edimation.

Appendix 7 outlines amethod whereby an anemometer’ s distance constant can be estimated in a
consistent and repeetable manner.

4.3 Dynamic Filtering

For most wind turbine tests and evauations, it is rdatively unimportant to measure the spectra content
of thewind. However, should this be required, for example for wind loading studies, then the
limitations of cup anemometers should be redlised.

Cup anemometers being mechanical devices cannot follow wind speed fluctuations exactly, and the
higher the frequency of the fluctuation, the less able the anemometer will be to provide an accurate
representation of the changes.

Reducing its inertia can clearly enhance the responsiveness of a cup anemometer.

Less obvioudy, responsiveness can be improved by making the cup arms as short as possible.

Responsiveness depends upon the ratio of driving torque to rotationd inertia. Driving torque increases
linearly with arm length whereas inertid torque goes up to the square power. Unfortunady, very short
ams will cause the anemometer to exhibit adistinct speed ripple due to flow interaction between cups.

By having atwin rotor, Sx-cup arrangement with the two rotors offset from one another by 60°, it is
possible to obtain ahighly respongive, low ripple instrument®.  Suitable optimisation of the separation
of the two rotors can aso produce the added benefit for some gpplications of avery closefitto a
cosine response to non-horizontd wind attack.

Due to the filtering effect, the spectra power indicated by a cup anemometer will be lower than what
isactudly in the wind, and thisin turn will lead to an underestimate of the true turbulence intendity.
Andysdis has shown' that for atypical wind spectrum, an anemometer with a distance congtant of 3.5
metres will fail to report 5% of the turbulent energy. Thus a 20% turbulence intendty will be seen as
only 19%.
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Cup anemometers are not suited to detailed measurements of turbulent structure and dternative
insruments will be needed (see Appendix 1).

5. FIELD PRACTICE - BOOMSAND MOUNTINGS

How an anemometer is deployed can introduce uncertainties equaly as significant as those caused by
cdibration and design. It isquite clear that if an anemometer is operating in the wake of the host
meteorologicad madt then its indication will not be a true reflection of the free field wind speed. Less
obvious s the fact that flow distortion upstream of the tower or above a mounting boom can be
sgnificant, and adequate separation must be alowed between the rotor and the host structure to keep
such effects to an acceptably low level.

It islargely up to the user to determine what degree of disturbance and hence uncertainty is
acceptable, but a suitable aim should be to avoid mast and boom induced flow distortions grester than
0.5%.

To avoid problems; it is undoubtedly preferably to place the anemometer on avertica pole clear of
the top of the tower, but this may not aways be practicable or desirable, for example if wind speed
needs to be monitored at various heights to determine wind shear.

For wind turbine power performance evaluation, however, the preferred location for the reference
anemometer isindisputably on a mast-top, vertica pole. To avoid flow disturbance caused by the
magt, the anemometer rotor and the tower top should be vertically separated by no less than the
separation recommended for that type of mast for horizontal booms (see sections 5.1 and 5.2 below).

One of the requirements of performance evauation isfor the reference anemometer to be *at hub
height'. The height of amast will depend upon its section lengths, and this may dictate that using the
recommended vertical separation makes it impossible for the anemometer to be exactly at hub height.
This, however, is preferable to adopting a reduced separation.

Meteorologica masts can either be of cylindrical or lattice construction and the required separation
(erther verticdly or horizontaly in the case of boom mounting) of the anemometer from the tower
depends upon the mast’ s type and solidity.

5.1 Cylindrical Towers

The separation between the mast and the anemometer should reflect the level of uncertainty thet is
deemed acceptable.

A firgt gpproximetion to the flow disturbance in the vicinity, but not downsiream of a tubular mast can
be obtained from smple potentia flow theory. However, this gives non-conservative results and a
more complex but more exact Navier-Stokes analysisisto be preferred.

Figure 4 shows an iso-gpeed plot of the flow round a circular cylinder resulting from such an analysis.

The free-stream flow is from the left. Least disturbance can be seen to occur if facing the wind at 45°.
For aste with avery unidirectiona wind, pointing the boom directly into the wind is therefore not
necessarily the best arrangement.

More generdly, it can be seen that there is aretardation of the flow upwind of the mast, acceleration
round it, and awake behind it.

14



The predicted drag coefficient for the case shown is 0.62.

Figure4 1so-speed plot, with local speed normalised by free-field wind speed, of flow round a
solid mast of cylindrical cross section; analysis by 2 dimensional Navier-Stokes computation.

Looking in the upwind direction, the centre-line deficit can be plotted as afunction of distance. Figure
5 presents the results in this way.
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Fgure5 Centre-line wind speed deficit as a function of reciprocal distance R fromthe axis of a
solid mast of cylindrical cross section and diameter d.

The plot confirms the lack of conservatism in asmple, andytical, potentid flow solution.

A 1% deficit in wind speed is seen to occur a avaue of d/R of gpproximately 0.17. For thisleve of
digtortion, a boom-mounted anemometer should thus be no closar than six mast diameters from the
centre of the mast.

The corresponding figure for a 0.5% deficit is roughly 8.5 boom diameters.

5.2 Lattice Towers

Anaysis of the flow round a lattice structure is less sraightforward and the advice given hereis based
upon a combination of actuator disc and Navier-Stokes theory and analysis™. The results have been
vaidated with fidd data

The degree to which flow is disturbed by the mast is afunction of the solidity of the mast, the drag of
the individua members, the orientation of the wind and the separation of the measurement point from
the madt.

Figure 6 shows the representation of the mast used for the andysis.

Fgure 6 Representation of a 2 dimensional |attice mast showing the major geometrical
parameters and the system for describing nearby pointsin space.

The flow digortion is afunction of the assumed thrust coefficient, Cr, which in turn depends upon the
porosity of the mast and the drag on the individud members. Ct can be regarded as the total drag
force, D, per unit length of the tower, divided by the dynamic pressure g and the face width, L.

Figure 7 shows the computed flow round a lattice tower having a Cr of 0.486. There are subtle
difference from the case of the solid cylindrica tower, in particular thereis very little flow disturbance
at 90° to the flow direction, indicating that a side mounted boom isto be preferred in unidirectiond
wind climates.

Figure 8 shows the computed centre-line deficits for lattice towers having various Cr values. Notice
that the plots are very linear unlike in the case of the solid cylindrica tower.
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For alattice tower with a Cr of 0.5 (atower of relatively low porogity) a 1% deficit in wind speed is
seen to occur at avaue of L/R of approximately 0.27. For thisleve of distortion, a boom-mounted
anemometer should thus be no closer than 3.7 mast diameters from the centre of the mast. For a
deficit of 0.5% the required separation is 5.7 mast diameters.

Figure 7 1so-speed plot, with local speed normalised by free-field wind speed, of flow round a
triangular lattice mast; analysis by 2 dimensional Navier-Stokes computation and actuator disc
theory and a Cr of 0.486.

17



0.025 T T T T
Cr =07 7%
0.02 } Lo ]
” x.z
.'X-
0.015 |+ ct | 1
A v T Cr=05 e
& |
' e’
0.01 | i — ]
£ L
e - Cr=10.3
£ e -
o LarEE e
=% .Er"Er i sl
0.005 Kxx E_.E"E' t . .
rx : - il ¥
; 4—"-’1".--* i —'—9-'_'_0_._"._'_'_.-.__
ettt . .,,_9_-.—3—1»—6—*——"‘_""_—‘
0 B ] 1 i I
01 015 0.2 0.25 0.3 0.35

Figure 8 Centreline wind speed deficit as a function of reciprocal distance R fromthe axis of a
triangular lattice mast of face width L for various Cr values.

The dope, a, of the deficit versus normalised reciproca distance lines of figure 8 can usefully be
plotted as afunction of the parameter Cr. This has been done in figure 9, which again shows
remarkable linearity.
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Figure9 Sengitivity of centre-line wind speed deficit to normalised reciprocal distance (see
figure 8) plotted as a function of thrust coefficient Cy.

Curve fitting figures 8 and 9 suggests that the centre-line velocity deficit, D, for alattice mast face-on

to the wind can be evauated as.
D = (0.126C; - 0.006)& - 0.082
eR a

This expression should be used as the basis for evauating the mast to anemometer separation required
for a desired maximum flow distortion and agiven tower Cr. Cr can be estimated from loca building
codes. The Danish code as an example prescribes the following.

Defining t asthe ratio of the projected area of al structura members on the Side of the tower to the
total exposed area, Cr can be evauated as shown in table 3.
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Type of tower Plan Section | Expressionfor C; | Vdid Range
Square cross section, members with sharp D 4.4(1-t)t 0.1<t<0.5
edges
Triangular cross section, round members i 2.1(1-)t 0.1<t<0.3
Square cross section, round members D 2.6(1-t)t 0.1<t<0.3

Table 3 Estimation method for Cr for various types of lattice tower according to Danish wind
loading standards.

5.3 Boomsand Ancillaries

In some cases it will be impractical, impossible or undesirable to locate anemometers a the top of the
host mast and booms must be used.

Care should be exercised in sdlecting a boom orientation. Figures 4 and 7 suggests that booms should
lieat 45° to thewind direction in the case of atubular mast or perpendicular to the wind directionin
the case of alattice maedt. If thewind at the Steisvery directiond in nature then this is the best
arangement. However, at most Stesthe wind is spread over awide variety of directions, and the
best way to avoid mast wake effects is to have the boom point either towards the prevailing wind
direction or away from the wind turbine being tested.

Boom effects can be respongble for surprisingly large flow distortion. The degree of digtortion will
depend upon the separation of the rotor to the boom and aso upon the relative orientation of the
boom to the wind (maximum disturbance occurring when the boom is face-on to the wind).

Experimentd wind tunnd evidence” ** suggests that to keep disturbances below 0.5%, arotor to
boom separation of 12 to 15 boom depths may be needed. In most casesthisis easily achievable.

Itis preferable for the boom to be of circular rather than square or angle cross section.

In deploying a system, it isimportant to recognise and avoid other sources of flow disturbance.
Significant flow digtortion and therefore erroneous wind speed indications can result from:

crude and bulky clamping arrangements between the boom and the anemometer support (these
should be kept compact and symmetrical)
untidy cabling (cables should be routed where possible insde the support pillars and booms, or
where thisis not possible, spirdly wrapped)
wakes from tower guys (See also section 7.2)
lightning finids
In al casesthe scale of disturbance can be surprisingly large and should not be ignored, but with care
and prior thought, effects can be minimised.
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5.4 Sheared Flow

The discussion of mast and boom effects has concentrated on gross changes to point wind speed
brought about by flow disturbance.

Users of cup anemometry should aso be aware that the degree to which the flow is sheared across
the frontage of the anemometer rotor can introduce secondary errors.

It might be thought in the presence of a uniformly sheared flow across the face of a cup anemometer,
that the anemometer should indicate the mean flow speed. Thisin fact is not the case as a study of the
cup anemometer equation of motion (Appendix 2) demongtrates.

In aflow regime which has a uniform shear across the face of the anemometer resulting in the ‘left
hand cup position’ seeing aflow surplus of 0.2 % and the ‘right hand cup position’ seeing aflow
deficit of 0.2 %, the anemometer will indicate awind speed which will either bein error by +0.7 % or
—0.7 %, depending on whether it is the convex or concave cup face which sees the flow deficit. The
anemometer does not average out the sheared flow to indicate the correct mean value.

This effect can be minimised by adopting mast and boom separations &t least as wide as those
suggested in 5.1, 5.2 and 5.3 and by using an anemometer whaose rotor has a smdll radius and whose
cups have high drag coefficients.

Thiseffect isaso of particular importance during calibration in awind tunne where wal friction can
induce sheared flow.

5.5 Summary of Good Practice

Figures 10a and 10b summariseillugtratively good and bad practice in mounting anemometry.

21



Figure 10a Example of good practice in deployment of cup anemometry

This shows

atop anemometer mounted on a pillar free from tower effects

around section boom which separates the lower anemometer from the tower in accordance with

section5.1 or 5.2

apillar which separates the lower anemometer rotor from the boom by at least 15 boom widthsin
accordance with section 5.3

the lower anemometer free from the influence of guy wires and other transducers

al orientations designed to minimise flow disturbance on the anemometers when the wind isin the

prevailing direction

absence of unnecessary protrusions caused by cables, connectors and clamps

minima disturbance on the anemometer caused by the lightning finidl.
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Figure 10b Example of poor practice in deployment of cup anemometry

This shows

atop anemometer mounted so close to the tower top, it will be influenced by flow distortion effects
ashap, angle section boom hogting a lower anemometer which has insufficient separation from the
tower

apillar which givesinsufficient separation between the lower anemometer rotor and the boom

the lower anemometer in a pogition which is likely to be influenced by guy wire wakes and which is
too close to other transducers

orientations likely to give maximum flow disturbance on the anemometers when the wind isin the
prevailing direction

little regard to the flow disturbance effects of protrusions caused by cables, connectors and clamps.

6. OTHER PRACTICAL CONSIDERATIONS

When planning atest campaign prior thought needs to be given to ensuring thet the measurement
system has rdiability and that the data will have good integrity.
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Specific attention needs to be paid to the possible effect of the climatic environment. Key aspects
may be lightning, precipitation and low temperatures.

6.1 Lightning

It isnormdly essentid to protect the meteorologica mast ingdlation from lightning strike. Relevant
advice for protection of wind turbines is contained in ancther IEA publication, much of whichis
pertinent to protection of met masts.

Due to their nature, met masts cannot avoid being struck by lightning and the chalenge therefore isto
ensure that a strike does not damage the test equipment.

A number of key precautions can be taken:

alightning finid (attractor) should be mounted at the top of the tower, in such a pogtion thet it
affords the tower top anemometer with protection (normally a 60° protection umbrella can be
assumed) - it is normally adequate to use the tower as the path to ground, but added protection
can be afforded by running a separate cable

an adequately sized earth connection (earthing rod) should be strapped to the tower base

the instrumentation system should be designed o that it does not provide alow resstance path to
earth, the aim being to encourage the strike to pass via the structure

lightning surge arrestors should be used should the data system not have in-built protection.

Sometimes the probability of lightning strike will be very low, and it may be decided not to use a
lightning protection finia so as not to disturb the mast top anemometer.

6.2 Precipitation

In many countries, where winds are driven more by large scae weather systems than by loca thermdl
effects, there can be adirect correlation between wind speed and likelihood of rain.

It is not unexpected therefore that anemometers themselves are normally designed to be able to
withstand wet wegther.

Problems, where they do occur, are more frequently linked to inadequate protection of cables,
connectors and data system enclosures.

Good practiceinvolves:

avoiding any kind of in-line cable connection (it is preferable where-ever practicable to hard wire
the anemometers directly to the data system), but where it is unavoidable, protecting the connection
by using environmentally rated connectors and giving them added protection by for instance
housing them within the host boom

using enclosure for the data system which are gppropriatdy rated for the climate
using bottom entry glands for al entries/exits from enclosures and junction boxes.

6.3 Low Temperatures

Low temperatures can cause particular problemsfor cup anemometers.
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Clearly the accumulation of rimeice or snow in the cups will cause a change in aerodynamic
behaviour, and appropriate measures need to be taken to detect when such conditions occur so that
data can bergected. Preventing accumulation is extremely chalenging and can involve the use of
special coatings and/or remote infra-red heaters, but such measures are rardly judtifiable.

A more pernicious problem isthat of the temperature effect on mechanicd friction. For many gtes, it
is adeguate to Smply rgect data when temperatures fal below a given threshold (say 2°C), but in cold
climates, it may well be necessary to use shaft heating (this is an option with many anemometers).

When specifying shaft heaters, it is vitaly important to recognise that externaly gpplied devices which
are asymmetric or which have externd cable connections will disturb the flow characterigtics and will
render the anemometer with directionaly dependent variations in cdibration.

Only using heeting dements that are fully enclosed within the anemometer shaft best solvesthe
problem.

7. DATA CAPTURE, QUALITY ASSURANCE AND UNCERTAINTY

By adopting the principles outlined in the foregoing sections for the selection and deployment of
anemometers, it should be possible to obtain good accuracy and reliability in an experimental
evauation.

7.1 Planning for Integrity and High Successin Data Capture

It isworth noting some points that have not yet been covered.

Anemometers are generdly available with either pulse or analogue voltage output. Unlessthere is very
good reason to do otherwise (e.g. available dataloggers may not be able to cope with pulse output),
pulse output instruments are to be preferred to their analogue counterparts. Anaogue insruments tend
to be more expensive (the andogue signd is often derived from a pulse generator via an additiond
frequency to voltage converter) and are more subject to signa degeneration and interference during
transmission. High pulse-rate anemometers are to be preferred to low pulse-rate models due to the
additiona ease with which turbulence intengity can be derived.

Anemometers like other instruments can fail totaly, or more serioudy can partidly fal. For indancea
bearing might begin to seize, or a cup bresk loose. Building in redundancy to the measurement
system, for instance by providing additional anemometers, is often desirable.

There can often be delays in recognising data failures and subsequent mobilisation for repair can lose
further vauable time. Two months can be logt out of atest programme very easly unless contingency
action plans are prepared in advance.

The most important preventative activity that can be carried out is regular ingpection of the mast and
regular inspection and quality assurance of the data. Technology now alows remote recovery of data
eg. viamicrowave, modem or cdlular tdlecommunications technologies, and it is relatively easy to set
up data screening programs that will automaticaly check the integrity of incoming data. Such
processes can ensure that problems are recognised early.
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7.2 Quality Assurance

Before passing any wind speed and other meteorologica datafor anayss, it is absolutdy essentidly
that they are first subjected to quality assurance screening checks.

Visudly scanning time series graphs can be useful for identifying obvious problems, but more objective
numerical scrutiny should aways aso be carried out.

This should include:

ensuring that dl data lies within instrument specifications (e.g. for ambient temperature and supply
voltage)

ensuring that there is no physica reason for data rgection (e.g. when an anemometer is known to
be operating in the wake of the tower)

enauring that no ‘impossible physica phenomena are being implied (e.g. excessively high
turbulence, which might be caused by wakes from guy wires or prolonged aberrant behaviour of
the shear laye).

Test conditions for data acceptance can normally be set up using a set of logical condition tests (1F,
AND etc)

Attempts to explain and rectify problems should aways be made.

7.3 Uncertainty Assessment

Any evauation of wind speed, be it for wind speed assessment of a gte, for caibration of wind flow
over adgte or for power performance evauation of awind turbine, should be accompanied by a
thorough assessment and numerica statement of uncertainty.

Uncertainty assessment should be carried out in accordance with recognised 1SO guiddines.

Type A uncertainty in derivation of mean wind speed is readily derived from the statistics of the
measured data, but objective and comprehensive evauation of type B uncertainty is more challenging.

In a 10m/s wind having a turbulence intensity of 10%, atypica standard uncertainty in the derivation
of a 10 minute average wind speed will be 0.5%.

Type B uncertainty sources include:

steady state caibration (1.0%6;5%)

possible variation or change in calibration (0.2%6,3.0%)

flow inclination effect on calibration (0.2%6;1.5%)

possible overspeeding caused by instrument dynamics (0.2%;1.0%)

flow digtortion from the mast (0.5%;2.0%)

flow digtortion from the boom (0.5%;2.0%)

flow distortion from mounting clamps and other protrusions (0.1%;2.0%)

asymmetry of flow (shear) incident on anemometer (0.2%;2.0%)

Instrumentation system uncertainties including caibration and quantisation effects (0.2%;1.0%).

For each item in the ligt, two percentage figures are given. The first indicates typica standard
uncertainty for agood quality ingtalation. The second figure would not be untypical of a poor quality
ingdlaion. Adding dl of these sourcesin quadrature gives a combined total uncertainty of 1.5% for
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the good qudity ingtdlation (this should be regarded as the best achievable) whilst the figure for an
ingtallation where best practice has not been adopted isin excess of 7%.

8. SUMMARY

The foregoing sections and the accompanying agppendices provide working overviews of the current
sate-of-the-art of understanding of cup anemometer behaviour and of good experimenta practice.

The following key quditative recommendations can be given (more quantitative information can be
found e sawhere in the document):

for studies which require the accurate definition of mean wind speed, such as power performance
evauation and wind climate assessment, cup anemometers should be used in preference to other
types of anemometer

when sdlecting a cup anemometer due regard should be given to factors which might affect
sengtivity to vertica winds, directiona uniformity of cdibration, responsveness and, findly,
linearity and stability of cdibration as afunction of temperature

ingruments with a high rate pulse output are in genera to be preferred to analogue designs

the compatibility of a cup anemometer to the expected range of environmental conditions (its
classification) should be assessed as part of the sdection process

anemometers should aways carry an individua, current calibration obtained from a competent and
accredited calibration organisation

cdibrations should aways be supported by clear definition of cdibration uncertainty

the idedl location for mounting an anemometer is on avertica pole, clear of the top of the host
meteorological mast, but where thisisimpractical care should be taken to ensure that the
anemometer is mounted on a boom and pillar whose lengths are sufficient to ensure that flow
disturbance a the point of measurement is sufficiently low

in reviewing flow disturbance, it should be recognised that horizontaly sheared flow can be a
particular problem

it isimportant when deploying anemometers to ensure that the ingdlation is‘ clean’ ie that there are
no sources of locd flow disturbance such as guy wires, loose cabling, connector boxes etc

to ensure good Sgnd integrity and availability, it isimportant when mounting awind monitoring
campaign to design againgt the effects of lightning, precipitation and low temperatures

careful planning of data recovery and screening is important in ensuring high successin data
capture.
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APPENDIX 1

ALTERNATIVE TYPESOF ANEMOMETER

The main text unequivocally recommends the cup anemometer as being the preferred instrument for
long term recording of mean wind speeds during Site assessments or wind turbine performance
evauations.

Nevertheless cup anemometers are not a meteorologica panacea, and should additional
measurements of wind structure be required, then other types of instrument may well be preferable.

In this appendix, a number of different types of anemometer are described and assessed, in the
context both of mean wind speed measurement and of detailed investigation of turbulent structure.

The appendix is not exhaudtive, and certain types of instrument not in common use for wind energy
applications are not examined (thisincludes laser Doppler (LDA), swinging plate and pressure tapping
type instruments).

‘Alternative’ anemometry can be classified as mechanicd, acoustic or therma depending upon the
working principle. Here, in the first category, the assessment is confined to propeller type devices,
induding helicoid propeller, propeller-vane, propeller-bivane and three-axis propeller devices. Within
the acoustic category, both sonic and SODAR anemometers are reviewed.

For each type of instrument an overview of the principle of operation is given followed by alist of
advantages and disadvantages.

The figure below shows a selection of sonic and propeller instruments.

Sonic type B Propeller
Bivane

PROPELLER TYPE ANEMOMETRY
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Overview and Principle of Operation

Origindly invented in the 1880 s the helicoid propeller anemometer was resurrected as the Aerovane
in the 1940 s and has seen extengve use in awide variety of environmentsincluding marine. Inthe
1960’ s propeller-vane and propeller-bivane anemometers based on the helicoid concept were
developed for turbulence measurements.

The design of the helicoid propeller is such that the rate of rotation (above the effects of bearing
friction) islinearly proportiona to the wind speed. For example, the origina four-bladed Gill propeller
was designed to have a pitch (rotation) of 360° for one foot (0.305 metres) of air passage. The
propeller has anomina cosine response to the incident angle of the wind vector. This meansthe
propeller responds primarily to that portion of the wind vector that is paralld to the rotor axis.

For making actual measurements of horizontal wind speed, and unlike the cup anemometer, atail vane
is needed to keep the propeller facing into the wind (the propeller vane anemometer).

To measure tota wind speed, a second degree of freedom (pitching) can be added (the propel ler
bivane).

Note that these instruments can notiondly be used to measure wind speed or wind vector.

The tota wind vector may aso be measured by afixed, orthogona array of three helicoid
anemometers. To achieve accurate results, a post-measurement, empirical correction procedure must
be applied to account for the deviation from the true cosine sengtivity about each axis and for the flow
interaction effects from the instrument support arms.

Advantages

The helicoid propeller anemometer, when used in conjunction with an orienting vane, provides both
wind speed and direction information in asingle unit. In theory the propeller anemometer should not
require wind tunnel calibration. In practice, however, such cdibrations should be performed on a
regular basis to establish the low-wind speed performance and to detect increased drag from bearing
wear. Though not usudly important in wind energy applications, the very low starting speed
(particularly with photo-dectronic sgna generation) caused by the relatively high leve of aerodynamic
torque, is sometimes an advantage over more expensve cup anemometers exhibiting the same
characteristics. Over-speeding errors are generally not considered to be amgjor problem with
propeller anemometers but there is some evidence that they do indeed exist. Experience has shown
that the propeller anemometer is a reasonable sensor for measurement of turbulence, at least for
establishing minima characteristics such as turbulence intensity and horizonta wind speed standard
deviation.

Disadvantages

A paticular disadvantage of the propeller vaneisrdaed to itsinability in ared turbulent dynamic
wind to track changing wind directions perfectly. Thisinertia effect can result in directiona
overshoots that can place the rotor off the wind axis resulting in alower wind speed reading. Thisis
particularly true in low wind speeds under ungtable flow conditions when the azimuthd wind direction
is changing rapidly in response to the passage of large, convective eddies. Low vaues of the tall-
damping coefficient (often used in instruments designed to withstand very high wind speeds) can dso
lead to low readings arising from off-axis behaviour. Horizonta off-axis errors tend to be much less
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severe a high wind speeds because of the substantid tail aerodynamic damping available. Off-axis
flowsin the verticd direction can aso be respongble for errors in wind speed measurements. Thisis
particularly true for propeller-vane anemometers ingaled on doping terrain or near aorupt
topographica features which can sustain ether a steady vertical component or frequent, large vertical
velocity excursons.

The measurement of the total wind vector can be accomplished by ether the propeller-bivane or the
3-axis, orthogond array of propeller anemometers. Measurementsin strong, gusty windswith a
propeller-bivane have shown that the precessiona or gyroscopic motions associated with arapidly
accderating rotor cause the propdler axis to swing in the direction of rotation and avay from the true
wind vector orientation. These excursons are often amplified by the under-damped azimuth and
€levation angle responses causing a combination of horizontal and vertica off-axis gpeed errors. Such
responses often lead to both high and low total wind speed readings (depending on conditions) and
overdated vaues of sandard deviation. The chief problem with the 3-axis, orthogonal array asa
sensing system for the total wind speed is associated with the gpplication of the off-axis and support
arm shadowing corrections, which has consderable inherent uncertainty. A contributor to this
uncertainty isthe fact that the dynamic response of ahelicoid propeller to wind speed changes
decreases when the angle between the flow and axisincreases. For example when the angle with
respect to the rotor axis reaches 85 degrees, its distant constant has tripled.

An additiona effect that has been noted with propdler anemometersin highly turbulent conditionsis
associated with staling of the blades. This can occur when aragpid rise in wind speed occurs to which
the rotor cannot respond.

The use of propeller anemometers for power performance measurements especidly within amulti-row
wind fam is strongly not recommended. Experiences using such equipment in a densaly populated
wind farm have revealed horizonta wind speed errors that exceeded 25% under certain amospheric
flow conditions.

ACOUSTIC (SONIC) ANEMOMETERS

Overview and Principle of Operation

The modern sonic anemometer has been developed primarily as atool in atmospheric boundary layer
turbulence research. Being non-mechanica in operation, it overcomes many of the problems
associated with cup and propeller anemometers and flow direction vanes particularly with regard to
dynamic response characteristics which are so important in turbulence research. These advantages
come a ahigh price in terms of complexity and therefore cost. A 3-axis sonic anemometer can
provide avery high resolution measurement of the three-dimensiona wind vector. However flow
distortions caused by the Structure of the instrument can trandate into sgnificant errorsin the direction
and magnitude of the measured wind vector.

The sonic anemometer operates on the principle of precisely measuring the time it takes an ultrahigh
frequency acoudtic pulse (typicaly 100 kHz) to traverse a known path length in the direction of the
wind and opposed to it. The relationship between the trangt-time difference Dt and the air velocity Vy
is

Dt =?Vd
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where a isthe sound velocity and d isthe path length. A knowledge of the air temperature T and the
rdaionship a>= kRT wherek isthe ratio of specific heats and R the gas congtant allows the wind
velocity to be expressed in terms of the trangt-time difference Dt. Modern sonic anemometers can
measure these trangt time differences with sufficient resolution to achieve velocity senstivities aslow
as 0.5 cm/s.

Advantages

The sonic anemometer, like the helicoid propdller, is afundamenta principle insrument. In its purest
form it does not exhibit the non-linearities and other errors associated with its mechanical brethren. Its
chief attributes are its resolution and precison (and not necessarily the accuracy) with which it can
measure the total wind vector. It has the capability of providing excdlent measurements of incident
flow angles when properly utilised.

The sonic anemometer isidedly suited to measurement of turbulent structure.

Disadvantages

Sonic anemometers are not well suited to definition of mean wind speed as required for Ste
assessment or power performance evaluation.

The most obvious disadvantage of using sonic anemometry isinherent cogt, but there are aso technical
reasons. Firgly, sonic anemometer accuracy is not dways particularly good, athough dynamic
response is excelent. Also the presence of precipitation can prevent operation. Additiondly, the
geometry of the sensing heads used by current sonic anemometers induce a degree of flow distortion
which can produce wind speed errors.

ACOUSTIC (SODAR) ANEMOMETERS

Overview and Principle of Operation

Although they both rely upon acoustic principles, SODAR anemometers differ gregtly from sonic
anemometersin the spatiad scade of their measurement.  Sonic anemometers study wind structure by
employing acoustic principles between closely spaced transmitters and receivers, whereas SODAR
instruments look at larger scale structures using a combined transmitter/receiver and remote back-
scatering.

The SODAR (sound detection and ranging) technique is based on scattering of short, directiond,
narrow beamed sound pulses. The pulses are emitted from a ground based acoustic antenna. Sound
scattering occurs where there are smdl-scale fluctuations in the acoudtic refractive index filed. These
are caused by inhomogenities in the temperature fied, which in turn moves with the aimaospheric wind.
The centrd frequency of the back-scattered signd differs from that of the emitted pulse due to the
Doppler effect. The antenna can detect the frequency shift, which is directly dependent upon the wind
gpeed dong the sound propagation path. By usng more than one antenna, each orientated in a
different direction, the three dimensiona wind vector can be derived. The frequency of the received
sound signd can be dlocated to a height according to the propagation time. It is thus possible to
obtain averticad wind profile measured smultaneoudy at different heights.
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To cover an dtitude range of 20 up to 150 metres, asis of interest for large wind energy applications,
90 cdled mini- SODARS can be used. These have an operating frequency of 4to 6 kHz (i.e. arein the
audible range) and can provide continuous profile information with moderate resolution in space
(between five and ten metres) and time (every second).

The typica uncertainty in measurement of wind speed using SODAR is about 2 to 4%. Thiscan be
reduced if cross-comparison is made with apardle, low level meteorologica mest.

Advantages

The mgor advantages of SODAR relate to its ability to define wind profiles and to look at higher
elevation wind speeds. These can be prohibitively expensive to monitor using mast mounted
meteorologicd ingruments. The cost of meteorological mastsincreases non-linearly with height and
therefore SODAR is of clear relevance to MW scale turbines.

SODAR systems are d o highly portable making it inexpensive to conduct short-term campaign
investigations.

Meteorologica mast ingdlations may reguire planning permits from the loca government authority .
SODAR requires no such permissions.

Being aremote sensing tool, SODAR does not disturb the flow in the way that a met mast does.

Disadvantages

SODAR systems are not yet in widespread use for wind energy applications. They are not cost
effective for smaler turbines and the choice of suppliersislimited. Being portable makes SODAR
systems vulnerable to theft and being ground based, the antennae can be readily damaged. SODAR
therefore is not well suited to long-term, unattended data collection.

Although portable, SODAR requires a stable platform. SODAR systems may be very useful in the
context of the offshore MW turbine market, however they could not smply be mounted on floating
vessls.

The fact that SODAR systems operate in the audible range may in some instances be a disadvantage.
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APPENDIX 2

CUP ANEMOMETER EQUATIONS OF MOTION

This gppendix is designed to present the more important aspects of cup anemometer behaviour in a
mathematical context and in particular to support certain sections of the main text.

In analysing the behaviour of the cup anemometer, it is helpful to look at aerodynamic, inertid and
frictiond effects, and a suitable starting point is the aerodynamic eement.

Although most cup anemometers have three cups 0 asto give alow torque ripple, it ismore

convenient anayticaly to look a atwo cup arrangement. In looking at gross effects, thisis perfectly

judtifidble. The andys's can be regarded as looking at one of the three cups and looking at the
aerodynamic effect averaged over acomplete rotation.

General Aerodynamic Balance

Consder acup anemometer rotating at speed w in afree wind speed U:

U

The instantaneous aerodynamic torque on the rotor, M, is given by:
M, = %rr AC, (U - rw)*- %rrACdx(U +rw)?

where A isthe fronta area of the anemometer, r isthear dendity and Cy, and Cy are the drag
coefficients for the concave and convex faces of the anemometer cup.

In the steady state, there is perfect torque balance (Ma=0), and the equation reduces to:
Cy(U - rw)* = C, (U +rw)?
defining | and mas the speed and drag ratios respectively:

33



rw C
= —'m=

v
u' cC,

alows further re-expresson in a quadratic form which has the solution:

m+1 aarn+1t'>2
| = - = -1
m-1 gm- 19

Typicd vauesof Cy, and Cyy are 1.4 and 0.4 respectively, giving avaue of mof 3.5. The above
equation predicts that the consequential speed ratio | will be 0.303, ie the rotor will rotete at
approximately one third of the wind speed. Note that this solution also servesto confirm the
theoreticaly linear sengtivity of the cup anemometer to wind speed. It furthermore confirms thet the
Speed ratio depends soldly on the drag characterigtics of the cup (not the size) and that rotational
speed isinversdly related to rotor radius.

Aerodynamic Balance in Sheared Flow

In section 5.4 it was stated that a uniform horizonta shear across the face of the cup anemometer
rotor would not be averaged out arithmeticaly by the anemometer.

To demondtrate this, consider the previous figure but with the left hand cup with concave face
windward seeing wind of U(1+e) and with right hand cup with convex face to windward seeing a
wind speed of U(1-e). The steady Sate aerodynamic equation of motion thistime

Cy(U(L+e)- rw)2 = C,(U(2- e)+rw)2

The quadratic solution thistime is.

| = (1+e)m+(1- e)_ \/g 1+e)m+ (1- e)g2 _ ae(1+ e)2m- (1- e)z .:_

0
m- 1 m- 1 P § -1 p

A vdueof e of 0.2% yiedldsal of 0.305which is0.7% higher than the previous value which related
to the zero shear condition.

Distance Constant

In the absence of friction, the rotor inertia force will balance the aerodynamic torque:

w=M,
The firgt equation in this gppendix suggests that this dynamic relaionship can be re-expressed in the
generd form:

%:-auw+bu2+cw2

where a, b and ¢ are congtants which depend purely upon the aerodynamic, geometrica and inertia
characteristics of the rotor.

Thefind term, numericaly, will dways be of minor sgnificance and can be dropped in order to obtain
asolution.



The responsiveness of a cup anemometer is conveniently described by its behaviour following astep
change in wind speed.

Assumethat a time t<0, the wind speed is up and that the anemometer has reached a steady State
rotationa speed wy of (b/a)u,. At time t=0, the wind speed undergoes a step change Du to u;.

The andyticd solution to the reduced dynamic equation of motion is then:

wheret isequivaent to 1/(a.u;) and describes the time taken for the anemometer to respond to (1-
(1/e)) or 63.2% of the change in wind speed.

t isclearly dependent upon the ‘target’ wind speed and cannot therefore be regarded as being an
instrument constant. The coefficient 1/a however isfixed and is termed the anemometer distance
condant, this being equivaent to the length of air stream which passes the anemometer during the time
taken for it to respond to 63.2% of the step change.

Cup anemometers for usein wind energy applications should have avaue of 1/a of about 2.0 to 3.5
metres.

The above solution and definition of distance congtant imply that a cup anemometer will be more
respongive to turbulence at higher wind speeds.

In practice, an anemometer cannot be expected to have a fixed distance constant. The above
derivation ignored an aerodynamic term which can be of sgnificance (ignoring it hasgivenriseto a
solution which is clearly wrong if the wind speed drops to zero - the anemometer is predicted to carry
on rotating & itsinitial speed) and aso ignored Al frictiond effects. The distance congtant should
therefore be regarded as an gpproximate relative indicator of an anemometer’ s responsiveness.

Frictional Effects

At the beginning of the appendix, an expression was given for the aerodynamic torque developed by a
Cup anemometer.
In drawing up a more complete equation of motion, mechanica friction should aso be included:
IW=M,- M,

where | isthe rotor inertia and the frictiond torque, Mg, in generd formisgiven by:

M. =F, +Fw + F,w?
where Fo, F; and F, are termed the gtatic, dynamic and parabalic friction coefficients respectively.
The new dynamic equation of motion is

dw _w?él 2 lél
L 3(Cy - Co)- F [rAr u(C, +C, +F]+—A—rArU (Ca
which in comparison with the earlier aerodynarnlc based version is seen to have modified coefficients

for each right hand side term.

The more important effect of friction relates to Seady Sate sengtivity, which can be investigated by
sting the left hand side of the above equation to zero.

- Cdx)- Foﬁ
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It isquickly seen that alinear relationship between rotationa speed, w, and wind speed, U, no longer
exigs.

Further investigation of the mathematics shows that friction serves to:
introduce an offset into the cdibration
dter the generd linear gain from the zero friction case, and

introduce a non-linearity.

36



APPENDIX 3

CALIBRATION PROCEDURES AND RECOMMENDATIONS

Ideally where an anemometer is calibrated should not affect the calibration results. Experience of
inter-comparison exercises demonstrates that thisis not so and points towards the need for quality
assurance, traceability, objective assessment of uncertainty and recognised procedures.

This gppendix is based upon a procedure that has been established and implemented by the
MEASNET grouping of wind turbine testing organisations*™.

Anemometers must be individudly cdibrated in awind tunnd of adequate quality run by aqudlified
organisation to recognised procedures.

The Calibrating I nstitution

The cdibrating ingtitution should be able to demondirate its competence to cdibrate anemometers.
Within Europe this can be shown by forma accreditation to EN45001.
In other countries or in the albsence of EN45001, the ingtitution should be able at least to demongtrate:

traceability of dl instrumentation to nationd standards

procedures to control instrumentation

congstency of cdibrations obtained in the wind tunnel with those produced by other competent
organisations

repeatability of results for different operators and for different occasons

forma training qualification requirements for operators

The Wind Tunnd

Although the availability of an objective assessment of uncertainty is more important in the selection of
atunnel than the potentia for high accuracy, a number of requirements should be placed on the tunnd:

it should have aworking range of at least 4 m/s up to 16 m/s

the axid turbulence intensity of the flow should be less than 2%

the mean flow profile should be uniform to within 0.2% (i.e. Sandard deviation of al pointsin the
working cross section should be below this vaue); the difference between mean wind speeds at the
positions corresponding to the  convex cup’ and ‘ concave cup’ ‘face to the wind’

it should have ablockage ratio (the ratio of the frontal area of the anemometer and associated
mountings to the total working cross-section of the tunnel) no more than 0.1 for open and 0.05 for
closed section tunnels

Wind Tunnel Calibration

The wind speed seen by an anemometer during calibration cannot be measured directly. Thusthe
wind tunne must be ‘cdibrated’. Thisinvolves corrdating conditions at a reference postion with
those a the position to be occupied by the anemometer rotor during anemometer caibration.
Cdlibration should encompass the following principles and procedures:.
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the reference position should be chosen so as to be close to the anemometer position but not so
close that mutua flow disturbance effects are experienced (this can subsequently be checked by
moving the anemometer into and away from its cdibration pogition and checking that no flow
changes are seen a the reference position

If possible, more than one reference position should be chosen, and an average reference vaue
established

cdibration should be carried out using pitot tubes and the rig cdibration established for dynamic
pressure, not wind speed

specific procedures should be put in place to set the position and dignment of the pitot tubes (the
uncertainty in aignment should be no more than 1°)

cdibration should be carried out for rig settings which gpproximately correspond to those to be
used for anemometer calibration

readings should be averaged over 30 seconds and data should be collected both for risng and
falling wind speeds

automatic digital data acquisition is to be preferred and a sampling rate of at least 10 Hz should be
used

norma good practice in data sampling should be adopted e.g. use of anti- diasing filters and
amplification to ensure full use of the data systems converson range

to reduce uncertainty, the rig calibration should be repesated with the pitot tube and pressure
measurement systems interchanged between reference position and anemometer position

In processing the results the data should be subjected to atwo parameter linear regression of
anemometer position conditions on reference podtion conditions

only the dope of the regression should be used subsequently since the offset will relate to
instrument zeroing conditions specific to the rig calibration test

the cdibration should be supported by an assessment of uncertainty in accordance with 1SO
principles (due to swapping of systems, many type B uncertainty sources can be neglected and
type A should dominate)

the calibration should be re-established after any dteration or service to the tunne

the wind tunnd calibration should undergo a gross check prior to every contract cdibration, this
being done by an abbreviated cdibration of a reference anemometer kept specifically for the
purpose

cdibrations of the reference anemometer obtained during different atmospheric conditions should
be used to demongtrate repeatability - the maximum difference between calibrations at 10 m/s
should be no more than 0.5%

an up-to-date facility report should be maintained which records details of the rig and its cdlibration

Anemometer Calibration

Recognised, written procedures should exist for the calibration of anemometers, and these should
include the following aspects

prior to the cdibration, the overdl integrity of the facility should be verified by carrying out a
comparative check cdibration of areference anemometer kept by the indtitute specificaly for that
purpose

prior to carrying out a calibration, the anemometer should be run for approximately 5 minutes
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for anemometers to be used for wind turbine power performance evauation a cdibration range of
4 to 16 m/s should be adopted with 1 m/s spacing, a sequence of 4, 6, 8, 10, 12, 14,16, 15, 13
,11, 9, 7, 5 m/s being suggested

for andogue and high rate pulse output anemometers the output should be sampled at 1 Hz or
faster

for low rate pulse output instruments a totalised count can dternatively be established

each point should be established over a minimum of 30 seconds - for low resolution instruments
(e.g. 1 pulse per revolution), this duration should be increased to ensure that the uncertainty
component resulting from resolution does not become significant

before collecting data at each wind speed conditions should be dlowed to stabilise for at least 1
minute - Sability can be assumed should successive 30 second wind speed averages be within 0.05
nvs of one another

to infer wind speed values from rig cdibration corrected readings of dynamic pressure, air dendty
must be known - this must be based upon measurement of temperature, pressure and humidity, not
upon assumption; details of relevant equations are given in Appendix 4

the calibration test should be supported by a thorough assessment of uncertainty (see dso
Appendix 4)

in assessng the quality of the cdibration and/or the qudity of the anemometer atwo parameter
linear regression of derived wind tunnd wind speed on anemometer output should be conducted;
should the correlation coefficient be less than 0.99995, then the calibration should be repested - if
the resulting second correlation coefficient till be less than 0.99995 then the anemometer islikely
to be inherently non-linear due to excessive friction or aerodynamic design and should not be used
the cdlibration test results should be thoroughly recorded in any test certificate.

39



APPENDIX 4

ANEMOMETER CALIBRATION UNCERTAINTY ASSESSMENT

This gppendix is based upon uncertainty principles outlined in the ISO Guide to the Expression of
Uncertainty in Measurement®. The reader is urged to gain familiarity with this document.

A summary of uncertainty theory together with a numericaly worked example for anemometer
cdibration based upon the gpplied theory given below can be obtained € sewhere'.

When carrying out an anemometer calibration, the measurand is the mean wind speed ‘ seen by’ the
anemometer during definition of a cdibration point. This vaue cannot be measured directly.

Typicaly, the mean wind speed is related to measurements of dynamic pressure, temperature and
barometric pressure and is evaluated as:

1
_ n n o) 2
V:kfié Ve =K ié. ?kckaTki
n - n,.& C,B.k, ¢
where:
Vi isthe value of wind speed for sample number k [m/g]
ks isaflow correction factor which inter alia may take account of
- wind tunndl blockage (Maskell’ s factor)
- horizontal wind shear

- globa corrections obtained by cross checking againgt a qudity, reference tunndl

P« is the pressure measured by a reference pitot static tube [Pe]

Kc isa correction factor relaing the pitot-tube position to the anemometer postion,
this being derived by wind tunnd cdibration tests

R is the gas constant for dry air 287.1 [JKgK]

Ty isthe temperature [K] for sample k

Ch isthe head coefficient of the pitot tube

B« is the barometric pressure. [Pa] for sample k

k: isafactor which corrects the density term (By/RTy) for humidity effects

Thefactor, k., which corrects the air dengty for humidity effects, is given by

& 50 e i 60
K, :91+J Fu B 20, ¢l- 0.37 el
¢ B éR, @g e B, oz

Where

J isthe vaue of rdaive humidity for sample k[-]
Pw is the vapour pressure for the prevailing temperature [Pa]
Ry is the gas congtant for water vapour (=461.50) [JkgK]
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P, can be approximated by the empirica polynomia equation
Pw = 0.51t° + 0.89t* + 48.3t + 604
wheret isin [C°]

During acdibration, k; is unlikely to change appreciably and can be evauated using the mean vaues
of B,j,andT.

In practice, the measured quantities will be measured indirectly where the chain will consst of the
elements shown in the table below.

Table Typical measurement chain

input physica parameter Xk

conversion transducer, with quoted sengitivity gan VK,

link low leve voltage Xid Kyt

converson sgnd conditioning with applied gain gan UKy s

link high levd voltage Xid Kyt Kxs
conversion data sampling with discrete quantisation gan VK, 4

output bit representation V= Xid Kyt Kes Ky g

Each converson has an associated factor, so that:
Xk = (Kx,t Kx,st,d )Vx,k

where
Xk isthe value of the physica parameter corresponding to input

Vik  thehit representation of the k’th sample of x.

K isatransformation factor

X,t is the subscript corresponding to the transducer transformation

X,S  isthe subscript corresponding to the signa conditioning transformation
x,d  isthe subscript corresponding to the digital data sampling transformetion.

Taking these conversion expressons and inserting them into the physica parameter relaionship gives.

1
2

i n %2kc(K p,tK p‘SK p,dvp,k)R(KT,tKT,sKT,dVT,k)g

v=k; =4 5
"n k=1g Ch(KB,tKB,sKB,dVB,k)kr /%]
or
1 1
\7: k %ch(Kp,th,st,d)R(KT,tKT,sKT,d)gz iéﬂ (i;a/p,kVT,kS)2
f Ch(Kg Ky Kgq)k, g Ny1€ Vex @

Each of the coefficients on the left hand side of the summation Sign has associated uncertainty. The
problem reduces to one of estimating the vaue of the contributory uncertainties, and deciding on how
to amagamate them, taking into account their degree of correation. All these uncertainties will be of

type B.
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The right hand side of the expression relates to the derivation of a Satistica mean, and the mean vaue
will have associated type A uncertainty. This uncertainty, s, is derived as follows:

1

SA(\7) _ kfanKC(K o Ko s Ko JR(K: Ky oK g )EES(\/_)

Ch(KB,tKB,SKB,d)kr o}
where
& L 6°
— 1 1 % QBG/ ’V' O2 -
Sz(v):ﬁn_lé ég z/k Tk; -V
k=1 B,k ﬂ
and
1
V = ién. éalprkv'rvkgz
n,-.e VB,k a

Returning to type B errors and referring to the expanded expression for mean wind speed, the
sengtivity factors for the numerator coefficients are easily derived by partid differentiation and these
equate to haf the derived mean wind speed divided by the coefficient vaue, eg;

The only exception isfor ks which not being within the square root does not have the half factor:

v

v
Tk, Kk

The sengitivity factors for the denominator coefficients are smilar, but have a negetive sgn, eg

Most of the uncertainty sources of type B can be regarded as being fully independent (correlation
coefficient, r=0). One exception is the digita data systlem converson uncertainty which, leaving asde
the quantisation component, is likely to be fully correated across al three data channels. Another
exception is the humidity correction factor k, which has afunctiond dependency on temperature and
barometric pressure. Treating them asfully uncorreated however, is conservative and will typicaly
introduce very dight overal overestimation of uncertainty.

Defining, the type B uncertainty sources as follows:

Up,t standard uncertainty in converson factor Kp ¢
Ups  Standard uncertainty in conversion factor K

....... and smilarly for al the other Kgsscript CONverson factors. Additionaly, defining:
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U gtandard uncertainty in tunnel correction factor ks

U gandard uncertainty in wind tunne cdibration coefficient k.
U sandard uncertainty in pitot tube head coefficient Cy,

U standard uncertainty in humidity correction to density, k.

alows the combined uncertainty, u. g of the category B errors to be expressed as.

2 [\ — ~2,,2 2,,2 2 2 2 2 2 2 2 2
uc,B(V) - Cf uf + Ct ut + Cp,tup,t + Cp,su p.s + Cp,dup,d + CT,t uT,t
2 2 2 2 2,,2 2 2 2 2 2 2 2,,2
+CT,suT,s + CT,d uT,d + Ch uh + CB,tuB,t + CB,suB,s + CB,d uB,d + Cr ur

where the sengtivity factors, ¢, have subscripts which follow the same pattern as those for the
uncertainty sources to which they refer.

Theresafter, the total combined uncertainty can be evauated as:

u? (\_/) = uf’B(\_/) + sf\(\_/)
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APPENDIX 5

CATEGORISING VERTICAL SENSITIVITY

To establish the vertical sengtivity of a cup anemometer, the experimenta requirement isto pitch the
rotor about alatera axis forwards and backwards whilst keeping the centre of the rotor fixed in
space.

This can be achieved using a pitching rig, but a more elegant and controllable arrangement can be
obtained by mounting the anemometer on an inclined pillar, set a an angle b, which in turn is mounted
on aturntable which can be rotated through an anglea. Theresulting angle, g, as shownin the
diagram below represents the angle which the incident flow makes with the pillar and rotor axis (a
vaue of 90° would represent flow in the plane of the rotor).

Rotor axis

Turntable

gisreated toa and b by the rdationship:

L& cosa.dn b 0
tan & '

p
g==- .
2 €\Jsn?a +cos’a.cos’ b 5

The advantage of this experimenta approach is that by having a rdaively smdl but accurately set b
and ardatively large and adjustable a, very good definition of vertica sengtivity can be established in
the important —15° to +15° range. In fact, if b is set to 15° then g will vary osensbly snusoiddly
from-15°to +15° as a rotates through 360°.



APPENDIX 6

CATEGORISING MECHANICAL FRICTION

Thefrictiond coefficients of acup anemometer can be estimated experimentaly by studying how the
anemometer dows down from a starting speed in the absence of rotor aerodynamic effects”.

The suggested procedure involves replacing the rotor with adisc of Smilar inertiaand mass asthe
rotor and tilting the anemometer dightly (about 10°) to Smulate the aerodynamic thrust which would
result in an 8 m/swind.

When spun, the rotor will dow down at a rate dependent upon the mechanicd friction of the bearings
and the aerodynamic friction on the disc (which can be approximated by -0.616pr r* (nw?)*? where
r, ar density is approximately 0.00123 g/cnt® and n, the kinematic viscosity of air is 0.144 cré/s).

The equation of motion for the disc can then be expressed as:
w

aero" Vi

oW )=la, +f

wheret e IS the unknown bearing friction, | isthe disc inertia, and the third term is the aerodynamic
friction as calculated above. w; and a; are the sampled rotor speed and derived deceleration

repectively.
Having ca culated the mechanicd friction, polynomid curve fitting techniques can be used to obtain the
optimum vaues for the gatic, dynamic and parabolic friction coefficients described in gopendix 2:

t mech(Wi ) =-(F + F1Wi+F2Wi2)

The temperature sengtivity of the coefficients can be examined by cooling the anemometer in a
refrigerator or cold room.

Thelikdly effect on cdlibration linesarity can be assessed using the eguations in Appendix 2.

45



APPENDIX 7

DETERMINING DISTANCE CONSTANTS
As demongrated mathematicaly in Appendix 2, the cup anemometer distance congtant is a useful but
only approximate measure of repongveness.

Because the theory which judtifies the existence of a distance constant is amgor smplification of
redity, it is unredigtic to suppose that distance congtants will be consstent if evaluated in different wind
conditions.

To ensure intercomparability and repeatability, there is therefore a need to have a uniform method of
evauation®®. This gppendix suggests such a method.

Experimental Requirements:

The am of the test isto identify how the anemometer responds to a step changein wind speed. To
simulate the step change, the anemometer should be held gationary in awind tunnel whose ar flow is
approximately 8 m/s.

The anemometer should be released and its output logged.
The output should be sampled at arate of & least 30 Hz.

At this sampling rate, it should be recognised for pulse output anemometers (even of high rate design)
that considerable and random resolution error can be expected. For anaogue output instruments,
congderableripplein the Sgnd isdso very possible.

For low pulse rate instruments (eg one or two pulses per revolution), it is better to determine the time
between successve pulses and to caculate the mean indicated speed within the period.

The experiment should be repegted at least five times.

Data Processing and Analysis

In andysing the data the am isto curve fit the time series of anemometer output with the idedised
behaviour described by the equation:

0 (0) =, +Du} 1 el (L )0
T e t @

Uing(t) isthe time series of indicated wind speed, t is the time of release of the anemometer and t is
the time congtant for the response, which can be related to distance congtant, 1/a, by 1/a=t u,, where
u,, the target wind speed is equivaent to uy+ Du where U isthe initid wind speed and Du isthe
meagnitude of the step change.

In curve fitting the data, it is useful to re-express the formulain alinear manner that is suitable for two
parameter linear curve fitting, the parametersbeing -1/t and to/t :

g, Ym0 1t
e Du g t t
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The left-hand sde is readily caculated from the test data.

In carrying out the curve fitting regresson anaysis, it isimportant not to use dl of the data snce it will
be seen not to be linear over itsentirerange. Thisis entirely due to the incompleteness of the
theoreticd modd. In particular initid and termina behaviour will be seen visudly to deviate from the
centrd linear portion. Only thislinear portion should be curve fitted.

Data from each test should be analysed in turn and the resulting values of 1/a averaged to yield the
distance constant to be quoted.
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