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ABSTRACT

The calibration results of one anemometer equipped with several rotors, varying their size,
were analyzed. In each case, the 30-pulses perl turn culput signal of the anemometer was
studied using Fourier series decomposition and correlated with the anemometer factor
(i.e., the anemometer transfer function). Also, a 3-cup analytical model was correlated to
the dala resulting [rom the wind tunnel measurements. Results indicate good correlation
between Lhe post-processed outpul signal and the working condition of the cup anemome-
ter, This correlation was also reflected in the results from the proposed analytical model,
With the present worl the possibility of remotely checking cup anemometer status, indi-
cating the presence of anomalies and, therefore, a decrease on the wind sensor reliability is

revealed,

1. Introduction

Today, the use of wind speed anemometers is very com-
mon, their applications having spread from sectors such as
meteorology or wind energy to others where the effect of
the wind can be important (moving bridges in civil engi-
neering, big cranes, etc.). Nevertheless, the wind energy
industry still can be considered as the biggest consumer
of anemometers all over the world. Apart from the fact that
the wind power is proportional to the third power of the
wind speed, which underlines the importance of having
the most accurate instruments [ 1], the wind energy sector
is extremely concerned with two aspects that, despite
technological advances such as LIDAR and SODAR [2-5],
require the use of anemometers: wind energy production
forecast on the field, and wind turbine performance control

|6]. Within the past decades the wind energy sector has
been openly supported by governments (Germany,
Denmark, Spain...), concerned about clean energies and a
reduction of their dependence on fossil fuels [7]. In addi-
tion, new strong players in this industry like China,
U.S.A,, Brazil or India are now being very active, with high
figures in terms of installed wind power and growing
rates.! According to these facts it seems reasonable to
assume that the mentioned massive demand of anemome-
ters from this sector will be maintained in the incoming
years, if not increased. Among the different instruments
devoted to measure the wind speed, the cup anemometer
remains today the most used in the wind energy sector
|8], as it is inexpensive when compared to other devices
(e.g., sonic anemometers), shows linear response in the nor-
mal wind speed range (from4 ms 'to 16 ms ) [9], and is
capable to operate in quite extreme weather conditions [10].

! Global Wind Energy Council; US Energy Information Administration.



The present paper is part of the IDR/UPM Institute’s
research framework on cup anemometer performance,
which includes a review of large series of calibrations per-
formed on commercial anemometers [8], the analysis of
aging and the climatic effects on anemometer transfer
function [11,12], the experimental study of the cups and
rotor shapes on anemometer response [13-15), and the
review and improvement of analytical methods to study
anemometer performance in order to have a better under-
standing of the physics regarding its rotation (aerodynam-
ics, friction, etc.) |8,13-16],

1.1. Modeling the cup anemometer performance in steady
conditions

From the wind industry point of view, the cup
anemometer performance is based on the transfer
function:

V=A-f+B, 1

where V is the wind speed, fis the anemometer’s rotation
frequency output, and A (slope) and B (offset) are the cali-
bration coefficients, This linear equation,2 defined in the
first quarter of the 20th century for the Robinson-type
anemometer® [17], correlates the wind speed and the
anemometer’s output frequency [18], and must be defined
by means of a calibration process [19-22]. In order to have
an expression with a clearer physical meaning, the transfer
function can be rewritten in terms of the anemometer’s
rotation frequency, f., instead of the output frequency, f,
introducing in the expression the number of pulses per rev-
olution given by the anemometer, N,,:

VeA.Nyf. +B=Af +B @)

The above equation also allows a direct comparison
between different anemometers [8], and between analyti-
cal models and experimental results [23,24|. The number
of pulses, N, is different depending on the anemometer’s
inner system for translating the rotation into electric
pulses. Magnet-based systems give 1-3 pulses per revolu-
tion, whereas optoelectronics-based systems normally give
higher pulse rates per revolution, from 6 to 44 [8].

To analyze the behavior of cup anemometer, analytical
models have been proposed by other authors in the past,
These models are developed from the following expression
[19]:

do
I =U+Q, @

where I'is the moment of inertia of the rotor, Q4 is the aero-
dynamic torque, and @ is the frictional torque that
depends on the air temperature, T, and the rotation speed,

? Some authors claim that a non-linear expression should be used
instead of a linear one, especially at low wind speeds [10].

2 The cup anemometer invented by Robinson in the XIX century [66-68]
had four cupsfarms instead of three, which is the present standardized
configuration thanks to the work of Patterson [31], who found that the
“3-cup anemometer is decidedly superior to the 4-cup” due to a quicker
and more uniform response, and a higher aerodynamic torque produced by
the cups [69-71]. In 1924 the 3-cup anemometer was adopted as a
standard for meteorology in the United States of America and Canada [69].
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Fig. 1. Normal aerodynamic force coefficient, ¢y, of the Brevoort & Joyner
Type-1 (hemispherical) and Type-lI (conical) cups [28], plotted as a
function of the wind direction with respect to the cup, o The coefficient
regarding Type 11 cup is also plotted as a function of the rotor’s rotation
angle, ¢! (calculated with expression (6) for an anemometer factor K =3.5).
See in the sketch the variables involved in the rotation of an anemometer
cup: normal aerodynamic force on the cup, N, wind speed, V, relative
wind speed to the cup, V,, rotor rotation angle, ¢, rotor rotational speed, ,
and wind direction with respect to the cup, o. The 1-harmonic term
Fourier series approximation (expression (9)) to the Type-11 cup has been
plotted, together with the 6-harmonic terms Fourier series approximation
[14].

w {from [25]: Qy=Bo(T)+ By(Tw + By(T)w?, where coeffi-
cients By, By, and B, are negative®). The frictional torque,
Qr, can be neglected as it is normally very small in compar-
ison to the aerodynamic torque [26,27]. The aerodynamic
torque, @4, can be derived from the aerodynamic forces on
the rotor cups, which are normally measured in a wind tun-
nel in “static” configuration, that is, measuring the forces on
an isolated and fixed cup immersed in a constant wind
speed air flow and without considering any rotational speed
[13,14,28]. The aerodynamic torque due to one single cup is
expressed as a function of the aerodynamic
normal-to-the-cup force coefficient measured in a wind tun-
nel, ¢y, the wind speed, V, the rotation speed, w, the cup
radius, R,, the cup center rotation radius, Ry, and the air den-
sity, p. See in Fig. 1 the normal-to-the-cup force coefficient,
¢y, measured on hemispherical and conical cups in “static”
configuration, as a function of the wind angle with respect
to the cup, «, [28].

As far as the authors’ knowledge goes, the first analyti-
cal model was developed by Schrenk [29] in 1929. This
2-cup positions model relates the aforementioned aerody-
namic torque, @y, to the rotation speed, e, the wind speed,

4 The friction torque, Qs in expression (3) has a negative sign in the
updated version of reference [19]. Therefore, coefficients By, By and B, of the
friction torque expression will be positive, if this is taken into account.
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Fig. 2. Sketch of the 3-cup analytical model configuration.

V, and the aerodynamic normal coefficient, ¢y, measured at
two wind speed angles, that is, at two positions of the cups,
o =0°(cpy = |cn(0)] in Fig. 1) and o = 180° {cpz = |cn(180)] in
Fig. 1). This model has been widely used to study the cup
anemometer performance [16,30]. Although this 2-cup
analytical model has correlated well to experimental cali-
bration results from different commercial anemometers
[8], it is fair to say that it has certain limitations, derived
from the fact that the behavior of the rotor is based on
two positions of the cups only,

To have a better approach to the problem, the 3-cup
analytical model was developed integrating the aerody-
namic normal force on all three cups in an entire rotation
[13,23,24]. The starting point of this 3-cup model is the
mentioned expression (3), taking into account, as said,
the aerodynamic torque produced by each cup of the
anemometer rotor, see Fig. 2. If friction is also left out of
Eqg. (3), the following expression can be derived then for
the rotor movement:

der
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+ 240°)cy (a(0 + 240°)), (4)

where V. is the wind speed relative to the cups, cy is the
aerodynamic normal force coefficient, « is the local wind
direction with respect to the cups, 6 is the angle of the
rotor with respect to a reference line (see sketch in
Fig. 1), and S, is the front area of the cups (S, ==RZ2).
Wind speed V,, relative to the cup at rotor angle ¢ with
respect to the reference line, is expressed as:

V.(0) = \/V2 | {‘ouR,.L.)2 — 2V R, cos(0), (5)

whereas the wind direction with respect to the cup, «, can
be derived, as a function of the rotor’s position angle, 6,
from the following expression [13]:

K sin(0)

tan(x) = Rcos(0) =1’ (6)

where K is the anemometer factor, defined as the ratio
between the wind speed, V, and the speed of the cup center
averaged in one complete rotation, R [9,31]:

V _Af,+B_ A 1
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In the present work the anemometer factor is considered
leaving aside the offset of the transfer function, B, as it is nor-
mally very small when compared to the wind speed:”’

Ar

K= 27R,. ®)

1.1.1. Modeling the aerodynamic forces on the cups

The aerodynamic normal force coefficient, cy, can be
simplified taking into account only the two first coeffi-
cients of the Fourier series expansion [14];

cn{al) = co + €y cos{ar). (9)

Also, the related-to-the-cup wind angle, o, was quite
accurately related to the rotor’s rotation angle, #, with
the expression:
cos(al) = 1, -+ 1, cos() + 1, cos (0)? + 17, cos (0)°, (10}

where the coefficients 74, #, #2, and 53 are expressed as a
function of anemometer factor K;
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Taking into account expressions (9) and (10), Eq. (4) can
be solved for the stationary state, averaging its value along
one turn of the rotor. Then, a direct relationship between
the anemometer factor and coefficients ¢y and ¢ is
derived:

3 The offset wind speed, B, of the transfer functions related to most of
Class 1 anemometers is normally lower than 0.25 m s™! and negligible [8].
However, the effect of this constant should be taken into account for
calculations at low wind speeds [15].
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Using expressions (11), the above equation was finally
rewritten in terms of the anemometer factor:
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This equation gives, as a function of the Fourier coeffi-
cients ratio ¢, /cy (that only depends on the aerodynamics
of the cup), the anemometer factor, K, and then, for each
wind speed, V, the averaged value of the rotational speed
of the rotor, w, can be obtained from expression (7). This
3-cup model has been successfully correlated with experi-
mental results [14].

(13)

1.1.2. Modeling the rotor’s response

Additionally, if the attention is focused on the left term
of Eq. (4), we should bear in mind that this term is not
equal to zero, although its average value is. Under a per-
fectly constant, horizontal and uniform wind speed, and
considering the stationary condition, the rotational speed
corresponding to a 3-cup rotor can be decomposed along
one turn into a constant term, my, plus one harmonic term
that corresponds to a frequency three times bigger than
the one related to the mentioned constant term, 3my, and
its multiples, 6w, 9wg, 12wyg...[15]:

w{t) = mg + ng,, sin(3nmot + ¢y,)- (14)
n=1

Obviously, for a cup anemometer in a real situation,
that is, taking into account some degree of turbulence,
wind non-uniformities, the wake created downstream the
anemometer’s body, etc., other harmonic terms not multi-
ple of 3 should be included in the above equation as a
result of the Fourier expansion:

(t) = e + o sin{ext + @) + w2 sin(2awet + ;)
+ 3 Sin(3wet + @4) ...

= o+ Yy SIN(NEE + @), (15)
n=1
Nevertheless, taking into account results measured
on damaged anemometers [32], expression (15) can be
quite accurately simplified by taking only the constant
term, ayg, and the first and third harmonic terms of the
series:

(L) = g + 7 SIN(et + @) + @3 5in(3wet + @3), (16)

as the third harmonic term is the most important due to
the cup anemometer shape (which produces three acceler-
ations and three decelerations of the rotor in one turn),
while the first harmonic reflects the anomalies that affect
the normal rotation of the anemometer’s rotor.

1.2. Understanding of the rotational speed harmonic terms

The aim of the present work is to have a better under-
standing of the effect of the first and the third harmonic
terms, v, and s, on cup anemometer performance, con-
tinuing the experimental research already initiated in
|15]. The analytical relationship between this third har-
monic term and the coefficients ¢y and ¢; {from the
simplified expression of the aerodynamic normal force
coefficient, ¢y, see Eq. (9)), is also analyzed for both station-
ary and transient cases. Besides, the first harmaonic term is
studied as a way to analyze the evolution of cup anemome-
ter performance degradation. The idea behind this research
is the attempt to establish some parameter related to the
anemometer wear and tear in order to optimize the main-
tenance processes, as around 30% of mast-mounted
anemometers return for recalibration far from normal
operational conditions [33]. Some effort has been done to
monitor the status of anemometers, as their working
condition when operating in the field must be checked
through frequent calibrations [34|. Calibration-on-
the-field procedures have been studied as a cost-effective
solution in order to reduce anemometer maintenance and
recalibration [35,36]. This problem is a major concern in
the industry, and as a result several patents and inventions
have been developed. The procedure behind some of them
is based on forcing the anemometer’s rotation and then
correlating its response with the corresponding input
[37-41], whereas other patents are based on the correla-
tion between the measured wind speed by the anemome-
ter and a different parameter related to the wind speed,
e.g., the power curve of a wind turbine [42-45],

Anomaly detection is quite an important problem
within many industrial, technological and research areas,
with three classical approaches [46]:

« Case-based reasoning, based on a list of rules derived
from wide human experience.

+ Model-based diagnosis, in which the decision criteria
are based on mathematical models associated to physi-
cal attributes. Some parameters with physical meaning
are then monitored as indicators of the possible degra-
dation of the system.

¢ Non-parametric models such us neural network-based
methaods. This approach does not require expert knowl-
edge. However, a huge amount of training data needs to
be post-processed in order to validate the model.

The present work should be considered then an effort to
identify a new parameter, the first harmonic term of the
rotation speed, to be used in anemometer condition diag-
nosis. Focusing on the cup anemometer as a mechanism,
it is logical to assume that any malfunction of the
anemometer bearings system, or any defect produced on
the rotor geometry {dirt accumulation, broken parts...),
should be translated into noise added to the output signal.
Apart from the fact that this noise means a change of the
transfer function constants and, consequently, a degrada-
tion of anemometer performance (lower rotation fre-
quency at same wind velocity), it can be assumed that it
is formed by a number of signal perturbations that are



repeated each turn of the rotor. So, in principle, any degra-
dation or change of the anemometer's working condition
should be translated into an increase of the first harmonic
term of Eq. (15). This kind of analysis based on the har-
monic response has been traditionally used for wind tur-
bine condition monitoring. These machines, that involve
several rotating systems (gear, bearings, shaft), include dif-
ferent sensors and transducers (position, velocity, and
acceleration) used to monitor the maintenance status
through Fourier analysis of vibrations spectra [47-50].

In addition, it should be pointed out that fault detection
in mechanical units such us cup anemometers is usually
carried out by performance monitoring, this process requir-
ing large time-series processing [51]. Different techniques
have been developed to reduce the complexity of working
with that large time-series. The normal way to perform this
reduction is to characterize the time-series by a spectral
decomposition {other characterizations as wavelet decom-
position or singular value decomposition are also possible)
[52-54]. The harmonic terms of the cup anemometer rota-
tion speed defined in the present work can be considered
equivalent to the spectral decomposition.

In this context, the PHM 2011 Data Challenge
Competition should be mentioned, as it was a very inter-
esting proposal to analyze the problem of cup anemometer
status based on the measurements record. In this competi-
tion, a set of measurements {mean, standard deviation,
maximum and minimum wind speed), taken by several
paired anemometers installed at different heights along a
vertical mast were analyzed in order to study the
anemometers’ working condition. Different solutions were
obtained by researchers who took part in the aforemen-
tioned competition, the most relevant being based on
direct comparison of signals from two different cup
anemometers once properly filtered [55], the correlation
of the differences in measured wind speed from two
anemometers with a Weibull distribution [56], and the
use of a neural network model [57]. The last approach,
i.e., the use of neural network models, seems to be a quite
accurate tool for cup anemometer performance analysis, as
it obtained the highest score in the PHM 2011 Data
Challenge Competition, and it has also been used with
good results to compensate anemometer overspeeding in
real-time measurements [58].

This work is organized as follows. In Section 2 the test-
ing methodology and results post-processing carried out in
the present research are described. The results are dis-
cussed in Section 3, which is divided in three subsections.
The first subsection is devoted to a first analysis of the test-
ing results, whereas the second and the third subsections
include the development of an analytical methodology
based on harmonic decomposition, to study respectively
the cup anemometer working under optimal conditions
and under the effect of a periodical perturbation. Finally,
conclusions are summarized in Section 4.

2. Testing configuration and results post-processing

The characteristics of the 32 different rotors analyzed in
the present work are included in Table 1. 26 rotors were

equipped with conical cups (90° cone-angle, 4 with cup
radius: R, = 20 mm, cup center rotation radius varying from
Ry =30 mm to R,. = 60 mm; 5 with cup radius: R. = 25 mm,
cup center rotation radius varying from R, =40 mm to
Ry =100 mm; 6 with cup radius; R.=30 mm, cup center
rotation radius varying from R, = 40 mm to R, = 120 mm;
5 with cup radius: R. =35 mm, cup center rotation radius
varying from R,. = 50 mm to R,. = 120 mm; and 6 with cup
radius: R. = 40 mm, cup center rotation radius varying from
R, =60 mm to R, =140 mm). 3 rotors were equipped with
elliptical cups (front surface equal to the conical cups;
S.=1963.5 mm* and R,.=60mm). And finally, 3 rotors
were equipped with porous cups {front surface,
including the empty area, equal to the conical cups:
$.=1963.5 mm?, cup radius: R.= 25 mm, truncated shape
with hole diameter h=9 mm, h=19mm and h =24 mm,
and R, =60 mm). See in Fig. 3 a sketch of the rotor cups
tested.

A second testing round, devoted to analyze the effect
of rotor non-symmetries on the anemometers’ response,
was carried out using the h-19/60 rotor as a base config-
uration, This rotor was calibrated 4 more times, one
repeating the calibration of the first testing round, and
the other three replacing one of the cups with a cup
from the h-09/60, h-24/60 and c-25/60 rotors (see
Fig. 4).

The cups were made of ABS plastic using a 3D printer,
and the arm on each cup was made of aluminum tubing
5mm in diameter. In Table 1, the weight, W, and the
moment of inertia, {, corresponding to each rotor have been
also included. The moment of inertia was calculated for
each case adding the contributions of the head of the rotor,
the arms and the cups. The moment of inertia of the cups
was calculated with the CAD program used for their design.
In Fig. 5 the calculated moments of inertia are plotted as a
function of the squared cup radius multiplied by the
squared cup center rotation radius, R.*R,.2. The experimen-
tally measured moments of inertia of several rotors from
commercial anemometers [25,59-61] have been also
included in the graph {see also in Table 2 the mass and geo-
metrical characteristics of these rotors). It can be observed
in the aforementioned figure that the calculated moments
of inertia regarding the rotors tested seem to be quite sim-
ilar to the ones experimentally measured. The moment of
inertia has proven to be of great importance in relation
to the anemometers performance. Anemometers with
damaged rotors not only can have different aerodynamic
behavior [62], a different performance can be shown due
to changes on the moment of inertia if one cup is missing
or damaged [32,62]. Due to this reason it is relevant to
highlight that the testing rotors have both similar geome-
try and moment of inertia when compared to commercial
anemormeters.

The testing campaign whose results are analyzed in the
present work was carried out using a Climatronics 100075
anemometer, which gives 30 squared pulses per turn, In
Fig. G, a plot of the output signal recorded in one turn of
this anemometer equipped with the h-24/60 rotor is
shown. The corresponding non-dimensional rotation
speed, e/, is alsa included in the figure. It was calculated



Table 1

Geometrical, weight and inertia characteristics of the rotors tested: cup center rotation radius, R,., front area of the cups, S, cup radius (conical and porous
cups), R, ratio of cup radius to the cups’ center rotation radius (conical cups), R/Ry, weight of the rotor, W, moment of inertia of the rotor, I, hole diameter of
porous cups, fi, and semi-major and semi-minor axes, a and b, of elliptical cups. See also Fig. 3.

Rotor R, (mm) S, (mm?) R, (mm) R/Ry. W (kg) I (kgm?)
Conical cups

c-20/30 20 1256.6 30 0.667 1.73 x 1072 9.63 x 10°°
c-20/40 20 1256.6 40 0.500 1.78 x 1072 1.60 x 1073
c-20/50 20 1256.6 50 0400 1.82 x 1072 244 x 1075
c-20/60 20 1256.6 60 0.333 1.87 x 1072 3.50 x 107>
c-25/40 25 1963.5 40 0.625 2.49 x 1072 2.99 x 1073
c-25/50 25 1963.5 50 0.500 2.54 x 1072 449 x107°
c-25/60 25 1963.5 60 0417 2.59 x 1072 6.33 x 107°
c-25/80 25 1963.5 80 0313 2.68 x 1072 1.11 x 107
c-25/100 25 1963.5 100 0.250 2.78 x 1072 1.74 x 107*
c-30/40 30 28274 40 0.750 3.54 x 1072 529 x 107>
c-30/50 30 28274 50 0.600 3.59 x 1072 7.75 x 107>
c-30/60 30 28274 60 0.500 3.64 x 1072 1.08 x 107*
c-30/80 30 28274 80 0.375 3.74 x 1072 1.85 x 107*
¢-30/100 30 28274 100 0.300 3.84 x 1072 2.87 x107*
c-30/120 30 28274 120 0.250 3.94 x 1072 413 x107™#
c-35/50 35 38485 50 0.700 5.06 x 1072 133 x107*
c-35/60 35 38485 60 0.583 5.11 x 1072 1.80 x 107*
c-35/80 35 38485 80 0438 5.21 x 1072 299 x 107
¢-35/100 35 38485 100 0.350 5.30 x 1072 453 x1074
¢-35/120 35 38485 120 0.292 5.40 x 1072 6.44 x 107
c-40/50 40 5026.5 50 0.800 7.00 x 1072 1.89 x 107*
c-40/60 40 5026.5 60 0.667 7.05 x 1072 257 x107*
c-40/80 40 5026.5 80 0.500 7.15 x 1072 431 x10™
c-40/100 40 5026.5 100 0400 7.25 x 1072 6.56 x 107
c-40/120 40 5026.5 120 0.333 7.35 x 1072 9.32 x 107
c-40/140 40 5026.5 140 0.286 7.45 x 1072 126 x 1073
Rotor a (mm) b (mm) S. (mm?) R, (mm) W (kg) I (kg m?)
Elliptical cups

a-27/60 27 23.15 19635 60 253 x 1072 6.43 x 107>
a-30/60 30 20.83 19635 60 2.48 x 1072 6.57 x 107>
a-35/60 35 17.86 19635 60 2.24x 1072 6.80 x 107>
Rotor R. (mm) S (mm?) R, (mm) h (mm) W (kg) I (kgm?)
Porous cups

h-9/60 25 1963.5 60 9 2.26 x 1072 538 x 107>
h-19/60 25 1963.5 60 19 2.05 x 1072 536 x 107
h-24/60 25 1963.5 60 24 1.73 x 1072 532 x 107

averaging groups of 30 pulses (one revolution), from the
recorded data at every point (that is, at every wind flow
velocity) of each performed calibration.

The calibrations were carried out at the IDR/UPM
Institute, in the S4 wind tunnel. This facility is an
open-circuit wind tunnel with a closed test section mea-
suring 0.9 by 0.9 m. It is served by four 7.5 kW fans with
a flow uniformity under 0.2% in the testing area. More
details concerning the facility and the calibration process
are included in reference [8]. The uncertainty levels of
the calibrations performed at the S4 calibration wind tun-
nel are specified following the ISO/IEC 17025 standard
[63], this levels being 0.1 m s~! for wind speeds from
4ms!to 10ms !, and 0.01Vms~! for wind speeds, V,
from 10 ms~! to 23 ms~". The calibrations studied in the
present work were performed following the MEASNET
[20,21] recommendations (over 13 points and from
4ms! to 16 ms~! wind speed). In each point (wind
speed) of every calibration performed, the anemometer’s
output was sampled during 20 s at 10,000 Hz. In Table 3

the results of the calibrations that were carried out are
included.

The first nine harmonic terms of the Fourier expansion
(expression (15)) were calculated in every case (each rotor
tested and every wind speed during its calibration) upon
the non-dimensional rotation speed that, as said, was
obtained averaging the data from several revolutions
(i.e., groups of 30 pulses). See in Fig. 7 (left) the non-
dimensional first and third harmonic terms {w/wq and
wsfwe, respectively), calculated at every point of the
calibration performed to the rotor h-19/60. In order to
characterize the rotor performance, averaged values of
the non-dimensional first and the third harmonic terms,
@7 and @3, were calculated with data from the 13 points
of the calibration procedure;

_ 1 13 W _ 1 13 w3
D =132l P 713 2o
=170 j=1 70l;

together with the corresponding standard deviations, o4
and a3, calculated using the general procedure:

; 17)

’
)
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Fig. 3. Sketch of the cups and rotor geometries tested. Dimensions in mm. See also Table 1.

Fig. 4. Pictures of one of the non-axially symmetrical rotors tested (2 cups h-19/60; 1 cup ¢-25/60). Rotor isolated (left); and installed on the Climatronics
100075 anemometer (right).

] 2 ] 2 The above parameters are also indicated in Fig. 7 (left).
E}i (z’—‘ ‘—ml) Z}fa (% ,—(1)3) The first nine averaged non-dimensional harmonic terms
o1 = 13 il , O3 = 13 il . (18) calculated with the procedure above described for rotors

c-25/60, h-09/60, h-19/60, and h-24/60 are included in
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Fig. 5. Moment of inertia, I, of the conical cup rotors tested as a function
of the squared cup radius multiplied by the squared cup center rotation
radius, R-R,>. The results correspond to rotors equipped with R. =20
(rhombi), 25 (circles), 30 (squares), 35 (triangles), and 40 (crosses) mm
cups (see Table 1). Gray circles correspond to different commercial
anemometer rotors (see Table 2).

Fig. 7 (right). As expected, the highest figures correspond
to the third, sixth and ninth harmonic terms, together with
the first one, which is very similar in the four cases
included in the figure.

3. Results and discussion
3.1. Experimental results

In Table 3 and Figs. 8 and 9, the results correspondent to
the calibrations performed on the conical-cup rotors are
included. In Fig. 8 the anemometer factor, K, calculated
leaving aside the calibration offset (see expression (8)), is
shown as a function of the ratio of cup radius to the cup
center rotation radius, 1, = R//R. On the other hand, the
graphs contained in Fig. 9 show respectively the first and
the third averaged harmonic terms of the rotation,
and ¢, (just called first and third harmonic terms

Table 2

hereinafter), and the correspondent normalized standard
deviations, ¢;/w; and os/cs, as a function of the ratio of
cup radius to the cup center rotation radius, r.=R./R...
The data corresponding to calibrations performed to 3
Class-1 new and not calibrated before anemometers
(Thies Clima 4.3351; Vector Instruments A100 L2; and
Vaisala WAA 151), have been also included in the graphs.
The results from a calibration performed to the anemome-
ter used in the present testing campaigns, the Climatronics
100075 anemometer, equipped with its original rotor are
also included in the aforementioned figure graphs,

The effect of the ratio of cup radius to the cup
center rotation radius, r,, on the anemometer factor, K,
has been analyzed and largely discussed [13-16,24,65].
Nevertheless, it should be pointed out that, leaving aside
primary geometrical parameters of the rotor such as the
cup radius, R, and the cup center rotation radius, R, some
other shape parameters as the cone angle of the cups, the
cup edges (beaded or not, sharp or blunt. . .), the anemome-
ter “neck” diameter... seem to have some relevance on
anemometer performance. It can be observed in Fig. 8 that,
in comparison with the conical cup rotors manufactured for
the present testing campaign, the commercial anemome-
ters tested and the Climatronics 100075 anemometer
equipped with the original rotor have lower values of K,
being more efficient in terms of transforming the wind
speed into rotational speed (i.e. for the same wind speed,
V, higher values of the rotational speed, m, are reached).
The only exception, the Vector Instruments A100 L2
anemometer, has a similar performance in terms of
anemometer factor to the manufactured rotors.

Concerning the first harmonic term, ¢4, higher values of
this parameter are clearly shown by the Climatronics
100075 anemometer {considering all rotors tested,
included the original one), when compared to the ones cor-
responding to the 3 Class-1 new anemometers tested. As
already indicated in the introduction of the present work,
the first harmonic term is related to all physical effects that
are repeated with a period of one turn. These effects are
caused by both friction and aerodynamic forces on the
rotor, If now the results corresponding to the third har-
monic term, s, which is directly related to the aerody-
namic forces on each cup [15], are examined, it can be
observed that no big differences are shown among the data

Geometrical characteristics of different commercial anemometer rotors: cup center rotation radius, R, front area of the cups, S, cup radius, R, ratio of cup
radius to the cup center rotation radius (conical cups), R./R.., and moment of inertia of the rotor, I.

Anemometer R. (mm) S (mm?) Rrc (mm) Re/R:c W (kg) I (kg m?)
Risg P2546 35 3848 59 0593 5.8 x 107% [59] 9.74 x 107° [25,59]
1.01 x 107 [64]
9.92 x 107° [61]
Thies Clima 4.3303 39 4778 119 0.328 9.6 x 107% [59] 8.87 x 107 [25,59]
Thies Clima 4.3520 22 1521 45 0.489 B 2.93 x 1073 [25]
Thies Clima 4.3350 40 5027 80 0.500 B 2.89 x 107* [61]
Vaisala WAAIS1 27 2290 64 0422 3.9x 1072 [59] 6.14 x 1073 [61]
5.2 x 1077 [59]
NRG Maximum 40 255 2043 69.5 0.367 - 1.01 x 10 * [61]
9.2 x 10-° [59]
Vector Instruments AT00LK 25 1964 54 0.463 - 4.40 x 1075 [61]
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Fig. 6. Climatronics 100075 anemometer placed in the S4 wind tunnel of the IDR/UPM Institute, to carry out a calibration equipped with a porous-cups
rotor (left). Anemometer output signal, Voyrpu, measured in one turn (right-top). Relative-to-the-average rotational speed, w/wy, calculated in that turn

(right-bottom). T is the period of the anemometer’s rotation [15].

related to the calibrations performed to the Climatronics
100075 anemometer and the 3 other performed to the
new Class-1 anemometers. Based on this fact, it can be
assumed that the differences between the Climatronics
100075 anemometer and the new ones regarding the first
harmonic term are directly related to the friction effects
which, taking into account the large uptime of this
anemometer [11], can be attributed to a certain level of
degradation regarding the bearings system.

Results indicate the same trend of both the third har-
monic, s, and the anemometer factor, K, that is, lower val-
ues of parameter r, imply greater values of K and ¢, the
pattern being similarly linear. This correlation between
the anemometer factor and the third harmonic indicates
higher rotational speeds of rotors with lower third har-
monic values. This particular behavior has been checked
with the rotors with porous and elliptical cups. In Fig. 10
the anemometer constant, K, and the third and first har-
monic terms, @, and @;, regarding these rotors have been

plotted as a function of the eccentricity, ¢ = \/1 — {b/a)*,in

the case of the elliptical cups, and as a function of the ratio
of the hole diameter to the cup diameter, hf2R,, in the case
of the porous cups. In the graphs of this figure the results of
c-25/60 rotor have been included, as it represents the
“zero” case in terms of eccentricity and hole diameter
(i.e., e =0 and h/2R. =0), for the elliptical and porous cup
rotors respectively. It should be underlined that all these
rotors are characterized by the same cups center rotation
radius, Ry.=60mm, and cups with the same front area,
S.=1963.5 mm. For both cases, elliptical and porous cups,
the same pattern regarding the anemometer factor, K, and
the third harmonic term, é3, which is in tune with the
commented result related to the conical cups, can be
abserved in Fig. 10. Finally, very similar values of the first

harmonic term, @, are shown in all these cases, indicating
a much greater correlation of this parameter with the
mechanical behavior of the anemometer than with the
rotor aerodynamics.

Additionally, some conclusions can be extracted from
the testing results in relation to the effect of the moment
of inertia, I, on the anemometer performance (see
Fig. 11). No effect of this parameter has been abserved on
the first harmonic term, ;. On the other hand, if both
the anemometer factor, K, and the third harmonic term,
3, are plotted as a function of the moment of inertia
(see Fig. 11), it can be clearly observed the effect of the size
of the cups and the moment of the inertia. If the value of
the rotor's moment of inertia is constant, bigger cups
(i.e., larger values of the cup radius, R.) logically produce
lower values of both the anemometer factor, K, and
the third harmonic term, ¢v;, as the aerodynamic forces
are increased. Reversely, for constant cups size (ie,
maintaining constant the aerodynamic forces), higher
values of the rotor’s moment of inertia result in higher val-
ues of the anemometer factor, K, and the third harmonic
term, s,

3.2. Modeling the cup anemometer steady behavior under
optimal working conditions (i.e., anemometer not affected by
degradation)

The equation that defines the 3-cup model (4), can be
expressed as:

dw

I

= f(0) + f(0+ 120°) + f(0 + 240°) (19)

where



Table 3

Calibration coefficients, A and B, measured for the rotors tested with a Climatronics 100075 anemometer (see also Table 1). The coefficient of determination, R?,
of the curve fittings, and the slope of the transfer function based on the rotation frequency, A, (see expressions (1) and (2)), have also been included.

Rotor A (m/pulse) A, (m/rev) B (m/s) R? @1 (%) @3 (%)
Conical cups
¢-20/30 0.02021 0.60618 037096 0.99995 1.22 0.51
-20/40 0.03177 095318 023328 0.99999 1.28 0.84
¢-20/50 0.04186 1.25574 031148 0.99999 1.24 1.09
¢-20/60 0.05180 1.55401 0.40091 0.99999 1.33 1.43
c-25/40 0.02963 0.88886 026760 0.99999 1.24 0.63
¢-25/50 0.03932 1.17970 020786 0.99999 1.21 0.92
¢-25/60 0.04961 1.48829 024245 0.99999 1.30 1.07
¢-25/80 0.06964 2.08928 039438 0.99999 1.12 1.58
¢-25/100 0.08952 2.68552 053685 0.99999 1.24 1.78
¢-30/40 0.02861 0.85818 0.09551 0.99995 1.24 0.64
¢-30/50 0.03861 1.15844 0.19606 0.99999 117 0.82
¢c-30/60 0.04850 1.45505 0.14823 0.99998 1.29 0.99
¢c-30/80 0.06836 2.05089 025403 1.00000 1.34 1.37
¢-30/100 0.08697 2.60900 038253 0.99998 1.33 1.56
¢-30/120 0.10738 322145 0.49053 0.99999 1.26 1.74
¢-35/50 0.03720 1.11603 0.19081 0.99999 1.20 0.65
¢c-35/60 0.04719 1.41582 0.15354 0.99999 127 0.94
¢-35/80 0.06827 2.04818 0.18132 0.99998 1.45 1.15
¢-35/100 0.08737 262111 022168 0.99999 1.14 1.49
¢-35/120 0.10742 322259 034171 0.99999 1.38 1.58
c-40/50 0.03539 1.06166 0.13714 0.99999 1.29 0.52
c-40/60 0.04586 1.37587 0.16652 0.99999 127 0.77
c-40/80 0.06663 1.99876 0.16932 0.99998 1.13 1.07
c-40/100 0.08668 2.60026 023292 0.99996 1.30 1.34
c-40/120 0.10638 3.19140 0.28805 0.99996 1.20 1.51
c-40/140 0.12639 3.79164 034162 0.99995 1.59 1.57
Rotor A (m/pulse) A, (m/jrev) B (m/s) R? @1 (%) @3 (%)
Elliptical cups
a-27/60 0.05221 1.56617 0.19932 0.99999 1.30 1.39
a-30/60 0.05306 1.59167 023224 0.99998 1.25 1.65
a-35/60 0.05412 1.62361 021593 0.99998 1.20 219
Rotor A (m/pulse) A, (m/jrev) B (m/s) R? @1 (%) @3 (%)
Porous cups
h-09/60 0.05445 1.63352 031414 0.99999 1.16 1.49
h-19/60 0.06579 1.97376 054539 0.99998 1.36 2.89
h-24/60 0.11763 352881 031563 0.99998 1.21 7.56
Rotor A (m/pulse) A, (m/jrev) B (m/s) R? @1 (%) @3 (%)
Non-axially symmetrical rotors (second testing round)
3 cups h-19/60 (h-19/60 rotor) 0.06573 1.97182 055336 0.99998 0.84 2.99
2 cups h-19/60; 1 cup h-24/60 0.07594 227822 051719 0.99998 5.53 3.93
2 cups h-19/60; 1 cup h-09/60 0.06101 1.83019 0.46162 1.00000 3.12 239
2 cups h-19/60; 1 cup ¢-25/60 0.05831 1.74939 0.40916 0.99999 3.56 2.04
1 .
fO)=5 PSR (V2 + (0R)? = 200R,V cos(6))cy(6) and then:
1 2 2
== PSR ((V° + (@wR cn(8) — 2R, Ve (6) cos(6)). 1 3
5 P> re(( (Rrc)")en(8) rVen(6) cos(6)) cn(0)cos(8) = (= e, + 2y
2 8
(20)
. . . 3
Am_a:.m into mnn.o_:: Egs. (9) and (10), Hommw:mn with +{ o+ c1g +ND§ cos(6)
some trigonometric formulae® the aerodynamic normal
force coefficient can be expressed as: 1 1 1
3 + 5C1M +MD§ cos(20) +m9§ cos(36)
Cn(0) = | o+ Calo +5Cily | + | Cifly + 7 Cifls | cOS(6)
1
1 4 = €115 €C0S(48). 22
+50, c0s(28) + 46 cos(36), (21) gt (40) (22)
With the above equation, the expression that

& cos?(8) =4+ 1cos(28);cos’ (8) = 3 cos(8) + Lcos(30).

describes the rotational movement of the rotor can be

rewritten as:
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Fig. 7. Non-dimensional first and third harmonic terms, w;/we and wsfwe, calculated at every point of the calibration performed on the testing
anemometer equipped with h-19/60 rotor (left), the average values, @; and @3, and the standard deviations, ¢, and o3, are also indicated in the graph; and
(right) first nine averaged non-dimensional harmonic terms, &; = w;/w, (i=1 to 9), calculated for rotors c-25/60, h-09/60, h-19/60, and h-24/60 (see also

expression (24)).
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Fig. 8. Anemometer factor, K, corresponding to calibrations performed on
a Climatronics 100075 anemometer equipped with different conical-cup
rotors as a function of the ratio of cup radius to the cup center rotation
radius, r,=R./R,.. The symbols stand for the following cup radius:
R. =20 mm (rhombi), 25 mm (circles), 30 mm (squares), 35 mm (trian-
gles), and 40 mm (crosses). Gray circles correspond to results from
calibrations performed to new 3 Class-1 anemometers (Thies Clima
4.3351; Vector Instruments A100 L2; Vaisala WAA 151), and the
Climatronics 100075 anemometer equipped with its original rotor.

I do_
3pScRe dt

(V* +(@Ro)?) <C0+ Cily +%c1 172)
3
- a)R,CV<c117] +ZC] 173)

1 1
+ <(v2 + (wR,C)Z) 261115 cuR,cvjcmz) cos(36),

(23)

and finally, introducing the anemometer factor, K, in the
above expression:

I do 1 1
sk dr -\ ) (oot
2 Focre

1 3
e

i ((1 +%>173 —%nz) 9 cos30). (24

If the stationary condition of the anemometer is consid-
ered, and taking into account only the third harmonic term
of the rotational wind speed (Eq. (16)), the above equation
can be rewritten as:

13600603

3pScRV?

(- Do e (o n)) Ll 2n))

1 2 o
+ ((1 +P>173 —Em) Zl cos(39).

sin(3wot + ¢@5)

25)

The above expression can be decomposed into two
equations. The first one;

0= 1 1 Co+C 1 1c 3
= +P 0+1’70+§’72 —Elnﬁfz’?a )

(26)

has been already mentioned in Section 1 as Eq. (13). As
said, it relates the anemometer factor, K, to the Fourier
coefficients ratio ¢;/co, which, as mentioned, only depends
on cup aerodynamics [14]. This expression gives then the
average rotation speed of the anemometer rotor, g, as a
function of the wind speed, the cups center rotation radius,
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Fig. 9. First and third averaged harmonic terms of the rotation, & and @s, and correspondent normalized standard deviations, ¢ /@; and o3/@s, as a
function of the ratio of cup radius to the cup center rotation radius, r, = R¢/Ry.. The results correspond to calibrations performed on a Climatronics 100075
anemometer equipped with R, =20 (rhombi), 25 (circles), 30 (squares), 35 (triangles), and 40 (crosses) mm cup rotors. Gray circles correspond to results
from calibrations performed to three new Class-1 anemometers (Thies Clima 4.3351; Vector Instruments A100 L2; Vaisala WAA 151), and the Climatronics

100075 anemometer equipped with its original rotor.

Ry, and the aerodynamic characteristics of the cup. The lin-
ear fitting:

K =-04147 + 1.5504%, (27)
is proved to be a good approximation to Eq. (26) within the
range from c¢i/co=2.25 (K=3) to cy1/co, =6.74 (K=10),
where the factors regarding most commercial anemome-
ters lie [14].

On the other hand, the second equation:

P () —ien) 5
L PSRV k)" k™) 4
can be derived to an expression formed by dimensionless
terms:

; (28)

%Z = o = () |(6 + 1yms - 26m, ) ewr?o, (29)
where
o PR 30)

is an inertial parameter that represents the ratio between
the inertia of a mass of air proportional to anemometer
rotor dimensions, and the rotor’s inertia. Taking into
account the relationship between the anemometer factor,
K, and the coefficients ratio, ¢;/co, stated in Eqs. (26) and
(27), it can be assumed that the third term of the equation
above depends also on the coefficients ratio c,/cy, a reason-
able fitting being:

c ~1.599
(K2 + 1)1, — 2Kn, = 0.5308 (c—l - 1) - 0.5, (31
0
for the bracket between K=1.8 and K=10. The above
expression is interesting as it reveals the existence of a the-
oretical minimum value of the third harmonic term, i.e.
wsfwe~ 0, at a certain value of the coefficients ratio
around ¢q/co = 2.05. It should be underlined that the men-
tioned coefficients ratio only depends on the cup aerody-
namics (see Fig. 1 and expression (9)). Finally, a direct
relationship between the non-dimensional third harmonic
term, ws/wo, and the force coefficient ¢; is observed, this
result being expected as this coefficient is related to the
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aerodynamic normal force oscillation on each cup in one
rotation.

In Table 4 coefficients ¢y and ¢; from the Fourier series
correspondent to the normal-to-the-cup force coefficient,
cnv (Eq. (9)), are included for the conical (represented by
the c-25/60 rotor), porous and elliptical cups. These coeffi-
cients were all experimentally measured with the only
exception of the h-09/60 rotor cups [14]. In this particular
case the coefficients were interpolated from the other test-
ing results. The anemometer factor, K, measured (expres-
sion (8)) and calculated (expression (27)) is also included,
together with the measured (Table 3) and calculated (Eq.
(29)) third harmonic term, 3. As already stated, the calcu-
lated anemometer factor fits reasonably well with

experimental results [13,14], although it underestimates
the average rotation speed, wgp, up to a 22% in the worst
result of the studied cases. On the other hand, significant
differences are observed between the calculated and the
measured third harmonic terms. These differences can be
explained as the measured third harmonic term values
are around 2% of the average rotation speed (a maximum
of 7.56% was measured in the extreme case represented
by the h-24/60 rotor), which is quite small compared to
the deviations found regarding the average rotation speed,
wp. It seems reasonable to assume larger deviations in the
calculated secondary term (i.e., the third harmonic term,
ws), if the deviation from the primary one (the average
rotation speed, wg) is greater than the measured value of



Table 4

Aeradynamic cup coefficients ¢y and ¢, [rom the Fourier series correspon-
dent to the normal-to-the-cup lorce coelficient, ¢y (Eq. (9)), calculated from
the conical (represented by the c-25/60 rotor), porous and elliptical cups
wind tunnel measurements [ 14]. The coefficients ¢, and ¢, corresponding to
the h-09/60 cups were interpolated as no testing results were available. The
anemometer factor, K, and third harmonic term, @, calculated upon the
aforementioned coefficients and based on the measurements (Table 3) are
also included in the table.

Rotor Cup coefficients Calculated Measured
cups & ¥ aje K @ K
(*) (%)

c-25/60 0348 1152 3312 472 0038 395 1.07
h-09/60 0331 1.147 3464 496 0047 433 149
h-19/60 0235 1.029 4372 636 0053 523 289
h-24/60 0123 0.767 6.240 926 0039 936 756
a-27/60 0386 1.225 3.174 451 0039 415 139
a-30/60 0367 1.227 3.341 477 0040 422 165
a-35/60 0.336 1.288 3.832 553 0044 431 219

the secondary term. In order to analyze this deviation from
the testing results, the third harmonic term of the porous
and elliptical cup rotors was related to the rotor formed
by conical cups (i.e, ¢-25/60 rotor), the results being
included in Fig. 12. As said in the previous section, the
c-25/60 rotor represents the “zero” case in terms of eccen-
tricity and hole diameter for the elliptical and porous cup
rotors. The analytical method underestimates the effect
of the changes on the cups on the compared third har-
monic term, although the tendencies seem to be somehow
reflected in the graph with the exception of the h-24/60
rotor. Taking into account the reduction in terms of aero-
dynamic forces on the cups due to its high porosity (see
Table 4), the deviation of the h-24/60 rotor could be attrib-
uted, in principle, to a higher level of aerodynamic interac-
tion between the rotor cups and the stream formed by the
anemometer “neck” and the cups arms (which also have in
this case a larger relative contribution to the aerodynamic
moment). Moreover, the measured third harmonic terms,
3, from the conical cup rotors tested are plotted as a func-
tion of inertial parameter & multiplied by the squared ratio
of cup radius to the cup center rotation radius, r,%, in
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Fig. 12. Third harmonic term of the porous and elliptical cup rotors
related to the third harmonic related to the conical cup rotor (c-25/60
rotor), s/, ys,60. Tespectively plotted as a function of the non-
dimensional hole iliameler, h{2R,, and the eccentricity, e, of the cups.
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Fig. 13. Measured third harmonic term, ¢, of the conical cup rotors as a
function of the inertia parameter, @, multiplied by the squared ratio of
the cup diameter to the cup center rotation radius, r,. The symbols stand
for the following cup radius: R.=20mm (rhombi), 25 mm (circles),
30 mm (squares), 35 mm (triangles), and 40 mm (crosses).

Fig. 13, It can be observed that the results indicate a linear
tendency just like the present model does with expression
(29), Further improvements should be made to this analyt-
ical model in order to have a closer approximation to test-
ing results with regard the third harmonic term. In this
sense, recent results indicate that the aerodynamic force
on the rotor cups is not uniform due to the rotational
movement, The implementation of this effect could proba-
bly increase the accuracy of the 3-cup analytical model as
it has been done with the 2-cup analytical model [16].

3.3. Modeling the cup anemometer behavior under the effect
of a periodical perturbation

As previously mentioned in Section 2, different
non-symimetrical rotors were manufactured to study the
effect of a periodical perturbation on the anemometer per-
formance. The perturbation on the rotor dynamics is then
introduced by maodifying the aerodynamic behavior of
one cup. This case can occur if one of the cups is damaged
as a result of the normal degradation causes of the
anemometer (i.e., frost and snow accumulation [33]).

If the 3-cup analytical model is considered to analyze
the aerodynamics of a rotor formed by two cups of
normal-to-the-cup aerodynamic force coefficient cp{o),
and a third cup of affected coefficient cy*(e), the equation
of the movement can be rewritten as:

f‘jft’—f*{e) 0+ 120°) 4 (8 + 240°)

=f(0) +f(0+120°) + f(0 + 240°) + f'(0) (32)

where f(6), f(6+120°) and f(6+ 240°) are defined by
expression (20) and:

£(6) - ; PSR (V2 4 (@R)? — 20R, Y
x cos(8))Acy(6). (33)

with, taking into account Eqs. (9) and (10):



Acy(0) = cn*(0) — cn(8)
= ((Co* —Co)+(a" = Cl)(’?o +%’72>>
e =)+ g1 ) costo)
+%(cl* — C1)1, COS(28) + % (c1" — c1)n5 cos(38)
= (Aco + Ay (170 + %172>) + Acqy (171 + %m) cos(8)
+ %ACMZ cos(20) + %Aclm cos(30). (34)
Then, using the same mathematical procedure

described in Section 3.1 the following expression can be
derived:
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(36)

Taking into account the above expressions, the steady
state equation is now defined by the following equation:

0=((1 L C+¢ L 1c 3
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where, obviously:

37)

1 1
Co = Co +§Aco; ch =0 +§Acl. (38)

As said in the previous sections, expression (37) gives a
value of the anemometer factor as a function of the ratio
¢y/cp, which can be approximated by the following
expression;:

c_Co +1Aco N@( Acy Aco> (39)

¢ i +iAg o 3¢ 3¢

Concerning the first to the fourth harmonic terms, they
can be derived from expressions (35) and (36):

- (o)

ACO 3 9
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602_ = E 2 l _ 2
aofwz—(él)’((K +1)5m, K(n1+173)>A61 o,
(41)
Wy _ (T 2 1 _
22— = ()| (4 03 - Kn, )y
1 1
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w _ T
53 — (g = (ﬁ) K1 Acy |2 @, (43)

In Table 5 the results calculated with this model are
included together with the testing results. In Fig. 14, the
measured and calculated anemometer factor, K, and the
first, second and third, @, @,, and @3, are plotted as a
function of percentage variation of the ¢y aerodynamic
coefficient regarding the perturbed cup of the
non-symmetrical rotor, Acy/co. This parameter seems to
be a good choice to represent the change of
normal-to-the-cup aerodynamic force on the cup, bearing
in mind that a completely flat cup which is unable to create
aerodynamic moment on the rotor is characterized by
¢o = 0 due to its symmetry. The averaged rotational speed,
o, characterized by the anemometer factor, K, is, as
expected, affected by the change of the aerodynamic force
on one of the cups, the factor being lower (i.e., higher rota-
tional speeds) for higher values of the aforementioned
aerodynamic force. Also, the results indicate a good corre-
lation between the studied analytical model and the test-
ing results. With regard to the first harmonic term, @,
the testing results clearly show higher values for the
non-symmetrical rotors, with again good correlation with
the data resulting from the analytical model.

The second and the third harmonic terms, @,, and @s3,
experimentally measured show a different pattern in com-
parison with the first one, their values being inversely pro-
portional with the increment of aerodynamic force on the
affected cup. With respect to the third harmonic term it
should be underlined that, although it decreases with the
increase of the aerodynamic force on one cup of the rotor,
it cannot be taken as an increase of the rotation speed uni-
formity due to the higher values of the first harmonic term,
;. In this case the correlation of the results from the ana-
lytical method with the testing results is worse than the



Table 5

Anemometer factor, K, and the first four harmonic terms, @, @,, @s and &, analytically calculated and measured with the Climatronics 100075 anemometer
equipped with non-symmetrical rotors. The description of the rotors (i.e., the cups forming them) and their moment of inertia, I, are included in the table. See

also Fig. 4 and Table 3.

Rotor cups I (kgm?) Calculated Measured
K @1 (%) @y (%) @3 (%) @4 (%) K @1 (%) @y (%) @3 (%) @4 (%)
(2) h-19/60 5.68 x 107> 5.688 1.09 0.07 0.044 7.8 x 107 4.640 356 0.10 2.04 0.16
(1) ¢-25/60
(2) h-19/60 537 x 107 5.814 1.24 0.07 0.047 6.8x 107 4.855 312 015 239 0.17
(1) h-09/60
(3) h-19/60 536 x 107 6.364 0 0 0.047 0 5.230 0.84 0.22 299 0.07
(2) h-19/60 535 x 107> 6.990 4.85 0.2 0.045 6.8x 107 6.043 5.53 1.08 393 0.34
(1) h-24/60
8 8%
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Fig. 14. Results with regard to the performance analysis (experimental and calculated with the proposed analytical model) of the Climatronics 100075 cup
anemonmnieter equipped with non-symmetrical rotors (see Fig. 4). Variation of the anemometer factor, K, and the first, second and third, @;, @,, and @3, as a
function of the percentage variation of the aerodynamic forces on the perturbed cup of the non-symmetrical rotor, Aco/co (See expressions (9) and (34)).

one described for the anemometer factor and the first har-
monic term. More precisely, it seems that in the case of the
second harmonic term, ,, there is some level of correla-
tion measured in the case of a decrease in the aerodynamic
force on the affected cup, whereas no correlation between
the calculations and the testing results is observed in the
case of the third harmonic term, @s.

4. Conclusions

In the present work, the harmonic terms of cup
anemometer rotation speed, «, and their effects on

anemometer performance (on steady wind) are experi-
mentally and analytically studied, with quite good agree-
ment among results from both methodologies. The effect
of mechanical perturbations on the anemometer perfor-
mance has been also analyzed with non-symmetrical
rotors. The most relevant conclusions resulting from this
work are;

e Anemometers working in normal conditions (i.e., not
affected my any mechanical perturbation) show a high
correlation level between their aerodynamic efficiency
(i.e., the capability of transforming the incoming wind



speed into rotational speed) and the rotation uniformity
characterized by the third harmonic term, ¢ws.
Therefore, a more uniform rotation of the anemometer
rotor results in higher averaged rotation speed, yq.
Also, the aforementioned third harmonic term, s,
seems to be more uniform within the calibration speed
range (from 4 ms~! to 16 m s~') for certain rotor sizes,
with values of the ratio of cup radius to the cup center
rotation radius, 1 = R/R,, from r,=0.4 to r,=0.5.

The 3-cup analytical model, even being accurate enough
to analyze the effect of the rotor shape on the
anemometer factor K (i.e., the averaged rotation speed,
wp), needs to be further improved to accurately repro-
duce the third harmonic term of the rotation speed,
3. Nevertheless, the model was able to correctly indi-
cate some aspects related to this harmonic term such us
the linear relationship with the rotor inertia parameter
@ = pR:. /1. One of the most promising improvements to
this 3-cup analytical model could be to consider the
pressure distribution on the cups not constant, as some
recent results indicate higher aerodynamic pressure
coefficient at the area of the cups closer to the rotation
axis |16/

Experimental results clearly indicate higher values of
the first harmonic term, ¢,, in calibrations carried out
on an old anemometer (affected by a certain degree of
wear and tear) equipped with different rotors, than
the ones related to calibrations performed on new
anemometers,

Anemometers affected by an aerodynamic perturbation
on one single cup of the rotor showed, as expected,
higher values of the first harmonic term, . Also, the
testing results indicated a good correlation among the
perturbation and its effect on anemometer aerody-
namic performance, that is, an increase of the aerody-
namic normal-to-the-cup force coefficient in one of
the rotor cups was translated into higher values of rotor
aerodynamic efficiency (as said, lower value of
anemometer factor, K), whereas a decrease of the afore-
mentioned coefficient resulted in the opposite effect.
The calculations done using the 3-cup analytical model
accurately reproduced the effect of the aforementioned
aerodynamic perturbation on one single cup of the rotor.
Although more testing campaigns focusing specifically
on the correlation between the first harmonic term,
é»q, and the anemometer degradation due to wear and
tear should be carried out, this promising result sug-
gests a new parameter as a key variable in the condition
monitoring/diagnosis of cup anemometers.

-

.
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