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Abstract. In this paper, a method to determine the angle of attack on a wind turbine rotor blade using a chord-
wise pressure distribution measurement was applied. The approach used a reduced number of pressure tap dat
located close to the blade leading edge. The results were compared with the measurements from three externa
probes mounted on the blade at different radial positions and with analytical calculations. Both experimental
approaches used in this study are based on the 2-D ow assumption; the pressure tap method is an application of
the thin airfoil theory, while the probe method applies geometrical and induction corrections to the measurement
data.

The experiments were conducted in the wind tunnel at the Hermann Fottinger Institut of the Technische
Universitat Berlin. The research turbine is a three-bladed upwind horizontal axis wind turbine model with a
rotor diameter of 3m. The measurements were carried out at rated conditions with a tip speed r8bparficl
different yaw and pitch angles were tested in order to compare the approaches over a wide range of conditions.

Results show that the pressure tap method is suitable and provides a similar angle of attack to the external probe
measurements as well as the analytical calculations. This is a signi cant step for the experimental determination
of the local angle of attack, as it eliminates the need for external probes, which affect the ow over the blade and
require additional calibration.

1 Introduction over the blade, develop accurate aeroelastic models, or estd
lish a control tool.

The AoA can be calculated according to its geometrica
The angle of attack (AoA) is, by de nition, a 2-D concept. de nition using the velocity triangle de ned by the wind ve-
Nevertheless, on a wind turbine, the rotating system, i.e.Jocity and the rotational speed. Unfortunately, this estima;
a blade, is under 3-D effects such as tip and root vorticestion relies on well-known free-stream conditions and does
yaw misalignment and velocity inductions, among others thatnot take into account induction effects. Therefore, if a more
render the precise determination of the AoA dif cult (Shen reliable estimation is required, it is necessary to use on-blad
et al.,, 2009). Additionally, the Ao0A is indirectly obtained measurement tools.
through pressure or velocity elds; thus several uncertain- Most of the on-blade measurements use external probe
ties are added in its estimation. In this way, determining theto measure the local pressure. Various methods have be
local AoA on wind turbine blades remains one of the greatestused, while they follow the same principle: apply a correc-
aerodynamic challenges. At the same time, the determinatiotion due to the upwash induced by the presence of the blag
of AoA is necessary in order to calculate lift and drag forcesitself. Including a stagnation pressure hole leaves the threg
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1772 R. Soto-Valle et al.: AoA estimation from surface pressure measurements

hole probe as required minimum. Additional holes (ve, six, The inverse blade element momentum (BEM) method is
seven) allow the cross ow derivation and provide better ac-probably the most common. From the surface pressure sen-
curacy. However, the number of calibration curves increasessors, the normal and tangential forces are calculated, assum-
thus the determination of the in ow becomes more dif cult ing that they are uniform over an annulus containing the
(Schepers and Van Rooij, 2005). blade section. The wake-induced velocities are calculated ac-
Several eld measurements have been conducted usingording to momentum theory, yielding the effective veloc-
probes as one of the estimation methods for the AoA. Brandty vector and subsequently the AcA (Whale et al., 1999).
et al. (1997), Simms et al. (1999), Madsen et al. (1998),This method was implemented by ECN, NREL and DTU
Maeda et al. (2005) and Bak et al. (2011) showed meaprojects, obtaining similar results with their respective esti-
surement results employing ve-hole probes from the En- mations based on probes.
ergy research Centre of Netherlands (ECN), the National The NREL suggested an algorithm to estimate the AocA
Renewable Energy Laboratory (NREL), Technical Univer- from pressure distribution values under axial (Sant et al.,
sity of Denmark (DTU), Mie University (Mie) and DanAero 2006a), unsteady (Sant et al., 2006b) and yawed conditions
projects, respectively (see Table 1). Bruining and van Rooij(Sant et al., 2009). The method assumes an initial AoA distri-
(1997) used three-hole probes in the Delft University of bution. The lift is then calculated for each azimuth and radial
Technology (DUT) project. The upwash correction was madeposition based on the pressure surface data and the AoA. Af-
based on wind tunnel measurement of static blade or airterwards, the bound circulations were determined by means
foils representative of the studied blade section. It is remark-of the Kutta—Joukowski theorem for a lifting line. The result-
able that the case of the ECN exhibited better results withoutng values were prescribed in a free-wake vortex model to
the upwash correction. This is assumed to be the compensabtain a new AoA based on the induced velocities to nally
tion effect of the downwash from the shed vorticity due to iterate until the AoA converged.
the variation in the bound circulation along the blade span Schepers et al. (2012) presented the inverse free-wake
(Schepers et al., 2002). method applied to the MEXICO rotor, which follows the
These methodologies have been applied over wind turbinsame BEM principle but using the normal and tangential
models on tunnel experiments. Gallant and Johnson (2016forces into a free-wake model. Several computational meth-
presented the determination of the AoA using a ve-hole ods can be found in the latest phase of the project, summa-
probe on a three-bladed turbine model at the University ofrized by Schepers et al. (2018), such as azimuth average,
Waterloo (UW) wind tunnel facilities. A combination of ge- three-point and lifting line average methods among others.
ometrical and induction corrections, based on the work of The surface pressure measurements also allow experimen-
Hand et al. (2001), was applied to obtain the AoA for dif- tal estimations. Shipley et al. (1995) showed the stagnation
ferent yaw offsets and tip speed ratios. The results show goint normalization method described as follows: the local
good trend agreement between the probe measurements adginamic pressure is estimated as the maximum value of the
the model proposed by Morote (2016). The operation rangeressure side in each pressure distribution station. This value
of the ve-hole probe was studied by Moscardi and Johnsonis used to estimated the free-stream velocity and then the
(2016) for a large range of pitch and yaw angle$0Q ), us-  AoA based on the geometrical velocities de ned by pitch,
ing the test rig with only one blade. yaw and azimuth angles.
Bartholomay et al. (2018) showed AoA estimation through  Moreover, Brand (1994) presented the stagnation point
three-hole probes, from the Berlin Research Turbine (BeRT)method. The AoA is estimated as follows: the stagnation
The three-hole-probe calibration was made under axial inpoint is located as the previous method. Afterwards, the in-
ow and performed on-blade operation for axial and yawed tersection of the chord line and a line normal to the surface
in ows up to 30 . The results showed a good agreement with at the stagnation point is used to estimate AoA. The position
computational uid dynamics (CFD) computations (Klein of the point of intersection can be determined using 2-D ap-
et al., 2018) under the same operation points. proaches, either codes or wind tunnel measurement (Whale
In general, according to the published literature, externalet al., 1999). The drawback of this method is that it relies
probes can be used to determine the AoA. However, in theonly on the geometry of the blade section, assuming AoA
case of wind turbine models, such probes are intrusive anénd Reynolds number have no in uence.
signi cantly disturb the ow over the blade section where  Furthermore, Bruining and van Rooij (1997) exposed an
they are mounted. additional method that uses two frontal pressure taps, one on
Other complementary tools used on research turbines arthe pressure side and one on the suction side, working as a
surface pressure sensors, located along the blade chor8uilt-in probe in the blade. The drawback of this is that it
These sensors are used to record the pressure distributioequires calibration of the blade station where the taps are
along the blade chord at a desired radial position and to callocated.
culate the aerodynamic loads. Different computational meth- Schepers et al. (2002) reported the comparison between
ods use this information as a source to estimate the AoA. experimental probes, pressure taps and inverse BEM meth-
ods regarding the eld measurement from ECN, NREL,
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Table 1. Angle-of-attack estimation methods on wind turbine rotor blades.

Contributor Blades Radius Re:2 On-blade tool Estimation method
[(m]
Field ECN?, 2 13.72 18 10f¢ ve-hole probe, stagnation point,
Brand et al. (1997) pressure taps probe measurements,
inverse BEM
DUTb, 2 5 90 10°°¢ three-hole probe, inverse BEM, stagnation point,
Bruining and van Rooij (1997) pressure taps probe measurements, frontal
pressure taps
NRELP, 3 5 70 10°¢ wind vane, ve-hole probe, probe measurements, stagnation
Simms et al. (1999) pressure taps point normalization, matching
upCp, inverse BEM
DTUP, 3 95 10 10°¢ ve-hole probe probe measurements
Madsen et al. (1998)
MIEb, 3 5 5O 10°°¢ ve-hole probe, probe measurements
Maeda et al. (2005) pressure taps
DanAero, 3 40 15-8 10° ve-hole probe, pressure probe measurements,
(Bak et al., 2011) taps, microphones matchinggp
Wind  MEXICO, 3 225 8 10°9 pressure taps inverse BEM, inverse free
tunnel  Schepers et al. (2012) wake, based on CFD
LMEE, 2 067 30 10° pressure taps lifting line
Sicot et al. (2008)
BeRT, 3 15 ™ 10° three-hole probe, probe measurements,
Klein et al. (2018) pressure taps based on CFD
uw, 3 17 30 10° ve-hole probe probe measurements

Moscardi and Johnson (2016)

2 Re:: Reynolds number based on chord lengtii@G#R and relative in ow velocity.b Additional information can be found on the International Energy Agency (IEA) Annexes reported by
Schepers et al. (1997) and Schepers et al. (260&mmarized in the IEA Annexes reported by Schepers et al. (Zﬁwported by Schepers and Schreck (2019).

DUT, DTU and Mie. The main conclusions found were (< 10 ) and in the middle blade region:@ r=R 0:85).
(1) the ambiguity of the 3-D AoA de nition implies that any The latter points out an alternative method to estimate th
check on accuracy can only be carried out with an arbitraryAoA where the 2-D and 3-D pressure distribution are com-
reference; (2) before stall, the estimations of the AOA remainparable.
with differences below 1 and (3) above stall conditions, the Maeda et al. (2005) showed surface pressure comparisd
differences between methods can go up toléble 1 shows
eld and wind tunnel experiments with the most common es- The latter was carried out using the same blade in statior
timation methods mentioned above. ary conditions. A good agreement was shown, regardin
Therefore, the pressure distribution over a rotating sectiorthe surface pressure distribution under prestall (AbAO )
can be used to relate the AoA, if it is comparable with non- and stall (AoAD 16 ) conditions. In the case of a poststall
rotating conditions, where the AoA is known. Several inves- (AoA D 20 ) condition, the results of the wind tunnel present
tigations showed a relation between 2-D and 3-D pressurea reduced pressure magnitude on the suction side, in contrg
distribution. Ronsten (1992) showed a good agreement bewith the eld case.
tween the pressure distribution over nonrotating and rotating Bak et al. (2011) studied the pressure distribution on 3
blades along span positionsmfR  0:55 andr=R 0:3at  wind turbine in atmospheric conditions and in a wind tun-
tip speed ratios of 4.32 and 7.37, respectively. nel. The wind tunnel experiments were carried out with 2-
Guntur and Sgrensen (2012) presented different method® wing, taking the characteristics of four speci ¢ sections
to determine the AoA for the MEXICO rotor (Bechmann from the turbine. The agreement remains valid for small an
et al., 2011) based on CFD data. One of the approaches igles of attack€ 12 ) and for the outer region of the blade
based on matching u@p distributions from 2-D and 3-D  (r=R > 0:4).
data, where the AoA was known in the former case. This Overall, itis generally agreed that static 2-D wings and ro-

between eld measurements and wind tunnel experiments.

A%

st

method has a good agreement for small angles of attackating blades have a good agreement in surface pressure mega-
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surements, at least for attached ow conditions. This openghe turbulence intensity on a comparable level, one homoge-
up the possibility of using methods based on the blade chorecheous Iter mat and three screens were positioned in the cross
pressure distribution to estimate the AoA, in the range ofsections upstream of the turbine as can be seen in Fig. 1 (left).
agreement. The turbulence intensity achieved with this setup is less than

Gaunaa (2006) developed an analytical solution for the un-1.5 %. With this level of turbulence, small variations between
steady 2-D pressure distribution on a variable geometry airrotations of the turbine can be expected, which suggests us-
foil undergoing arbitrary motion, based on thin airfoil theory. ing multiple rotations to achieve a signi cant statistical aver-
Further investigations made by Gaunaa and Andersen (2009age in the data.
using this method, related the pressure over the airfoil with At the same time, the in ow showed some heterogeneity,
the effective AoA. The added bene t of the speci ¢ method i.e., was not fully uniform as is depicted in Fig. 2 (left). Fig-
is its simplicity, as it only requires the pressure difference ure 2 (right) shows four axial velocity distributions at the ra-
between the airfoil pressure and suction side at one or twalial positions 45%, 65 %R, 75%R and 85%R. Therefore,
chordwise positions and at the same time can be performedue to these characteristics it was decided to analyze the mea-
while operating in unsteady conditions. surement data over small azimuth angle stations.

To the authors' knowledge, this method has not been ap- Additionally, the dynamic pressure is monitored by two
plied on a rotating blade yet. Given the good agreement bePrandtl tubes located at the walls at 0.43R upstream the tur-
tween 2-D and 3-D pressure distributions away from the rootbine at 2.7 m height. Based on the Prandtl tubes, all test
region, this paper presents an alternative method of determincases were conducted with a free-stream velocity pf
ing the AoA by means of pressure tap measurements. Thé:5ms 1.
present investigation aims at providing experimental veri -
cation for one such surface pressure method (Gaunaa and
Andersen, 2009) on the rotating blade. 2.2 Wind turbine model

Today, new technologies such as passive ber optic pres-
sure sensors presented by Schmid (2017) are able to perforBeRT, Fig. 1 (right), is a three-bladed upwind horizontal
quasistatic and unsteady measurements of rotor blades in opvind turbine with a rotor radius dR D 1:5m. The turbine
eration that can withstand harsh conditions. Therefore, theyaw angle and the blade pitch angle were xed during the
development of new methods to determine the AoA basedneasurements. Figure 3 (left) shows a reference sketch for
on pressure distribution data would provide valuable infor-the azimuth () and yaw ( ) angles.
mation without the necessity of invasive tools. A slightly modi ed Clark Y airfoil pro le is used along

The Technical University of Berlin has developed a scaledthe entire blade span and there is no cylindrical root section.
wind turbine model, BeRT, equipped with three-hole probesThe airfoil modi cation was necessary in order to account for
and pressure taps on one of its blades (Vey et al., 2015). Tha realistic trailing edge thickness with respect to manufac-
results presented here are the rst on-blade pressure meduring requirements. Aerodynamically, the design intended
surements from the BeRT blade and can be used to validat® avoid stall while continuing to offer optimal performance
numerical solvers and to develop future control strategies. and the maximum internal space to include instrumentation

In the remainder of the paper, the facilities and the researcliPechlivanoglou et al., 2015).
turbine model are described, followed by the methodology In this way, the speci c airfoil pro le was chosen as it per-
to determine the AoA and to assess the validity of the Gauforms well at low Reynolds numberRé, i.e., at the condi-
naa method on the rotating plane. The results are presentdibns relevant to BeRTRerange of 1.7-®  10° along the
in Sect. 4 and the paper closes with concluding remarks irspan). The blade twist was selected so that the local AoA
Sect. 5. stays constant over the span at rated conditions. Figure 3
(right) illustrates the de nition of the main angles and ve-
locities over a blade section, and Fig. 4 (left) shows the twist
and chord distributions.

21 Wind tunnel The turbin.e _rotor argaA(BeRT) produces a considerable

blockage ratio in the wind tunnel,D Agert=Awunnel 0:4.

The tests were conducted at the Hermann Foéttinger InstituThe blockage effect was analyzed in terms of the equivalent
of the Technische Universitat Berlin in the GrowiKa (large free-stream velocityW9 which produces the same torque.
wind tunnel), a closed-loop wind tunnel driven by a 450 kW Glauert (1926) showed that for a propeller the ratio between
fan and a cross-sectional aréaumeD 42 4:2n? pre-  the wind tunnel velocity{; ) and its corresponding equiv-
sented in Fig. 1 (left). The turbine model was placed at thealent free-stream velocity is a function of the blockage ratio
large test section, where the maximum velocity is 10fhs  and the thrust coef cientGr), Eq. (1). Using the BeRT ro-
The setup was reproduced from the work of Bartholomaytor characteristics reported by Marten et al. (2019), a thrust
etal. (2017), in which the ow quality was measured and the coef cient of Ct D 0:77 (expected at rated condition) was
reproducibility of the ow was evaluated. In order to keep considered. Subsequently, applying Eg. (1), implemented on

2 Experimental setup

Wind Energ. Sci., 5, 1771-1792, 2020 https://doi.org/10.5194/wes-5-1771-2020
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Figure 1. Outline of GroWiKa, modi ed from Klein et al. (2018) (left). Berlin Research Turbine — BeRT in the wind box (right).

Figure 2. Axial in ow. Dashed lines: tip and tower positions. Colored lines: radial positions atR565 ¥R, 75%R and 85 R following
the blade rotatioffa). Velocity distributions over radial positions at 45665 %R, 75%R and 85%R (b).

wind turbines, results in the velocity ratio 0f =U°D 0:86. dle, accompanied by two outer tubes with a #9zzle (see
Fig. 6, right). Each outer tube was connected to a different

1
U_lO D 1 5 Cr 1) tial pressure sensor through a silicone_ tube, using the middle
U 4 1CCy one as a reference. The sensors were installed at the spanwjse

It is noted that this correction has also been applied succesosition of each probe, reducing the tube length to less than

fully in wind tunnel experiments with an even higher block- 100|:nm. d : led i h h
age ratio (45 %; Refan and Hangan, 2012). All pressure transducers were installed in such a way thg

One blade was equipped with pressure taps and threEh_Ei_r membranes were parallel to the plane O.f rotatio_n «q
three-hole probes at different radial positions, as shown irf“t')n'm'ie the centrlfugil efffec':j(_)n them. More llngor\r/natlon
Fig. 4 (right). Due to manufacturing reasons (internal struc-2pout the sensors can be found in previous work by Vey et aj.

ture, hole spacing), the pressure taps could only be Iocate&2015)3 Wh?le the calibration and data acquisition procedure
at a single spanwise location, which was at 45 % of the bladd® detailed in the Sect. 3.1.

span. Each pressure tap was connected through silicone tubesThe blade was also provided with three trailing edge aps

inside the blade to a pressure box located in the hub whiclj(‘”th 10%3 span length and 3084chord length and located
consecutively from 60 % to 90 % along the span. Each three

contains all sensors. The average length for the tubes b . X . .
g g ehole probe was aimed to give feedback information to choos

tween tap and sensor was 650 mm which included an ar- " h 4 with
rangement between cannulas and tubes as shown in Fig. 5. ap mqvements. OWever, 1he aps were xe without any
de ection for all test cases presented in this study. The tur

The three-hole probes were located at 658%5%R and bul " d he blades. i
85%R and mounted on the pressure side (see Fig. 6, left). u (re]nce trgnsmon vl\(/asf E?t. x€ (l)vezrot18e ades, In contras
The three-hole probes consist of one straight tube in the mig!C the previous work of Kiein et al. ( )

—

11°
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1776 R. Soto-Valle et al.: AoA estimation from surface pressure measurements

Figure 3. Angle de nition. Azimuth, , and yaw, (a). Angle of attack, ; pitch, ;and twist, . Ut, Un andU,g are the tangential, normal
and relative velocities, respectively).

Figure 4. Twist and chord distribution along spéa). The rotor blade with three-hole probes and pressure taps over span p(igition

Rotating (NI cRIO-9068) and nonrotating (NI cDAQ- stant AoA over most of the blade span (Bartholomay et al.,
9188) measurement systems were synchronized and locat&aD17), so the AoA at the radial position of the pressure taps
in the hub and the external control cabinet, respectively. Theand the three-hole probes should be the same under aligned
measurement data were recorded using NI 9220 modulew conditions.
with an acquisition frequency of 10 kHz. The calibration of the sensors, the applied corrections and

The pressure data from the blade were recorded througkhe description of the methods used to determine the AoA
the rotating system, while the free-stream dynamic pressuréollow, while the test cases and their uncertainty are summa-
was recorded through the nonrotating system. The blade parized at the end of this section.
sition was recorded through a Hall effect sensor located in
the nacelle. Each measurement was recorded and phase a4  cglibration
eraged until 100 rotations were completed, with an azimuth
stepofl D1. Differential pressure sensors were used for both experimental

methods, the pressure taps (HCLOO25E) and the three-hole

probes (HCLOO75E). During the calibration of the sensors,
3 Methodology the turbine was in a static position and a constant pressure

was provided to achieve 11 calibration pressure points us-
In this section, the methodology of this research is describeding the external calibrator, Halstrup KAL 84. All calibrations
The main idea is to compare the results obtained by thewere linear and the tting curves showed a coef cient of de-
method proposed by Gaunaa and Andersen (2009) when termination value oRZ  0:999.
is applied to the pressure tap data against the AoA from the The three-hole probes were calibrated in a small wind tun-
three-hole-probe measurements and analytical calculationsnel. The calibration range was from30 to 30 with steps

According to the BeRT design speci cation, the combi- of 0.5 . The calibration was carried out between the normal-
nation of chord and twist distribution achieves an optimalized pressure and the swept angles following the standard
shape (Pechlivanoglou et al., 2015) which provides a conprocedure described by Dudzinski and Krause (1969). Sub-

Wind Energ. Sci., 5, 1771-1792, 2020 https://doi.org/10.5194/wes-5-1771-2020
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Figure 5. Tubing details between pressure taps and sensors.

Figure 6. Three-hole probes mounted in the equipped bl@ajleCalibration of a three-hole probe and tip detéi} It is noted that although
the aps appear de ected in the photo, they were always in the neutral position for the experiments of this campaign.

sequently, the calibration was repeated for in ow velocities The dynamic response of the taps—tubes system was eval-
from 16 to 22 ms* with steps oflU D 2ms L. The veloc-  uated theoretically following the model proposed by Bergh
ity range was selected so that it covers the relative velocityand Tijdeman (1965). Figure 8 (left) shows a scheme of th
perceived by the blade in the rang&® r=R 0:85, i.e., model used to apply the analysis, based on the tube arrange-
the location of the three-hole probes. The AoA t remains ment depicted in Fig. 5, while Fig. 8 (right) shows the theo-
linear within 10 to 10, getting a nonlinear t for larger retical response of the system, based on Bergh and Tijdeman
angles. (1965). In order to minimize the attenuation and phase la
of the signal, an additional low-pass Iter was applied, with
a cutoff frequency of 6 Hz. This was considered adequate g
3.2 Pressure correction it shows the amplitude ampli cation and phase lag are less

. . than 1% and 1Q respectively.
The pressure sensors measure the differential presgyje ( In the case of the pressure taps, the centrifugal effect wa

The three-hole probes use the inner tube as a reference, Whilfuanti ed and corrected, Eq. (2), based on Hand et al. (2001
the pressure taps use the static pressure in the test section., . - ic the radial po’sitio.n of'the pressure ﬁapnd-. is
The structural design of BeRT results in eigenfrequencieﬁhe turbline angular velocity, 2

of the blades of pjage 13:5Hz and the tower of (ower

18 Hz. For this reason, the data were low-pass- Itered using & pp.C _(er )2 @)
Butterworth Iter with a cutoff frequency of 12 Hz to reduce ~ "~ 37 2% !

the noise and structural vibrations. Figure 7 shows the raw The hydrostatic correction has less impact since all the
signal spectra over one three-hole-probe pressure sensor génsors are located in the hub and was consequently n-
75%R and the pressure tap atD 2%c. It can be seen that

the main variations are in uenced by the rotational frequencygleCted'
of 3Hz and its harmonics.

7]

n
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Figure 7. Frequency spectrum of one pressure sensor of the three-hole probe Rt (a83%-requency spectrum of the pressure tap at
x D 2%c (b). Both cases are for a pitch angle ob 0 and yaw angle of Q

Figure 8. Scheme of the model to apply Bergh and Tijdeman (1965) dynamic response arRfyisandd are the pressure, length and
diameter of each sectida). Theoretical dynamic response of the amplitude and phadb)ag

3.3 Methods to determine the angle of attack However, as shown in Fig. 9, a geometrical rotation between
the probe and the section coordinates was necessary to evalu-
3.3.1 Three-hole probes ate the AoA in the respective blade sectiopohe section The

latter angle differs from , which is the effective AoA of the

The method to determine the AoA from the three-hole probeshlade section, because the blade itself induces a velocity on
was based on previous work with the same setup. It is outits surroundings. To correct this, XFOIL (Drela and Youn-
lined here for completeness, while further details can begren, 2001) calculations were used to estimate the velocity at
found in Bartholomay et al. (2017). Figure 9 shows the refer-the probe location, under the assumption of 2-D ow. After-
ence system for an arbitrary blade section, with a three-holevards, a t function was found between the effective AoA,
probe installed. , and probe section EQuation (4) shows an approximation of

The AoA relative to the probe,prone Was identi ed from  the downwash correction (Klein et al., 2018).
the three-hole-probe calibration, through their normalized
pressure, Eq. (3), wheR andP, are the outer tube®p the D 0:58 probe 0:64 (4)
reference tube an the average between the outer tubes.

As the turbine was set under yaw misalignments, it is im-
c D P1 P 3 portant to verify the effectiveness of the 2-D probe. The range
P; probe Pob P ) of the AoA, in the probe stations, is 0 10 . Therefore,

Wind Energ. Sci., 5, 1771-1792, 2020 https://doi.org/10.5194/wes-5-1771-2020



R. Soto-Valle et al.: AoA estimation from surface pressure measurements 1779

Figure 9. Schematic of the reference system for a probe, modi ed from Klein et al. (2018).

adding the corresponding twist angle, the range of the AoAq D 0:5 U 2 is the dynamic pressure.
relative to the probes isprone 18 . Moreover, the probes
are aligned with the chord; thus the yaw angle relative to the

: 1P
probe is the same 30 probe O . & D gc(X) ¢ eff C Geamu(X) C gp(x)E Cg (X)
Zilliac (1993) and Moscardi and Johnson (2016) deter- 9 U
mined the mono-zone as30 ( probs probd- This zone Cag.(RR P Ry (5)

represents where the calibration parameters of the probes
remain invariant, i.e.Cp;prone These studies used probes
with seven and ve holes, respectively. As a three-hole-probe  Itisimportant to note that this summary neglects the chorg
sweeps the same angle of these calibrations, its mono-zorireamwise degree of freedom, i2€.p XD 0.
should be the same. On the right side of Eq. (5pc(x) corresponds to the in u-

Moreover, Bruining and van Rooij (1997) employed three- €nce of the circulatory forces. This contribution is modulated
hole probes on eld measurements with good agreement obY ¢ eff, the effective AoA that takes into account the time
the AoA, compared to inverse BEM and stagnation point!ag effects caused by the vorticity shed into the wake, for
methods. In addition, Klein et al. (2018) showed similar re- Simplicity, now considered.
sults from experimental and CFD simulations where the wind  The remaining contributions in Eq. (5) depend on the
tunnel structure was considered. Therefore, based on thedBstantaneous motion of the airfoil, known as added mas
arguments, it was assumed that the three-hole probes are agRfms. The second and third terngsampandgp, correspond
to estimate the AoA in the yaw misalignments here studied. to the added mass due to the basic camber line and pitching,
respectively.

The formulation allows the calculation of the effect of a
ap on the airfoil, with  being the ap angle. This contribu-
tion in the model is considered with the added mass tgrm
The determination of the AoA from the pressure distribution Since there is no ap at the 45 % span position, the ap de-
on the blade section was based on the unsteady model deection angle is setto D 0 and thereforg is eliminated.
veloped by Gaunaa (2006). The main assumptions for this The termg_ contains the nonlinear contributions. Gaunaa
methodology rely on the thin airfoil theory and low Mach and Andersen (2009) claim that the addition of the geometri
number. This allows modeling of the airfoil as its camber cal nonlinearities does not change the conclusions from lin}
line together with the assumptions of inviscid, incompress-ear estimation for most of the chord, except for a zone very
ible and irrotational ow. close to the leading edge. Based on this consideration, the

Aiming at simpler solutions to estimate airfoil loads that termgy is neglected.
can be applied to active load control, and based on the con- Gaunaa and Andersen (2009) and Velte et al. (2012) sud
siderations mentioned above, Gaunaa (2006) formulated agested a control variable based only on two pressure tap
analytical expression for the forces over an arbitrary airfoil To achieve this, the contribution of the pitching-added mas
shape. This expression relates the pressure difference béerm,gpwas neglected by choosing a speci ¢ chord position
tween the lower and upper sides, over the camber line, withwhere its value is zero.
the velocity potential eld, aerodynamic forces and pitching  Equation (6) shows the reduced relation between preg
moment. Gaunaa and Andersen (2009) summarized this forsure distribution and AoA, wherk; D gc(x D 0:125) and
mulation in Eq. (5) as the normalized pressure and its contriks D gcampefX D 0:125). An extended review of the two-
butions, wherdlP (x) is the pressure difference between the dimensional theory and the mathematical derivation of
lower and upper sides at a speci ¢ chordwise position andthis method and applications can be found in Gaunaa

1

3.3.2 Pressure taps

O
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tribution, i.e., at the stagnation point (Shipley et al., 1995),
for each azimuth station. This was required for the yaw mis-
alignment cases, where the dynamic pressure is variable with
azimuth position.

3.3.3 Analytic estimation

The introduction of a yaw misalignment produces an ex-
pected change in the AoA distribution along the blade span
due to the cross ow, i.e., depends on the azimuth angle
variations. Therefore, a geometrical approach was used to
compare the experimental methods under these operational
points, as pressure tap and three-hole-probe locations differ
in radial position.
Figure 10. XFOIL ( D 7:6 ) and measured pressure distribution ~ The normal velocity contribution is a function of the yaw

of the current setup ata yaw angle oD 0 , pitch angle of D 0 angle, Eq. (7). Conversely, the tangential velocity contribu-

and azimuth angle of D O . tion depends on the rotational speed, yaw and azimuth an-
gle, Eq. (8), due to the cross ow presented (see Fig. 3). Us-

(2002, 2006). ing these geometrical velocity contributions and the axial,

and tangentiala®, factors simulated with the BEM-module

1P (0:125) ki CkoH D 1 1P (0:125) kk (6) QBlade (Marten et al,, 2015), an analytical AoA was esti-
k1 q mated as is shown in Eq. (9).
Several studies conducted by Gaunaa (2002), Gaunaa arlgln D U; cos( ) @)

Andersen (2009), and Velte et al. (2012) investigated the .

same theory on wing experiments and computational mod-Ut Der Up sin( )cos() ®)

els, with a Risg-B1-18 and NACA64418. Thus, itis assumed D atan Un(1 a) )

that the linearity, applied to the remaining terms, is a good %*° Ui(1C a9

approximation for a Clark Y airfoil shape, which is thinner o blockage effect must be considered. Consequently,

(11.8%) than the other airfoils where the method was sucihe in ow velocity (U; ) for these calculations was re-

cessfully applied. placed by the equivalent free-stream velocity. Thus, apply-
In order to obtain the constanks andk; from Eq. (6),  jhg Eq. (1) results in the equivalent free-stream velocity of

XFOIL calculations were computed. The AoA was swept (;0p 7-5ms 1.

from 3 to 10. The Reynolds number 2 10> Re Equation (9) can be used to estimate the AoA in the

30 10°) and free transition method (4NCrit  12) in- aligned case, which is independent of the azimuth angle,

uence were studied with no signi cant changes. Subse- o5 the yaw angle is zero. Therefore, the AoAs have small

quently, a linear curve t was made between normalizediations, regarding the induction factors. Thus, the AoA in

pressure 1C p (0:125)) and the AoA swept. The tvalues  hq |ocation of the pressure taps and three-hole probes takes
areky D 0:23 andky D 0:43, with a coef cient of determina- the value of geq po  6:7 , when the pitch angle is set at

tion of R>  0:999.
Finally the AoA was calculated using Eqg. (6), where
1P (0:125)D Piower(0:125)  Pyppe(0:125). .
Figure 10 shows a good ag?gement between the pressurse'4 Test cases and measurement uncertainty
distribution from the rotating blade and the computational Several operational conditions were analyzed, three yaw an-
tool in the estimated angle. The difference between bothgles D 0, 15and 30, and for each yaw angle, the pitch
curvesislCp 0:05untilx D 30%c, except the peak atthe angle was swept from 2to 6 in stepsofl D 2 . For all
suction side1C p (x D 1%c) D 0:2. Afterwards,1C p varies  cases, the tip speed ratio was xed 4:35.
between 0.05-0.10. This agrees with the fact that rotation The measurement uncertainty, for all quantities, was taken
does not have a great impact over the pressure distributiointo account in order to quantify the error magnitude over the
in the attached ow operation points (Ronsten, 1992; Corten,results. Both AoA estimation approaches have the same iter-
2001). ation in the error propagation, based on the following steps:
Since there are no pressure taps in the exad%e po-
sition, a linear interpolation was made, between [10-15]%
for the suction side and [10-30pfor the pressure side. 2. the standard deviation of the averaged measurements,
The relative dynamic pressurge D 0:5 U 2, was con- which was calculated with the same azimuth step as the

rel’
sidered equal to the maximum value in pressure side dis- phase average;

1. nominal error of each sensor;
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Table 2. Measurement uncertainty summary. pressure difference at B%c exhibits four marked behav-
iors:
Measurement Uncertainty Range Initially, O 90, remaining relatively constant at
Yaw angle, 05 30 1P (125 /(_x:)_ D 9:8qg; . Then the dynaml_c pressure drops, to
Pitch angle 05 15 reach a minimum at D 180 (9:3q; ), while an increase fol-
Azimuth angle, 05 0to 360 lows from D 180 to D 290 . At that point, the dynamic
Dynamic pressure 0:2Pa 0-60 Pa pressure reaches its maximum value: 8t ) before it starts

dropping toreach:8g; at D 360.

Three-hole probes: This behavior agrees qualitatively with computational re-

; ﬁﬁgzgrgggg;sd tj'((e:vLigt(i)gr? E 312?3P|3a 7528_?10 Pa sults mad_e by Schulz et al. (2Q17), where it is shown an

3. Angle of attack, 03t012 0to10 asym_metncal axial load, even without the presence of yaw
misalignment.

Pressure taps: With the introduction of yaw misalignment D 15,

;' ﬁﬁgzgrﬁg:g;z Z'((a:vl_igt(i)gr?E 15254'3;61 2528 2%0 n, the relative dynamic pressure is in uenced by the yaw an-

3. Angle of attack, 021013 210 11 gle, showing a symmetrical trend with its minimum value

at an azimuth angle of D 180 . The maximum variation
iS1qrel D Orel: max  Qrel: min D 201 . The pressure difference

3 ion to AoA and thus th i ft at 125%c displays similar features as in the aligned case
- conversion to A0A and Thus the error propagation altely, iy, 5 shifted azimuth angle position, getting its mini-

applying Egs. (3) and (6) for the three-hole probes andmum, 1P (125%c) D 8:5q; , at D 0 and its maximum,

pressure taps, respectively. 1P (125%c) D 9:5¢; , at D 270 . This behavior suggests

Table 2 shows the overall uncertainty for all the quantities.being related to the advancing and retreating behavior dg
Point 3 depends highly on the values of the measured presscribed by Schulz et al. (2017).
sure. For this reason, Table 2 shows the minimum and maxi- For the case of yaw angle D 30, the relative dy-
mum values. An example of the uncertainty over the azimuthnamic pressure behavior remains and the drop increases
angle of each tool can be seen in Appendix D1. to 1qre  3:801 . In the case of the pressure difference at

During the measurement campaign, while the changes 0A42:5%c, the azimuth angle dependency becomes more im
the pitch or yaw angle were made between test cases, theortant and the advancing and retreating in uence is more
tunnel was left open to allow for fresh air to enter the tun- pronounced, producing a plateau between azimuth angle
nel circuit. As a result, the temperature and relative humid-90 270.
ity were kept within 18 1.5 C and 40 5 %, respectively. In terms of the measurement range, the relative pressu
According to Tsilingiris (2008), these values represent smallis 28 grei=th ~ 6:5. Over this range, the uncertainty er-
changes in the physical properties; thus, a density correctiofor represents 4.5%. In the case of the pressure differeng
was neglected. at 125%c, the range is 6 1P (125%c)=q@  10:3, where
the error takes a value of 4 %.

The magnitude of the dynamic pressugg;, and the loca-
tion of the stagnation point uctuate along the azimuth posi-

The results are presented in this section, starting from thdion in the misaligned cases. Figure 12 provides an overviey
pressure distributions and the relative dynamic pressur®f the stagnation point location and the pressure magnitud
along the chord at the span positionrdd 45%R, followed variation for the different yaw cases in the region close to the
by the comparison between the described methods to detef€ading edge (0% x  4%c). The position of the stagna-

mine the AoA. Finally, an additional comparison is presentedtion point at each azimuth angle is indicated on the pressur

with the variations in the pitch angle. contours by circles (.
It can be seen that for the case of a yaw angl 0 ,

Fig. 12 (left), the relative dynamic pressure position is alway9
atx D 2%c. Conversely, for the yaw angle D 15 case,
The AoA estimation based on the surface pressure measuréig. 12 (middle), the stagnation point is farther upstrean
ments depends on the relative dynamic presaygg andthe  (x D 1%) at an azimuth angle D0 and moves down-
pressure differencelP (12.5%c)); see Eq. (6). It is hence stream towards D 3% for D 180 and back tax D 1%
important to examine their variation with azimuth position as the blade moves towards thé 0 position. Finally, for
before proceeding to the AoA estimation. Figure 11 showsthe case of yaw D 30, Fig. 12 (right), the behavior of
the variation in both variables normalized by the free-streanthe stagnation point is similar, but more pronounced, be
dynamic pressurgy D0O:5U Z  25Pa. tweenx D 0% andx D 3% at azimuth angles of D 0 and
For the aligned case, D 0, the relative dynamic pres- D 180, respectively.
sure remains relatively constant @t D 4:5q; , while the

4 Results and discussion

4.1 Pressure distribution
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Figure 11. Results from pressure tapsrab 45%R. For three yaw angles, relative dynamic pressgrg)(and pressure difference between
the pressure and the suction side of the blade &@%@variations with azimuth angle. Values are normalized by the dynamic pregsure

Figure 12. Pressure contours over the pressure sidela#5%R in the rangel; 4Usoc for all yaw cases and pitch angle oD 0 . The
circles () are located at mdFR gat that azimuth position and indicate the location of the stagnation point.

The pressure taps are located at discrete points on the blade
surface. For this reason, the sensor that estimates the stagna-
tion point, i.e., the values of the relative dynamic pressure,

uctuates in location. The latter explains the sharp changes

present in yaw angle D 15 at azimuth angles 70

and 300 andyaw angle D 30 atazimuth angles of
50 and 320 (see Fig. 11).

Regarding the drop in relative dynamic pressure for the
misalignment cases, this can be explained with the geometri-
cal velocities. Equation (10) shows both normal and tangen-
tial contributions resulting from the relative dynamic pres-
Suregel; geoD 0:5 U 2, (see Egs. 7 and 8).

Orel; geo _ :
Tg D f(ﬁ& 2; Cf(r—R) sy;( )cos( ))f (10)

normal contribution tangential contribution

. . . ._Figure 13. Normalized relative dynamic pressure at radial position
Figure 13 shows the relative dynamic pressure at the radlalj D 45%R for the yaw cases. The solid line shows the pressure tap

posmom D 45%R for the aligned and mlsallgnment CaSes, gstimation. The dashed line shows the geometrical calculation.
normalized by the free-stream dynamic pressgre The

same trend between the geometrical case (dashed line) and

the estimation from the pressure taps (PP, solid line) as well

in the maximum ( D 0 ) and minimum (180 ) azimuth

positions can be seen.
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4.2 Angle-of-attack estimation for the pitch angle D 0 and the yaw misalignment of D

15.

From Fig. 15 (left), it can be noticed that the AoA esti-
mation from the pressure tap starts with smaller values until
azimuthangle 90 20 where it becomes larger than the
Figures 14, 15 and 16 show the AoA results from the pressuréoA from the three-hole-probe estimation. The three-hole-
tap (PP 459%) and the three-hole-probe (3HP) methods overprobe approach still shows the tower in uence with a drop in
the three yaw angle cases. In the interest of clarity, only onghe AoA around the azimuth angleD 180 , in contrast with
of the pitch angles is presented here for each yaw angle casthe pressure tap method, where the AoA keeps increasing
For completeness, the results for the remaining pitch caseantil the maximum position located at an azimuth angle of
can be found in Appendix E, and an analysis through the 200 . Areduction in the AoA is followed by the pressure
pitch cases is presented in Sect. 4.2.2. tap estimation becoming smaller than the three-hole-prob

Figure 14 shows the AoA for the pressure tap and three-approach, as the blade is moving towards the azimuth ang

hole-probe approaches (left) and the analytical calculations D O .
(right) at a pitch angle D 0 in the aligned case. It can be ~ The same behavior is presented in the case of analytical
seen that the two approaches are able to capture the towéoA, Fig. 15 (right) with two main differences. First, there
in uence, which produces a reduction of the AoA around is no tower effect, due to the analytical approach not tak
the azimuth angle of D 180 . However, the AoA from the ing this into consideration. Second, a particular behavior ig
three-hole-probe method captures a drop near the zone of anoticed regarding the three-hole probes at 75 % andR85%
imuth angles 90 and 290 . This behavior has been where their positions are shifted. This could be caused by
seen in previous results of Klein et al. (2018), Bartholomayan error in the mounting, due to it also being visible without
et al. (2018) and Marten et al. (2018). misalignment (Fig. 14).

The explanation is due to the heterogeneity of the in ow.  For this yaw misalignment, it is shown that the three-
These variationslU; D 0:2ms ! (see Fig. 2), can have hole probe has a trend less pronounced than the pressure fap
the same in uence as the tower over the AoA estimations.approach between 0 90 and 270 360 . Fur-
The geometrical estimation ge) under such in ow varia-  thermore, the cross ow has partially covered the in uence
tions results in an AoA difference df 4eoD 0.4 , which of the tower in the pressure tap method, increasing the AoA
supports this statement. disagreement between both methods is in the azimuth angle

Although the AoOA over the azimuthal variation is not range 135 225.
constant, both methods estimate a similar AoA range. The Figure 16 shows the AoA from the pressure tap and three
AoAs for both pressure tap and three-hole-probe method#ole-probe methods (left) and analytical calculations (right
are slightly lower than previous experimental results showfor the pitch angle D 0 and the yaw misalignment of D
by Klein et al. (2018), but within the uncertainty values. Ta- 30 .
ble 3 shows the range fin, max) and average™) values The behavior of the AoA results from the pressure tap
of the AoA over the azimuth angle for the pressure taps andnethod, Fig. 16 (left), in this case, is similar to the yaw angle
the three-hole-probe methods. The range of the tool measure- D 15 , exhibiting a more pronounced difference with the
ments is between 6.6—7.8and the geometrical estimation is three-hole-probe approach at the azimuth ang@ 180 .
between 6.4-6.8 The effect of the cross ow due to the yaw misalignment is

On previous work by Klein et al. (2018) and Marten et al. dominant in this case, diminishing the AoA drop around the
(2018) the AoA estimations made with far- eld considera- azimuth angle D 180 in the three-hole probe and with a
tions showed an offset df o D 2:3 with respect to the steeper maximum in the case of the pressure tap, in contraist
three-hole probes. The smaller difference between experiwith the previous yaw case.
mental and analytical estimations in the current work sup- The analytical AoAs, Fig. 16 (right), show the same fea-
ports the fact that the blockage model is well implemented. tures, including the large difference at azimuth angl€s0

Additionally, Table 3 shows a comparison between theand D 180.
pressure tap and each three-hole probe. The overall aver- Overall, the pressure tap method presents good result
age AoA difference]l D mearij pp  3npig, Shows that  qualitatively and quantitatively. In the aligned case, the av{
there is a small difference between the pressure tap and threerage difference between three-hole probes and analytica
hole-probe methods, up tb D 0:6 , whereas the AoA  AoA s below 1. Under yaw misalignments, the pressure tap
maximum differencel maxD maxj pp  3npjg, located  method in comparison with the analytical method shows an
around the azimuth angle of 300 takes the values of average differenced D 0:8andl D 1:2foryaw angles
1 maxD 1:2 . However, the difference is of the same mag-of D 15 and D 30, respectively. The larger differ-
nitude as that of the uctuations of each tool. ences are presented at an azimuth angleDf0 .

Figure 15 shows the AoA from the pressure tap and three-
hole-probe methods (left) and analytical calculations (right)

4.2.1 Testcases

@ @D

>

v
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Figure 14. AoA results for yaw angle D 0 and pitch angle D 0 . Pressure taps and three-hole-probe approge)e&nalytical calcu-
lations(b).

Figure 15. AoA results for yaw angle D 15 and pitch angle D O . Pressure taps and three-hole-probe approa@)esnalytical
calculationgb).

Figure 16. AOA results for yaw angle D 30 and pitch angle D 0 . Pressure taps and three-hole-probe approa@)esnalytical
calculationgb).
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Table 3. AoA from the pressure taps and three-hole-probe methods at a yaw angl® & . Average, minimum and maximum for the
pitch angle case D O .

Method T[] minl]  max[] | PP comparison

PP459R  7:4 6:9 78 | 1 maxl] T[] SD )| ]
BHPG659R 72 6:9 75 0:6 03 0:2
3HP 75%R 6:8 6.6 71 1.2 0.6 03
3HP 85%R 73 6.9 7.8 0:6 02 02

Figure 17. AOA estimations from pressure tap and three-hole-probe methods and variations with pitch angle. Three yabcase45
and 30.

4.2.2 Pitch analysis Several conditions were studied regarding the introduction of
yaw misalignment and different pitch angles for the blades.
The pressure distribution on the blade at 45%as mea-
red through chordwise pressure taps. The tested metho
uses the information of a reduced number of pressure taps
located close to the blade leading edge in order to estimate
e relative dynamic pressure compared to its corresponding
ade section. Additionally, the pressure difference between
uction and pressure side of the blade ab%& is tracked in
order to determine the AoA based on 2-D assumptions.
The application of the method can be summarized as folt

A comparison between the AoA estimations from both ap-
proaches through the pitch angle cases, at a xed azimutfgu
position, D 315, was analyzed. Figure 17 shows the evo-
lution of AoA estimations at the azimuth angle oD 315.
It can be observed that the trend is linear for both meth—t
ods. While the yaw angle increases, the pressure tap methotgq
changes from estimating larger to estimating smaller valuesS
than three-hole probes.

Alinear t D m Ckwas obtained, in order to check the
relation between AoA and pitch angle. The slopes take vaI—I o
uesarounadnD 0:7 0:1Tl= UFrom the geometrical point
of view (see Eq. 9), the expected slope between the AoA and 1. 2-D calculations
pitchismD 1. Nevertheless, the induction factors change
at each pitch angle; therefore the change in the slope is the
result of that dependency. This agrees with the fact that the
slopes are similar but not the same, as is expected varia-

o

a. Perform computational calculations or 2-D airfoil
measurements to obtain the pressure distribution
Cp of the same pro le to study 3-D.

tions of the induction factor along the radial positions are b. Get a t equation between the pressure difference

expected. of the lower and upper sideiC p at 125%c and
AOA: 1Cp(125%c) D k; C ko.

5 Conclusions 2. 3-D estimations

A method to determine the AoA based on the pressure differ- a. Perform pressure distribution measurements at

ence between the pressure and suction side on a wind turbine blade section with similar characteristics of the 2-D
blade was tested. The method was compared with the AoA airfoil. Only pressure taps at 33%c are needed.
results from three three-hole probes in simultaneous wind b. Identify the relative dynamic pressuigg, at the
tunnel measurements together with analytical calculations. azimuth station. The method of the stagnation point
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was presented here. Pressure taps at the leading Regarding the pitch angle changes in the blades, the AoA
edge vicinity would be needed. results from the pressure tap approach present a linear be-
c. Estimate the AoA through the inverse havior with a slope value cjfnj_ 0:7T1= U similarly 'Fo the
equation  from  the 2.D calculations: thre_e-hole-probe method,_ being capable_ of_captu_nng the re-
D1 1P(125%) sulting effe;t_s from the axial and tangential induction. _
3] Crel ' Overall, it is found that the pressure tap method applied
dﬁere to determine the AoA provides reliable data, with good
performance for both aligned and misaligned cases. Hence,
the presented method is a promising alternative to the use

The results show that in the aligned case) 0 , the pres- :
sure tap approach is suitable, being capable of capturing th8f ex_ternal p_robes, W.h'Ch. affect the ow over the blade and
require additional calibration.

same features of the AoA results from the three-hole probes,
including the in uence of the tower effect. The comparison
between the pressure tap method and the three three-hole
probes presents a maximum average differende oD 0:6.

With the introduction of yaw misalignment, the AoA re-
sults from the pressure tap method show, as expected, the
cross ow in uence in a more pronounced curve than the
three-hole probe, in agreement with the analytical results.
The cross ow impact is more dominant than the tower ef-
fects, and the pressure tap method is not able to predict its
in uence, from where an AoA overestimation in the azimuth
region of 135 225 can be inferred.

The main restrictions are the use of a thin airfoil and attache
OowW.
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Appendix A: List of symbols

T N<X< XX 70 T~
w )

«Q o

k
%R
%cC

Angle of attack

Velocity

Yaw angle

Azimuth angle

Tip speed ratio

Rated frequency

Rotor radius

Twist angle

Pitch angle

Chord length
Nondimensional radial blade positida; 1U
Horizontal chord position
Nondimensional chordwise coordinai 1U
Vertical chord position

Axial wind tunnel position
Lateral wind tunnel position
Vertical wind tunnel position
Coef cient of determination
Air density

Angular velocity

Dynamic pressure

Gaunaa model contribution in
pressure distribution

Flap angle

Fit constant

Radial blade position in percent of rotor radius
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Appendix C: Subscripts

1

ref

upper

lower

s

corr

probe

probe, section

rel

c

eff
camb
L

t

n

Horizontal chordwise position in percent of chord length

Appendix B: Abbreviations

PP

3HP

Pressure tap method
Three-hole-probe method

BeRT Berlin Research Turbine
AoA  Angle of attack

https://doi.org/10.5194/wes-5-1771-2020

Free stream

Reference value

Blade section suction side
Blade section pressure side
Sensor

Corrected value

In reference to probe coordinate system

In reference to blade section

coordinate system

Relative

Circulatory

Effective

Camber
Nonlinear terms
Tangential

Normal
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Appendix D: Uncertainty of the angles of attack

Figure D1. AoA results from the pressure tap and three-hole-probe approaches with their uncertainties. The pitchlafglased the yaw
angleis D 30.

Appendix E: Angles of attack

Figure E1. AoA results from the pressure tap and three-hole-probe approaches. In columns are shown the yaw &n@les: D 15
and D 30 .Inrows are shown the pitchanglesb 2, DO and D2.
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Figure E2. AoA results from the pressure tap and three-hole-probe approaches. In columns are shown the yaw &n@les: D 15
and D 30 .Inrows are shown the pitch anglesD 4 and D6 .

https://doi.org/10.5194/wes-5-1771-2020 Wind Energ. Sci., 5, 1771-1792, 2020




1790 R. Soto-Valle et al.: AoA estimation from surface pressure measurements
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