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a b s t r a c t

A wind tunnel study was conducted to investigate the dynamic wind loads that act on
a model wind turbine placed in an atmospheric boundary layer wind tunnel. Two types
of atmospheric boundary layer winds with neutral conditions were simulated to quantify
the influences of wind shear and turbulence intensity on the dynamic wind loads of the
model wind turbine as it operated at different tip-speed-ratios. While the wind shear
was recognized as an important factor for the mean wind loads, the turbulence intensity
dominated the behavior of the fatigue loads that acted on themodelwind turbine. A further
investigation of the wind loads acting on different components of the model wind turbine
revealed that more than 90% of both the mean and fatigue wind loads were contributed
by the rotating rotor of the wind turbine. The mean wind loads on a stationary wind
turbine can be as high as approximately 38% of the mean wind loads that act on a rotating
wind turbine. By changing the blade phase angle of a stationary wind turbine model, the
maximum variation of the mean wind loads was found to be 15%, while fatigue loads vary
by 10%.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Themechanical design of a wind turbine structure is affected by themean loading and fatigue loading, which are difficult
to characterize because they have variable amplitudes, and the intensity of the variations depends on the environmental
wind climate. To conduct effectivewind load analysis, the factors that affect the dynamicwind loads acting on awind turbine
must be comprehensively considered. These factors includewake induced effects (Larsen et al., 2013), terrain characteristics
(Riziotis andVoutsinas, 2000), extremewind conditions, such as thunderstorms (Nguyen andManuel, 2015) and downbursts
(Zhang et al., 2015), and the characteristics of atmospheric boundary layer (ABL) winds, such as wind shear (Dimitrov et al.,
2015) and thermal stability (Sathe et al., 2013). Dimitrov et al. (2017) andAbdallah et al. (2016) indicated that fatigue damage
to wind turbines is mainly caused by stochastic loading due to turbulence. Modern wind turbines operate under many
different terrain conditions, ranging from relatively flat sites, such as offshore environments with relatively low turbulence,
to complex terrain with high turbulence. However, how the wind turbine performs under these conditions is often unclear.

Time series ofwind turbine loading are usually obtained fromprototypemeasurements (Bak et al., 2013; Barthelmie et al.,
2005; Yoshida et al., 2016). Thesemeasurements are carried out with test sites that often feature benign climatic conditions.
However, because the flow conditions cannot be controlled in onsite tests, it is difficult to use these measurements to
accurately predict the fatigue loads on awind turbine at a particular site. In addition to full-scale fieldmeasurements, several
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numerical modeling approaches have been implemented to predict the dynamic responses of wind turbines. Moriarty et al.
(2004) generated multiple samples of loading data under various wind conditions using a stochastic turbulence simulator
coupled with the aeroelastic code. Furthermore, Lee et al. (2011) investigated the atmospheric andwake turbulence impacts
on wind turbines using a two-way coupled aeroelastic tool with large eddy simulation (LES). Dimitrov (2015) tested the
performance of statistical extrapolationmethods in predicting the extreme load response of amulti-megawattwind turbine.
Although researchers have developed different models to predict the behaviors of wind loads, there is still space for using
present developed simulations to accurately predict the dynamic loads that act on wind turbine under different conditions.
One challenge associated with the development of these numerical models is the lack of quantitative experimental and field
measurement data to verify the numerical simulation results.

Wind tunnel facilities have been widely used for model wind turbine studies due to their ability to produce well-
controlled flow environments. Hu et al. (2012) conducted an experimental study on awind turbinemodel and found that the
instantaneouswind loads that act on themodelwind turbine are highly unsteady andhave randomly fluctuatingmagnitudes,
which can be 2–3 times higher than the time-averaged values. Recently, Jiang et al. (2015) performed a long-term fatigue
analysis of rolling element bearings inwind turbine gearboxes using the loads of theNational Renewable Energy Laboratory’s
(NREL) 750 kWwind turbine. The characteristics of wind loads shown by Hu et al. (2012) via conducting wind tunnel testing
are found to be quite similar to the results provided by Jiang et al. (2015).

In general, due to the limit of wind tunnel size, the Reynolds number of a large, utility-scale wind turbine operating
in atmospheric flow cannot be matched by wind-tunnel experiments. The Reynolds number of utility-scale wind turbine
is typically in the range of 0.7×106 to 10×106 (Wilson, 1994), which is 2–3 orders of magnitude higher than that can be
simulated in wind tunnel testing. According to the studies conducted by Alfredsson et al. (1982), Whale et al. (2000) and
Medici and Alfredsson (2006), due to the fact that the boundary layer flow over wind turbine blades is highly sensitive to
Reynolds numbers, such a low Reynolds number may affect the aeromechanic performances of the wind turbine greatly.
For example, the maximum power output and thrust coefficients could be lower for a small-scale model turbine operating
at a lower Reynolds number. However, Vermeer et al. (2003), Grant et al. (1997), Haans et al. (2008) and Adaramola and
Krogstad (2011) indicated that, in test cases for comparison with and validation of numerical models, the testing results
at a lower Reynolds number are acceptable as long as the aerodynamic characteristics of the rotor blades are known in the
modeled Reynolds number range. Therefore, quantitativemeasurements ofwind tunnel studies under lowReynolds number
conditions can be used as a database to validate and verify numerical simulations.

While extensive experimental studies have been performed previously to characterize the power generation and
aerodynamic performances of wind turbines, very little can be found in literature for the wind tunnel studies to specifically
evaluate the effects of ABL inflow characteristics on the dynamic wind loads acting on wind turbines. With this in mind,
by generating two types of ABL surface winds in a large-scale ABL wind tunnel, we firstly conducted a comprehensive
experimental study to investigate the effects of wind shear and turbulence intensity levels in the incoming ABL winds on
the dynamic wind loads acting on a wind turbine model. Then, by disassembling the wind turbine model into different
parts, a further experimental study was performed to characterize the contributions of each components of the model wind
turbine (i.e., tower, nacelle and rotor) to the total wind loads acting on the turbine model. Finally, the characteristics of the
dynamic wind loads acting on a wind turbine were also studied with the model wind turbine being set in ‘‘shut-down’’
mode, i.e., the scenario when the incoming wind speeds exceed the typical ‘‘cut-out’’ speed of wind turbines (i.e., >25 m/s).
The optimal phase angles to place the turbine rotor blades were identified in order to shut down a wind turbine when the
incoming airflowexceeds the ‘‘cut-out’’ speed. It should be noted that,while a preliminary version of theworkwas previously
reported in a conference paper (Tian et al., 2014a), considerable new measurement results and more comprehensive
discussions/analysis about themeasurement results have been added in thepresent study to elucidate theunderlying physics
to gain further insight into the characteristics of dynamicwind loads acting onwind turbineswhen operating in atmospheric
boundary layer winds.

2. Experimental setup

The experiments were conducted in a large-scale aerodynamic/atmospheric boundary layer (AABL) wind tunnel located
at the Aerospace Engineering Department of Iowa State University. The AABLwind tunnel is a closed circuit wind tunnelwith
a test section that is 20 m long, 2.4 mwide and 2.3 m high. As shown in Fig. 1, five equally distributed triangular spires and a
wooden plate were mounted at the inlet of the test section in order to generate ABL winds with desired mean shear profiles
at the measurement locations. In the present study, the spires with aspect ratios of 0.12 and 0.16 were used to generate
two types of ABL winds with different velocity gradients and turbulence intensity levels. The wooden plate mounted on the
wind tunnel floor to connect to the five spires is 200 mm in height. In addition, surface roughness elements (i.e., wooden
blocks) with different size and spacingwere alsomounted on thewind tunnel floor to generate different levels of turbulence
intensity for the ABL winds. By using different combinations of the roughness elements and triangle shaped spires, different
types of fully developed neutrally-stratified ABLwindswith distinctmean and turbulence characteristics can be generated in
the AABL wind tunnel. The growth of the boundary layer of the simulated ABL wind under zero pressure gradient conditions
was achieved by adjusting the ceiling profile of the test section of the wind tunnel.
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Fig. 1. The test section of the AABL wind tunnel.

Fig. 2. Characteristics of the simulated ABL winds under neutral conditions. (a) type-1 ABL wind, stream-wise mean velocity; (b) type-1 ABL wind,
turbulence intensity; (c) type-2 ABL wind, stream-wise mean velocity; (d) type-2 ABL wind, turbulence intensity. The two dotted lines represent the top
and bottom tip heights of the wind turbine, and the dash-dotted line represents the hub height.

Wind shear is often defined using a simple exponential law (IEC, 2005), which defines themeanwind speed U at a height
z above ground using the wind speed UHub that is measured at a turbine hub height H as a reference:

U
UHub

=

( z
H

)α

(1)

where α is a constant exponent. According to ASCE standard (Zhou and Kareem, 2002), different exponents can represent
different types of open terrain. As shown in Fig. 2(a), the power-law exponent for the type-1 ABL wind is α = 0.11, which
can be used to represent offshore (open sea) terrain. The corresponding turbulence intensity shown in Fig. 2(b) was found
to be approximately 9.5% at the hub height (z/H = 1), which is in the range of the turbulent ABL winds over the open
sea based on the onsite measurements of Hansen et al. (2012) at the Horns Rev offshore wind farm. Here, the turbulence
intensity is calculated by using the expression of Iu = σu/Ulocal, where σu is the root-mean-square of the turbulent velocity
fluctuations, and Ulocal is the mean wind speed at the measurement point. The exponent for the type-2 ABL wind shown in
Fig. 2(c) is α = 0.16, which can be used to represent an onshore wind farm sited on open country terrain with low scrub or
scattered trees. Fig. 2(d) shows the turbulence intensity as a function of the height above the floor of the AABL wind tunnel.
The turbulence intensity is consistent with the standard turbulence intensity profile of an ABL wind over open terrain as
suggested by the Architectural Institute of Japan (AIJ , 1996). It should be noted that, the turbulence intensity level at the
turbine hubheight for the type-2ABLwind is approximately 18.0%,which is close to the turbulence intensity levelsmeasured
in an onshore wind farm as reported by Smith et al. (2013).

In the present study, a Cobra Probe anemometry system (Turbulent Flow Instrumentation Pty Ltd.) was applied to
measure the instantaneous wind speeds of the ABL wind. By using the Cobra Probe, all three components of airflow velocity
could be measured instantaneously. The mean velocity and turbulent intensity can also be calculated after obtaining the
instantaneous measurement data. The sampling rate of the instantaneous velocity measurements was set to be 1250 Hz
with a measurement period of 60 s at each point of interest.

The wind turbine model used for this study represents the most widely used three-blade horizontal axial wind turbines
(HAWTs). The model wind turbine has a rotor radius of 140 mm, and the height of the turbine nacelle is 225 mm above the
wind tunnel floor. With a scale ratio of 1:350, the test model would represent a wind turbine in a wind farm with a rotor
diameter of approximately 90 m and a tower height of approximately 80 m. The blade of the tested model was generated
based on the ERS-100 prototype of wind turbine blade developed by TPI. The blade has a constant circular cross section from
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Table 1
Thrust coefficients of wind turbine models used in wind tunnel studies.
Wind tunnel studies Hu et al. (2012) Zhang et al. (2012) Cal et al. (2010) Hancock and Pascheke (2010) The present study

Tip speed ratio, 3.0 3.7 4.9 6.05 6.0
Thrust coefficient, CT 0.31 0.42 0.32 0.497 0.538

the blade root to 5% of the blade radius (R), and three NREL airfoil profiles (S819, S820, S821) are used at different span-
wise locations along the rotor blade. The S821 airfoil profile is used between 0.208R and 0.40R, the S819 primary airfoil
is positioned at 0.70R, and the S820 airfoil profile is located at 0.95R. Further information about the ERS-100 rotor blades
are available at Locke and Valencia (2004) and Somers (2005). Furthermore, to analyze the dynamic wind loads acting on
different components of themodel wind turbine, the test model was disassembled into three parts: tower, nacelle and rotor.
Additional details about the wind turbine model can be found in Tian et al. (2014b) and Yuan et al. (2014).

The angular velocity of the turbine blades was adjusted by applying different electric loads to a small DC motor (Kysan,
FF-050S-07330) installed inside the turbine nacelle. The turbine angular velocity (i.e.,Ω ) can change from0 to 2200 rpm and
the corresponding tip-speed-ratio (i.e., λ = Ω (2π /60)R/UHub, where R is the radius of the rotor) ranges from 0 to 6.5. During
the experiments, a series of tip-speed-ratios were used to test the dynamic wind loads acting on the model wind turbine.
It should be noted that a typical three blade HAWT in a modern wind farm usually has a tip-speed-ratio of λ = 4.0–8.0, as
described in Burton et al. (2001).

In order to measure the dynamic wind loads acting on the model wind turbine, an aluminum rod was used as the turbine
tower to support the nacelle and the rotor blades of the wind turbine model. Through a hole on the wind tunnel floor,
the aluminum rod was connected to a high-sensitivity force-moment transducer (JR3, model 30E12A-I40) to measure the
dynamic wind loads. The JR3 load cell is composed of foil strain gauge bridges, which are capable of measuring the forces
on three orthogonal axes, and the moment about each axis. The precision of the force-moment sensor cell for the force
measurements is ±0.25% of the full range 40 N. Although the JR3 load cell can provide time-resolved measurements of all
three components of the aerodynamic forces and themoment (torque) about each axis, only themeasured thrust coefficient,
CT , and the bending moment, CMy, are presented in this study. The thrust coefficient (i.e., the force coefficient in the stream-
wise direction) and bending moment coefficient (i.e., the moment coefficient in the span-wise direction) were calculated
using the expressions CT = T /(0.5ρUHub

2πR2) and CMy = My/(0.5ρUHub
2πR2H), respectively, where ρ is the air density. For

each tested case, thewind load datawere acquired for 120 s at a sampling rate of 1000 Hz. For the tip-speed-ratio of λ = 6.0,
the thrust coefficient CT is estimated to be 0.538 for the type-1 ABL wind, which is similar to those of wind turbine models
used in previous wind-tunnel tests, as listed in Table 1.

In this study, themeanwind speeds at turbine hub height for the two types of ABLwinds were all set to be approximately
UHub = 5.0 m/s. The Reynolds number based on the rotor diameter (D) and the oncoming wind speed at the hub height
(UHub) was approximately 9.0×104, which is significantly lower than that of a utility-scale wind turbine (i.e., Re > 1.2×106).
While the Reynolds number of a wind turbine may have a significant effect on the aeromechanic performances of the wind
turbine, the flow characteristics in the turbine wake would become almost independent of the Reynolds number when
the Reynolds number of the model turbine is higher enough. Chamorro et al. (2011) found that, the fundamental flow
statistics in the turbine wake have asymptotic behavior with the Reynolds number. While the independence of Reynolds
number for mean velocity was found to be reached at a lower value of Re≈4.8×104, the Reynolds number independence
would reach at Re≈9.3×104 for higher order characteristics (i.e., shear stress and turbulence intensity). Asmentioned above,
the corresponding Reynolds number of the present study is approximately 9.0×104, which is in the range of the required
minimum Reynolds number to achieve independence of the turbine flow statistics.

3. Results and discussion

3.1. Effect of wind shear on mean wind loads

As described above, two typical ABL winds with different wind shear and turbulence intensity levels were simulated in
the present study. Fig. 3 shows the measured mean thrust coefficient, CT , and bending moment coefficient, CMy, as functions
of the tip-speed-ratiowith themodelwind turbine placed in different ABLwinds. The profiles of themean thrust and bending
moment coefficients both were found to increase gradually with the increasing tip-speed-ratio of the wind turbine model.
Similar trends were also reported by Adaramola and Krogstad (2011) for the variations of the mean thrust coefficients of a
model wind turbine as a function of the tip-speed-ratio.

As shown in Fig. 3, themagnitudes of the thrust and bendingmoment coefficients are strongly dependent on the incoming
ABL wind. The mean wind load coefficients of the model wind turbine were found to be smaller when placed in the type-1
ABL wind at all of the tested tip-speed-ratios, in comparison with those with the type-2 ABL wind. the difference between
the mean wind loads for the two compared types of the ABL winds was found to increase gradually with the increasing
tip-speed-ratio of the model turbine. As described in Dimitrov et al. (2015), the average wind speed at the hub height, UHub,
is usually considered to have the greatest impact on the statistical wind loads. Themeasurement results given in Fig. 3 reveal
that, the wind shear can also significantly influence the mean wind loads acting on wind turbines. As shown in Fig. 2, for the
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Fig. 3. Variations of the mean wind loads as functions of the tip-speed-ratio under different ABL winds. (a) Mean thrust coefficient; (b) mean bending
moment coefficient.

Fig. 4. Variations of the σCT values as a function of the tip-speed-ratio under two different ABL winds.

type-2 ABL wind with a higher wind shear exponent (i.e., α = 0.16), the relative mean wind speed U/UHub is higher in the
region above the hub height. Due to the effects of the tower and ground (i.e., the speed of the incoming ABL wind is much
lower in the region near the ground), the rotor in the region above the hub height would harvest much more wind energy
from the incoming flow and experience higher wind loads than those in the region below the hub height. Therefore, the high
relative wind speed U/UHub above the hub height is believed to contribute to the higher mean wind loads for the type-2 ABL
wind, as shown in Fig. 3.

3.2. Effects of turbulence intensity of the incoming airflow on fatigue loads

As described by Dekker and Pierik (1998), the fatigue damage to a wind turbine is closely related to the turbulence
characteristics of the wind field, such as turbulence intensity, length scale and coherence, of which the turbulence intensity
is by far the most significant. Fig. 4 shows the standard deviation of the dynamic thrust coefficient, σCT , as functions of the
tip-speed-ratio of wind turbines when placed in two different types of ABL winds. The σCT values were found to increase
gradually with the increasing tip-speed-ratio, which is similar as the trends of the mean wind load data shown in Fig. 3.
In addition, it can also be seen clearly that, in comparison to the mean thrust coefficients, the difference of the σCT values
between the two compared types of ABL winds are much more significant, which indicates the more significant effects of
the turbulence intensity level of the incoming ABL wind on the fatigue loads acting onwind turbines. Due to themuch lower
turbulence level in the incoming airflow, thewind turbine sited in the type-1 ABLwindwas found to experiencemuch lower
fatigue loads, in comparison to that when sited in the type-2 ABL wind.

Besides the standard deviation values of the thrust coefficients, the time histories of the instantaneous thrust forces acting
on the model wind turbine at a typical tip-speed-ratio of λ = 6.0 were selected to further evaluate the effects of inflow
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Fig. 5. Measured dynamic wind loads acting on the wind turbine model. (a) Time history of CT in type-1 ABL wind; (b) time history of CT in type-2 ABL
wind; (c) power spectrum of CT , in type-1 ABL wind; (d) power spectrum of CT , in type-2 ABL wind.

turbulence level on the behaviors of the dynamic wind loads. The time histories of the instantaneous thrust force acting on
themodelwind turbine sited in the two compared ABLwindswith different turbulence intensity levels are shown in Fig. 5(a)
and (b). The mean values are also plotted as dashed lines in the plots for comparison. The extreme wind loads acting on the
wind turbine were found to be approximately 2–3 times higher than the mean values. Jiang et al. (2015) reported similar
behaviors of the dynamic wind loads by measuring the time series of the radial contact force of the National Renewable
Energy Laboratory’s (NREL) 750 kW wind turbine planetary bearing. In addition, as shown clearly in Fig. 5(a) and (b), the
differences between the fluctuation amplitudes of the instantaneous and the extreme wind loads under the two compared
ABL winds were found to be much greater than those in the measured mean wind loads. The extreme thrust coefficient of
the model wind turbine was found to reach as high as CT = 1.6 when sited in the type-2 ABL wind, which is approximately
45% greater than the corresponding value when sited in the type-1 ABL wind (i.e., CT = 1.1).

Fig. 5(c) and (d) show the power spectra of the measured instantaneous thrusts obtained using a fast Fourier transform
(FFT) analysis procedure. A dominant peak at f0 = 34 Hz can be identified clearly in the spectrum given in Fig. 5(c),
corresponding to the rotational speed of the turbine rotor blades at the tip-speed-ratio of λ = 6.0. This rotational frequency
agreeswellwith the valuemeasured independently using a tachometer (Monarch Instrument). Other peaks,which represent
the harmonic frequencies of the turbine rotation frequency, f0, can also be identified clearly from the power spectrum plots.
However, no dominant peak can be identified in the spectrum for the test case with high turbulent incoming ABL wind, as
shown in Fig. 5(d). The rotational speed of the turbine rotor blades was found to fluctuate in a wide range of frequencies
(i.e., 28 Hz < f0 < 36 Hz). The harmonic frequencies of the rotational frequency of the turbine, especially for 3fo, are very
difficult to identify in the plot, in comparison to the scenario with lower turbulence levels in the incoming ABL wind. These
significant fluctuations in the rotational speedof the turbine rotor bladeswould causemuchgreater variations of the dynamic
wind loads, therefore, higher fatigue loads acting on the wind turbine when sited in the type-2 ABL wind, due to the nearly
two times higher in the turbulence intensity of the incoming ABL wind.

Fig. 6(a) and (b) show histograms of the measured dynamic thrust that acts on the wind turbine model. Whereas
the instantaneous wind loads on the wind turbine model were found to be highly unsteady with randomly fluctuating
magnitudes, the histograms of themeasured thrust coefficients for both the low and high turbulence ABLwindswere fit well
by Gaussian functions, which confirms that it is reasonable to use the standard deviation values of the dynamic wind loads
to estimate the fatigue loads on the wind turbine. The standard deviation values of the thrust coefficient for the model wind
turbine in the low turbulence wind environment was found to be 0.20, and the corresponding value in the high turbulence
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Fig. 6. Histogram of instantaneous thrust coefficients and hub height wind speeds. (a) histogram of CT in type-1 ABL wind; (b) histogram of CT in type-2
ABL wind; (c) histogram of hub height wind speed in type-1 ABL wind; (d) histogram of hub height wind speed in type-2 ABL wind.

wind environment was 0.31. The larger standard deviation value indicates that much more severe fatigue loads would act
on the wind turbines when operated in the high turbulence wind environment.

The behavior of dynamic wind loads acting on the model wind turbine was found to be highly related to the local flow
characteristics. The histograms of the instantaneous inflow velocity measured at turbine hub height are plotted in Fig. 6(c)
and (d). While the mean wind speeds at the turbine hub height were set to be the same, the histogram distributions of
the instantaneous wind speeds of the two compared incoming ABL winds show significant difference due to the different
turbulence intensity levels. It can be seen clearly that, the instantaneous wind speeds for the type-2 ABL wind varied in
a much wider range. Therefore, the model wind turbine sited in type-2 ABL wind would have a much higher chance to
experience instantaneous wind speeds far from the mean value, which could be the reason for the higher fatigue loads
acting on the model wind turbine when placed in high turbulence wind environment.

3.3. Dynamic wind loads acting on different components of the wind turbine model

In the present study, the wind turbine model can be disassembled into three parts: tower, nacelle and rotor. Fig. 7 shows
the mean and fatigue thrust coefficients that act on each of the three components of the wind turbine model when placed in
the type-1 and type-2 ABL winds. The rotating case corresponds to the wind turbine operating at the typical tip-speed-ratio
of λ = 6.0, and the results for the stationary case refer to the wind loads when the rotor of the wind turbine is not in rotation.
The effects of the wind shear on the mean wind loads of the different components of the wind turbine model are shown
clearly in Fig. 7(a). It should be noted that, while the mean wind speed at the turbine hub height was set to UHub = 5.0 m/s
for both the type-1 and type-2 ABL winds, the wind speed of the type-2 ABL wind case (i.e., having a power law exponent of
α = 0.16) is lower in the region below the hub height than that of the type-1 ABL wind (i.e., having a power law exponent
of α = 0.11). This results in lower mean forces acting on the turbine tower and nacelle when placed in the type-2 ABL wind.
After adding the rotor, the mean forces that act on the stationary and rotating wind turbines become higher for the case in
type-2 ABLwind. The reason for this experimental observation, in which themeanwind loads reverse after adding the rotor,
has been explained in Section 3.1.

Without the rotor, the wind loads that act on the turbine tower and nacelle together contribute only approximately 10%
of the total wind loads (i.e., the test case with the wind turbine rotating at the tip-speed-ratio of λ = 6.0). It indicates that
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Fig. 7. Comparison of the dynamic thrusts that act on different components of thewind turbinemodel. (a)mean thrust coefficients; (b) standard deviations
of the thrust coefficients.

approximately 90% of thewind loads acting on themodelwind turbine in rotationwas found to come from the rotating rotor.
The quantitative measurement results highlight the importance of the mechanical design of the connecting parts between
the rotor and nacelle (i.e., the shaft and gear system). In addition, wind turbines are controlled to stop to prevent damage
when the wind exceeds the ‘‘cut-out’’ speed (i.e., >25 m/s). However, as shown in Fig. 7(a), the mean wind loads acting on
a stationary wind turbine can reach approximately 38% of the wind loads on a rotating wind turbine. Thus, the wind loads
that act on a wind turbine under extreme wind conditions still need to be considered properly even though the turbine was
shut down (i.e., the rotor is stopped from rotation).

As described in Section 3.2, the standard deviation values of themeasuredwind loads can be used to represent the fatigue
loads for the test cases with both low and high turbulence ABL winds. As shown in Fig. 7(b), the fatigue loads acting on the
tower and nacelle together were found to be less than 8% of the total fatigue loads on a rotating wind turbine. It indicates
that, more than 92% of the fatigue loads would come from the rotating rotor, the value was found to be even greater than the
proportion of the mean wind loads of the rotating rotor. Moreover, the fatigue loads acting on the stationary wind turbine
(i.e., in ‘‘shut-down’’ mode) represent 15%–20% of the total fatigue loads acting on the rotating wind turbine. In contrast,
the contribution of the stationary wind turbine (i.e., turbine in ‘‘shut-down’’ mode) to the mean wind loads was found to be
approximately 38%. Thus, in comparison to the fatigue loads, the mean wind loads acting on a wind turbine under extreme
wind conditions must be considered carefully. It should also be noted that, the turbulence intensity levels in ABL winds was
found to play a dominant role in determining the characteristics of the fatigue loads acting on different components of the
wind turbine. As shown clearly in Fig. 7, in comparison with those in type-1 ABL wind, even though the mean wind loads
acting on the turbine tower and nacelle were found to be smaller in type-2 ABL wind, the fatigue loads were found to be
much higher corresponding to the high ambient turbulence intensity in type-2 ABL wind.

3.4. Dynamic wind loads on stationary wind turbine model with the rotor blades in different phase angles

As described above, the mean wind loads acting on the stationary wind turbine (i.e., in ‘‘shut-down’’ mode) can be as
high as 38% of those of the wind turbine rotating at a tip-speed-ratio of λ = 6.0. For an offshore wind farm, extreme wind
conditions (i.e., >25 m/s) may occur quite often. Thus, it is important to reduce the wind loads acting on stationary wind
turbines (i.e., turbine in ‘‘shut-down’’ mode). Fig. 8 shows the dynamic wind loads of the wind turbine in ‘‘shut-down’’ mode
under type-1 ABL wind and the turbine rotor blades were set in different phase angles. In the present study, the phase angle
of the rotor blades was defined as the angle between the vertical plane through the rotational axis of thewind turbinemodel
and the position of a pre-marked rotor blade.

Fig. 8(a) shows the variations of the mean wind loads acting on the wind turbine in ‘‘shut-down’’ mode as a function of
the phase angles of the rotor blades. The mean wind loads were found to decrease with the increasing phase angle at first,
reaching a minimum value at the phase angle of θ = 60◦, and then increase with further increase in the phase angle. It can
be seen that, the configuration with one of the blades being in front of the tower, i.e., at the phase angle of θ = 60◦, can
significantly decrease the wind loads acting on the turbine tower. Moreover, the top tip height reached by the wind turbine
blades would be the lowest at the phase angle of θ = 60◦, thus, the rotor would experience lower wind speeds in the ABL
wind, in comparison to those at the other phase angles. Therefore, the mean wind loads were found to be the minimum at
the phase angle of θ = 60◦. As shown in Fig. 8(a), themean thrust and bendingmoment coefficients at θ = 60◦ were found to
be CT = 0.165 and CMy = 0.177, respectively, which were approximately 15% less than the maximum loads that occurred
at θ = 0◦. Therefore, the mean wind loads acting on the stationary wind turbine (i.e., turbine in ‘‘shut-down’’ mode) can be
reduced by adjusting the turbine blades to an appropriate phase angle. Furthermore, Fig. 8(b) shows that the variations of
the fatigue loads with the phase angle follow the same trend as the variations in themean wind loads. Theminimum fatigue
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Fig. 8. Dynamic wind loads that act on the stationary wind turbine with different blade phase angles. (a) mean wind loads; (b) fatigue wind loads.

loads were also found to occur at the phase angle of θ = 60◦, and were 10% lower than the maximum fatigue loads occurred
at of θ = 0◦.

4. Conclusion

A comprehensive experimental study was conducted in an atmospheric boundary layer (ABL) wind tunnel to analyze the
characteristics of the dynamic wind loads acting on a typical three-blade horizontal axial wind turbine model. Two types of
ABL winds were simulated to study the effects of the wind shear and the turbulence intensity of the incoming ABL wind on
the dynamic wind loads acting on the wind turbine model. While the average wind speed at the hub height UHub is usually
recognized as having the greatest effects on the wind load characteristics, the wind shear was also found to significantly
influence themeanwind loads acting thewind turbine. The ABLwindwith greater wind shear will lead to highermeanwind
loads acting on the wind turbine. The higher turbulence level in the incoming ABL wind was found to result in significant
fluctuations in the rotational speed of the turbine rotor blades, leading tomuch greater variations of the dynamicwind loads,
therefore, higher fatigue loads on the wind turbine.

The dynamic wind loads acting on different components of the wind turbine model were also identified in the present
study. The experimental results highlight the role of the rotating rotor, which was found to contribute more than 90% both
in the mean and fatigue wind loads acting on a wind turbine. In addition, the mean wind loads acting on the stationary
wind turbine (i.e., turbine in ‘‘shut-down’’ mode) can reach approximately 38% of those acting on a rotating wind turbine,
suggesting that the wind loads acting on a wind turbine under extreme wind conditions must be considered properly even
though the wind turbine was set in ‘‘shut-down’’ mode.

In order to reduce damages to wind turbines under extreme wind conditions, an experimental study was also conducted
to evaluate the variations of the wind loads acting on a stationary wind turbine (i.e., in ‘‘shut-down’’ mode) as a function of
the phase angles of the rotor blades. The stationarywind turbinewas found to experience the lowest wind loads at the phase
angle of θ = 60◦ i.e., the configuration with one of the blades being in front of the tower. The maximum variation between
the different blade phase angles was found to reach 15% for the mean wind loads and 10% for the fatigue loads acting on the
wind turbine in ‘‘shut-down’’ mode.

It should be noted that, wind tunnel experiments were usually preformed with simplified inflow conditions and scaled
wind turbine models, which is different from the scenario of utility-scale wind turbine operating under realistic ABL
conditions. Instead, numerical simulation could be an effective approach to study utility-scale wind turbines operating
under realistic ABL flow conditions (Bhaganagar and Debnath, 2015). However, because the atmospheric flow of field tests
is difficult to describe in sufficient detail due to its complicated characteristics (De Vries, 1983), it is rarely possible to use
field test to get all of the information needed for a well-defined test case for numerical simulations. The wind-tunnel results
obtained in the present study for scaled wind turbine model is essential due to its ability of producing well-controlled flow
conditions, which can provide sufficient information for the validation and verification of the numerical simulations.
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