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Abstract: In the present paper, the effect of air density variations on cup anemometer performance
is analyzed. The effect on the sensor’s performance is mainly due to the difference between the
altitude at which the cup anemometer is working and the altitude at which this instrument was
calibrated. Data from the available literature are thoroughly analyzed, focusing on explaining the
coupled effect of the air temperature on both the rotor’s friction torque and the air density (that is,
related to the aerodynamic torque on the rotor). As a result, the effect of air density variation at
constant temperature (that is, leaving aside any variation of friction forces at the anemometer rotor
shaft) on the sensor transfer function (i.e., on the calibration constants) is evaluated. The analysis
carried out revealed a trend change in the variation with air density of the transfer function of the
cup anemometer. For densities greater than 0.65, the calibration constants of the instrument have a
variation with density that must necessarily change suddenly as the start-up speed, represented by
the calibration constant B, becomes zero around this value of air density. To highlight the relevance
of the present research, some estimations of the effect of wind speed measurement errors associated
with air density changes on the Annual Energy Production (AEP) of wind turbines are included. A
1.5% decrease in the AEP forecast at air density corresponding to 2917 m above sea level is estimated
for 3000-4500 kW wind turbines.

Keywords: anemometer calibration; cup anemometer; cup aerodynamics; air density; air temperature

1. Introduction

The cup anemometer (see Figure 1) is the most widely used wind measurement
instrument used today in the meteorological and wind energy sectors. It was invented by
Robinson in the mid-19th century [1-3], although its design seems to have been suggested
earlier [4]. This is an instrument that combines advantages in price, robustness, and
economy in maintenance and calibration processes, which make it very competitive with
other more modern and, in principle, more accurate measurement systems such as the
LIDAR, SODAR, or the sonic anemometer. One of the main advantages is the experience
accumulated in its use, and the research carried out on its characteristics. Leaving aside
the quite large amount of research carried out on this instrument in the past [5], it can be
said that research focused on cup anemometers has decreased today. However, some very
interesting works have been recently published on this instrument, most of them related to
its accuracy [6-10].

The fundamental equation that defines the motion of the rotor of a cup anemometer is

the following:

dw
=0 M

where w is the angular velocity of rotation of the anemometer’s rotor, and I is the moment
of inertia of the rotor. On the other hand, Q4 is the torque produced by aerodynamic forces,
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and Qs the torque produced by the friction on the shaft that holds the cup anemometer
rotor [11]. The aerodynamic torque, Q4, depends on the following:

e  The dynamic pressure, 0.50V2, which depends on both the air density, p, and the air
velocity with respect to the cup anemometer, V;

e  Theratio R./Ry., between the radius of the cups, R., and the radius of rotation of the
center of the cup, Ry;

e  The cup’s normal force coefficient, cy, [12].

Figure 1. Cup anemometer installed over a wind vane. The cups and the rotor of this instrument
are indicated in the figure. Photo courtesy of the Agencia Estatal de Meteorologin (AEMET), Spain.
http:/ /hdl.handle.net/20.500.11765 /11425, accessed on 22 December 2023.

There are different models to relate the aerodynamic moment, Q4, to the variables
mentioned above [13-15]; however, these models have some limitations, such as that
the cups’ normal force coefficients, cy, are provided based on measurements performed
on static cups [16] (that is, they are not rotating), and precisely because the cups of an
anemometer are rotating means that the point of application of the aerodynamic force on
them is not the same as in a static situation. However, for the study of the problem at hand,
it is reasonable to assume a linear relationship between the air density, p, and Q4.

On the other hand, the friction torque, Qf, depends on the temperature, T, and the
rotational speed of the anemometer rotor, w, by means of the following expression:

Qf = By + Bjw + Byw?, 2)

where By, B1, and B; are coefficients that depend on the temperature, T [17].

The effect of temperature on cup anemometers has been studied with interest by
several researchers. However, emphasis has almost always been placed on the effect of
friction [11,18,19] and on the accumulation of ice on the cups when this instrument operates
in extremely cold conditions [20-26].

The effect of air density variation on cup anemometer performance has received less
attention from the scientific community, probably because this is a second-order effect when
this instrument is used at altitudes not far from the one where it was calibrated. Changes
in air density taken into account independently from air temperature seem to be possible
only in extreme weather conditions or specific geographic locations.
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This change in air density is an effect that alters the accuracy of an anemometer’s
calibration curve (which relates the frequency of its output signal, f, or the frequency of
rotor rotation, f;, to the incident air velocity over the instrument, V):

V = Af +B. 3)

In the above equation, which is the transfer function of the anemometer, the coefficients
A and B are called the calibration coefficients of the instrument.

Based on the authors’ search of the available literature, three scientific papers dealing
with this problem can be highlighted. The first is the article by Schubauer and Mason
in 1937 [27], the second is the technical report by Deutsche WindGuard GmbH (Varel,
Germany) in 2018 [28], and the third is the publication of these latest results in 2023 [29].

This paper analyzes the effect of changes in air density on the performance of a cup
anemometer (i.e., on the measured wind speed). This change in air density is produced
by the location of the instrument, often in places with a high altitude in relation to the
place where it has been calibrated and where the air density is significantly lower (e.g., air
density values around p = 0.35 kg:m 2 have been observed in the Tibetan Plateau [30]).
In addition, the possibility of using the cup anemometer in rare environments should not
be overlooked. Examples include the cup anemometer designed to be carried on a probe
designed at NASA'’s Jet Propulsion Laboratory and intended to land on Mars [31], and the
cup anemometer carried on the Venera 9 mission (1975) launched in 1975 for the planet
Venus [32]. Furthermore, it should also be mentioned that quite recently, a cup anemometer
was included in a stratospheric balloon mission (TASEC-Lab) as a wind speed sensor [33].

The work conducted in the above-mentioned publications is reviewed in Section 2
of this paper, where the data extracted from two of them [28,29] are analyzed. With this
information, the impact of density variations on three different wind turbines” Annual
Energy Production (AEP) due to wind speed measurement errors is analyzed in Section 3.
Finally, the conclusions of this work are included in Section 4.

2. Effect of Air Density Variations on Cup Anemometers Performance—Research
Carried Out in 1937 and 2018

The research by Schubauer and Mason [27] is particularly interesting and, unfortu-
nately, appears to have been ignored by the scientific community since it does not appear
in the Web of Science database and has only 10 citations in Google Scholar at the time of
writing the present paper. These two authors studied the performance of a flow meter
for fluids of different densities, air, and water whose morphology resembles that of a cup
anemometer (see Figure 2).

In the work of these authors, it is shown that there is a fundamental parameter in the
dynamics of the instrument, which is the relationship between friction and pressure forces.
However, the effect of lowering the fluid density is greater than the effect of increasing
it. Therefore, at low air densities, the cup anemometer should change its performance
in relation to the one expected due to a different ratio between the aerodynamic and the
friction forces (that is, the general assumption of neglecting the friction term in Equation (1)
is no longer valid). Schubauer and Mason proposed the root of the dynamic pressure as the
fundamental variable to represent the performances of the studied instrument:

V/p = Voy/0o- (4)

Thus, Figure 2 represents graphically the number of revolutions per unit of distance
traveled by the wind. The points represented in the graph of this figure represent the one-
to-one relationship between the rotation frequency, f+, and the wind speed, V, represented
by the calibration curve of the instrument, i.e., Equation (3).

If we take the average results measured in the wind tunnel of a high precision cup
anemometer such as the Thies Clima 4.3350: A = 0.0483 m y B = 0.248 m-s~ !, and taking
into account the annual average air density at the LAC-IDR/UPM laboratory where these
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calibrations were performed, p = 1.096 kg-m 3, and the number of pulses per revolution
of that anemometer, N, = 37, it is possible to represent the calibration curve in the same
terms as those used in the graph in Figure 2. Figure 3 shows a comparison between the
calibration curve represented by the constants indicated above and the results of the air
flow meter tests obtained by Schubauer and Mason. The comparison has been made
with the data of revolutions per foot dimensioned with the number of turns per foot for
Vp¥5 = 12 (expressed in United States customary units). This graph shows the great

similarity between the two curves.
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Relation between revolutions per foot and Uwf;.
U=velocity of water or air in feet per second.

p=Density of water or air in pounds per cubic foot.
Figure 2. (Top) Current meter tested with water and air flow by Schubauer and Mason [27]. (Bottom)
Some of the results of the testing campaign. Revolutions per foot, f;/V, in relation to the flow speed,
V, multiplied by the square ratio of the flow density, p. Reprinted with permission from the National
Institute of Standards and Technology, U.S. Department of Commerce. Not copyrightable in the

United States.
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Figure 3. Non-dimensional rotation rate per length unit, f,/V*, of the Thies Clima 4.3350 cup
anemometer and the flow meter tested by Schubauer and Mason [27], in relation to the product of
wind speed and the square ratio of the air density, V.

Once it has been established that the calibration curve is essentially composed of the
points graphed by Schubauer and Mason (Figure 2) [27], it is possible to transfer the points
of the graph of this figure to some graphs of what is today a cup anemometer calibration
curve. Figure 4 shows these calibration curves (fluid velocity in m-s~! represented in
relation to the frequency of rotation of the instrument, f,, measured in both air and water).
In both graphs, the equations of the linear regression fitted to the data have been included.

It is quite striking that the slopes of both curves are so similar. This means that the
rotational speed of this instrument’s rotor at high speeds will be practically the same
regardless of whether the fluid is air or water, whose density is much higher. However, it
can be seen in the graph that, at low fluid velocities, the response of the instrument changes,
becoming much lower in the case of the lower-density fluid; see Figure 5 for the percentage
difference between the rotational frequencies in air, f; ;, and water, f; ,, at the same fluid
speed, V, in relation to the rotational frequency in air, f; 5. This is mentioned in the work
of Schubauer and Mason. Furthermore, these authors warn that this effect will be more
relevant the lower the density of the fluids being compared.

As described in the first section of this article, thanks to the work of Deutsche Wind-
Guard GmbH in 2018 [28], and later published in 2023 [29], information is available on the
performance of a cup anemometer operating with air of different densities at a constant
temperature.

Table 1 shows the plot data relating the performances of a cup anemometer as a
function of air density [28,29]. The performances are analyzed with the variable k, defined
as the rotational frequency divided by the fluid velocity divided by the same ratio measured
for an air temperature T* = 20 °C and an atmospheric pressure P* = 1000 hPa:

f/V|T;P

k= ———.
f/V|T*;P*

)
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Figure 4. Data points from the graph included in Figure 2 (Top: Air tests; Bottom: Water rating after

air tests), expressed in terms of fluid velocity, V, in relation to the instrument’s rotation frequency, f;.
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Figure 5. Percentage difference between the rotational frequencies in air, f; ;, and water, f; ,, at the

same fluid speed, V, in relation to the rotational frequency in air, f; 4.
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Table 1. Variable k (Equation (5)) as a function of the wind speed, V, and the air density, p. Data from
wind tunnel testing extracted graphically from the Deutsche WindGuard GmbH report 2018 [28].

V [m-s—1]
p [kgm~3]
15.5 14 12 10 8 6 4
0.855 0.98058 0.98643 0.98923 0.9909 0.99207 0.99286 0.99336
0916 0.98641 0.99009 0.99188 0.99305 0.99372 0.99422 0.99452
0.976 0.98903 0.99224 0.99379 0.99479 0.9955 0.99596 0.99617
1.038 0.99198 0.99436 0.99536 0.99607 0.99661 0.99674 0.99691
1.100 0.99689 0.99748 0.99777 0.9981 0.99814 0.99831 0.99823
1.161 0.99938 0.99942 0.99959 0.99955 0.99946 0.99951 0.99938
1.227 1.00033 1.00017 1.00012 1.00021 1.00025 1.00021 1.00021
1.294 1.00354 1.00228 1.00182 1.00161 1.00115 1.00116 1.00107
1.352 1.00323 1.00252 1.00206 1.00168 1.00147 1.00139 1.00122

These data were graphically extracted from the corresponding figure in the Deutsche
WindGuard GmbH report [28]; see also Figure 6.
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Figure 6. Variable k (Equation (5)) as a function of the air density, p, for different wind speeds.
Data from wind tunnel testing extracted graphically from the Deutsche WindGuard GmbH report
2018 [28].

If the data in Table 1 are assumed to correspond to a Thies Clima 4.3350 cup anemome-
ter (this detail is not clear from references [28,29], and could not be corroborated by the staff
of Deutsche WindGuard GmbH. However, the reasoning stated hereafter can be applied
to other First Class cup anemometer models such as any one of the Vector Instruments
A100 series); the above-mentioned average calibration data of this instrument can be taken
and, bearing in mind that these data were obtained with an air density p ~ 1.1 kg-m 3
(corresponding to average meteorological conditions in the city of Madrid (Spain)), it is pos-
sible to estimate the output frequencies of the instrument corresponding to the mentioned
Table 1, see Table 2.
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Table 2. Output frequencies corresponding to the data from Table 1, supposing that the cup anemome-
ter used in this testing was a Thies Clima 4.3350 cup anemometer.

V[m-s—1]
p [kg-m—3]
15.5 14 12 10 8 6 4
0.855 310.61 281.57 241.23 200.45 159.52 118.44 77.30
0.916 312.46 282.61 241.88 200.88 159.79 118.60 77.39
0.976 313.29 283.23 242.34 201.23 160.07 118.81 77.52
1.038 314.22 283.83 242.73 201.49 160.25 118.90 77.58
1.100 315.78 284.72 243.31 201.90 160.50 119.09 77.68
1.161 316.57 285.28 243.76 202.20 160.71 119.23 77.77
1.227 316.76 285.44 243.86 202.29 160.79 119.29 77.82
1.294 317.88 286.09 244.30 202.61 160.98 119.43 77.90
1.352 317.78 286.16 244.36 202.63 161.03 119.46 77.91

From here, it is possible to estimate the variation of the calibration constants A and

B with the variation of the density. These variations have been plotted in the graph in
Figure 7 for the density values studied. It can be observed in this graph that the values of
both constants have been fitted to a fourth-order polynomial curve. Based on these fits, the
value of both constants can be extrapolated to study the variation of the velocity measured

by the cup anemometer as a function of the measured output frequency.
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Figure 7. Calibration constants A and B (Equation (3)) calculated with the data from Table 2.

Figure 8 shows, as a function of the anemometer output frequency, f, the relationship
between the wind speed that should be measured with respect to that measured with
the calibration performed with a density p = 1.1 kgm =3, V/ V=11, for three lower air
densities (0 = 0.95 kg'm =3, p = 0.8 kg'm 3 y p = 0.7 kg-m~3). It can be observed that for
high frequencies the behavior is different than for low frequencies. For high frequencies, a
decrease in density causes a decrease in the measured velocity, while for low frequencies,
this tendency is reversed. We have chosen not to extrapolate the results using the settings
shown in Figure 8 since for densities less than p = 0.7 kg-m~3, a greater decrease would
imply zero or even negative values of the calibration constant B (Equation (3)). The constant
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B can never have a value B = 0 since there are always going to be wind speeds for which
the anemometer starts or stops (these being different). This suggests a change in the trend
shown by the constant B in Figure 7 for density values lower than p = 0.7 kg-m~3. Given
the coupled behavior of both constants A and B (upon a change, e.g., in temperature or
instrument wear, an increase in one of them usually corresponds to a decrease in the
other), another change in trend can also be assumed for the other calibration constant, A.
Therefore, it can be concluded that there is a large uncertainty in terms of the calibration of
an anemometer for air velocity measurements at very low-density conditions.

Low frequencies High frequencies
1.2 1.06
I ,-1 I ,-1

1.04

1.02
0.9

1.00 = \

0.98

0.6

0.96

04 0.94
0 20 40 60 80 100 100 140 180 220 260 300 340

J1Hz] JHz]

Figure 8. Wind speed measured with respect to that measured with the calibration performed with a
density p = 1.1 kg-m~3, V/V,_1 1, in relation to the cup anemometer’s output frequency, f, for three
lower air densities (o = 0.95 kg-m~—3, p = 0.8 kg-m 3 and p = 0.7 kg-m~3).

Since the aerodynamic torque, Q4, depends linearly on the dynamic pressure, it is
reasonable to assume that the relationship between this variable and the torque produced
by the friction forces, Qf, will be a determining parameter in the performances of the
anemometer at least when faced with small variations in this relationship [11]. If the
temperature of the cup anemometer bearings is constant, it can be assumed that the
friction torque is constant, although as expressed in Equation (2), this frictional torque also
depends (to a lesser extent [11]) on the rotational speed. Thus, in the absence of targeted
experimental studies, a preliminary hypothesis suggests that, for very low air densities, the
dynamic pressure (or the velocity times the root of the air density) should be considered a
critical parameter. Variations in this parameter lead to variations in the cup anemometer’s
performance.

This assumption (Equation (4)) has previously been made in studies concerning the
use of this type of instrument in high-altitude conditions, such as stratospheric balloon
missions [34]. However, it must be admitted that the results obtained in that research,
although reasonable, should be re-evaluated with a new, more accurate model based on
experimental results of the influence of air density variation on the performances of the
cup anemometer.

3. Estimation of Wind Turbine Annual Energy Production (AEP) Variations Caused by
Errors in the Measured Wind Speed Due to Changes in the Air Density

In the previous section of this paper, the effect of air density variations on the perfor-
mance of the cup anemometer was analyzed. It has been highlighted that use in conditions
of air density different from those of the calibration of the instrument has an effect on the
accuracy of its measurements, this effect being higher in conditions of less air density, that
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is, an anemometer calibrated at sea level but operating at 3000 m altitude introduces an
error in the measurements that can be relevant.

The relevance of this error may not be striking at first glance. However, if one considers
the effects at the level of wasted energy due to the lack of accuracy in imposing the best
propeller pitch on a wind turbine, the error may be of sufficient importance to influence
the decision to invest in a wind farm project or cause concerns regarding cost recovery.

Finally, the data in Figure 7, i.e., the calibration constants of the anemometer chosen
for the calculations of this work (Thies Clima 4.3350) as a function of air density and the
corresponding altitude above sea level, i, calculated assuming standard atmosphere [35]:

1
h = 44248 ll - (12%) “5], 6)

have been included in Table 3.

Table 3. Variation of the calibration constants of a Thies Clima 4.3350 anemometer (estimated mean
values) with altitude above sea level, h. These coefficients are based on the data included in Table 2.

h [m] A [m] B[m-s—1]
0 0.0481 0.2579
550 0.0482 0.2574
1100 0.0483 0.2480
1686 0.0486 0.2238
2295 0.0487 0.2083
2917 0.0489 0.2017
3586 0.0492 0.1696
4999 0.0499 0.0986

With the coefficients included in Table 3, the variation of the Annual Energy Production
(AEP) due to an error in the measured wind speed can be estimated (see Appendix A) for
different wind turbines (i.e., different power curves associated with wind turbines) and
different annual average speeds at hub height, V, 5,5 [19,36]. It should be noted that in the
present AEP estimations, only changes in the measured wind speed are considered, leaving
aside the effect of the aerodynamics of the turbines’ blades.

For these calculations, the following wind turbines have been selected:

W2E Wind to Energy W2E-215/9.0 (Rostock, Germany). Rated Power 9000 kW.
Enercon E112/4500 (Aurich, Germany). Rated Power 4500 kW.
Vestas V112/3000 (Aarhus, Denmark). Rated Power 3000 kW.

Figure 9 shows the power curves of these wind turbines. The results in terms of the
deviation of the Annual Energy Production (AEP) with respect to the ones obtained at
sea level (h = 0 m) are shown in Figures 10 and 11. As can be observed in the graphs
from Figure 10, the deviation with respect to the AEP at sea level (h = 0 m) increases
with the altitude at which the generators are installed. Moreover, the maximum deviation
from the AEP occurs for speeds around 6 m/s, and this deviation affects less the higher
power wind turbines (9000 kW) than lower power turbines (4500 kW and 3000 kW). The
largest deviations obtained are around 3.5% for 4500 kW and 3000 kW wind turbines at
speeds of 6 m-s~ L. It is also fair to mention that air density changes also affect the power
curves of the wind turbines. Therefore, the altitude at which a wind farm is planned to
be installed can have a quite relevant effect on energy production as the power depends
linearly on the air density [37,38]. The scope of the present work is limited to the effect of
air density changes on wind speed measurements and its impact on the wind turbines AEP,
but without considering the mentioned effect on the power curves.
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Figure 9. Power curves of W2E Wind to Energy W2E-215/9.0, Enercon E112/4500, and Vestas

V112/3000 wind turbines.
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Figure 10. Percentage variation of the Annual Energy Production, AAEP, of wind turbines W2E Wind
to Energy W2E-215/9.0 (Top-Left), Enercon E112/4500 (Top-Right) and Vestas V112/3000 (Bottom),
due to the error of the measured wind speed caused by the air density change (related to the air
density during the instrument calibration process), in relation to the height over the sea level, h, for

annual average wind speeds at hub height V,,,;,,, =4, 6, 8 and 10 m-s~ 1.
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Figure 11. Percentage variation of the Annual Energy Production, AAEP, of wind turbines W2E Wind
to Energy W2E-215/9.0 (Top-Left), Enercon E112/4500 (Top-Right) and Vestas V112/3000 (Bottom),
due to the error of the measured wind speed caused by the air density change (related to the air

density during the instrument calibration process), in relation to the annual average wind speed at
hub height, V;,1,,,, for heights over the sea level i, =550, 1100, 2917 and 4999 m.

4. Conclusions

In the present paper, the uncoupled effects of changes in the air density and temper-

ature on cup anemometer performance are analyzed. The most relevant outlines are as
follows:

The effect of air density changes on the cup anemometer measurements (this effect
being uncoupled with the cup anemometer’s temperature, which affects the friction
torque on the rotor’s shaft) has been studied by analyzing data available from open
sources. The results indicate a change in the performance of the cup anemometer at air
densities of around 0.65 kg-m 3. This change can be attributed to the ratio between
aerodynamic and friction forces, as when the last ones are of the same order as the first
ones; the classic aerodynamic theory that is applied to this instrument (the average
dynamic torque is zero in one turn of the anemometer’s rotor), is no longer valid.

Additionally, the effect of the wind speed measurement bias on the Annual Energy
Production of three wind generators due to air density variation with respect to the
one from the instrument calibration has been estimated. The maximum impact is
reached at wind speeds around 6 m-s~!, the consequences being a 1.5% AEP decrease
at air densities corresponding to 2917 m above sea level. For higher altitudes, the effect
is much more severe (3.5% decrease at around 5000 m above sea level). Larger wind
generators (9000 kW instead of 3000-4500 kW) are less affected by the discrepancy
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between measured and true wind speed due to the difference in the air density between
where the anemometer is operated and where it was calibrated.

e More research is required to properly model the cup anemometer performance at air
densities below 0.7 kg-m~3. This could help to extend the use of the cup anemometer
to stratospheric balloons, bearing in mind the errors of sonic anemometers in these
conditions due to the problems related to the sonic transmittance in low-density air.
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Appendix A

The estimation of the AEP variations caused by deviations of the wind speed data
provided by the cup anemometer has been obtained following the EN IEC 61400-12-1:2022
standard [19], which provides the procedure for estimating the AEP of wind turbines. The
procedure states that the AEP is obtained with the following equation:

N . )
AEP = N Y [F(V) — F(vo) (P2, (1)
i=1

where Nj, is the number of hours in a year, N is the number of analyzed wind speeds,
Vi is the normalized and averaged wind speed of the wind turbine power curve, F(V;)
is the Rayleigh cumulative probability distribution function for wind speed V;, and P; is
the normalized and averaged power output for the wind turbine at wind speed V;. The
Rayleigh cumulative probability distribution is defined as follows:

F(V)zl—exp<_z<vi/w)2>/ (A2)

where V is the evaluated wind speed, and V. is the annual measured average wind speed.

Taking the above into account, the deviations caused by differences in air density are
introduced as deviations in the annual measured average wind speed, which changes the
Rayleigh probability distribution, thus modifying the estimated AEP for the given power
curves. The influence of air density in the wind turbine power curves is not analyzed
in this work. However, air density may also affect the wind turbine power curves and,
consequently, the AEP estimations. The AEP estimations included in the present research
were carried out with a simple spreadsheet.
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