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Abstract: The present study scrutinized the impacts of terrain-induced turbulence on wind turbine
blades, examining measurement data regarding wind conditions and the strains of wind turbine
blades. Furthermore, we performed a high-resolution large-eddy simulation (LES) and identified
the three-dimensional airflow structures of terrain-induced turbulence. Based on the LES results,
we defined the Uchida-Kawashima Scale_1 (the U-K scale_1), which is a turbulence evaluation index,
and clarified the existence of the terrain-induced turbulence quantitatively. The threshold value of
the U-K scale_1 was determined as 0.2, and this index was confirmed to not be dependent on the
inflow profile, the influence of the horizontal grid resolution, and the influence of the computed
azimuth. In addition, we defined the Uchida-Kawashima Scale_2 (the U-K scale_2), which is a fatigue
damage evaluation index based on the measurement data and the design value obtained by DNV
GL’s Bladed. DNV GL (Det Norske Veritas Germanischer Lloyed) is a third party certification body in
Norway, and Bladed has been the industry standard aero-elastic wind turbine modeling software.
Using the U-K scale_2, the following results were revealed: the U-K scale_2 was 0.86 < 1.0 (within
the designed value) in the case of northerly wind, and the U-K scale_2 was 1.60 > 1.0 (exceeding
the designed value) in the case of easterly wind. As a result, it was revealed that the blades of the
target wind turbine were directly and strongly affected by terrain-induced turbulence when easterly
winds occurred.

Keywords: wind turbine blade; complex terrain; terrain-induced turbulence; large-eddy simulation;
turbulence evaluation index; fatigue damage evaluation index

1. Introduction

The adoption and promotion of renewable energy has gained widespread interest worldwide,
including in Japan. For this reason, the introduction of wind farms with wind turbines has accelerated.
However, there have also been great concerns. Unfortunately, an increasing trend in the number of
serious accidents has been reported, such as the accidental fall of a wind turbine nacelle, particularly
in wind power stations built on complex terrain in mountainous areas. Utmost caution is required,
especially for wind power stations with complicated topography, in planning an optimum arrangement
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of wind turbines and controlling both maintenance and management. Diversified tasks are increasingly
important to avoid accumulated fatigue of wind load in wind turbines due to terrain-induced turbulence,
to reduce malfunctions and accidents inside and outside wind turbines, and to improve the availability
of wind turbines [1-11]. Considering social and engineering requests at present, the crucial purpose of
the present study is to establish a system with a numerical diagnostic technique for wind status, which
contributes to the proper operation of wind farms, an adequate understanding of the indigenous wind
environments of each site, including terrain-induced turbulence, and a reduction of malfunctions and
accidents associated with wind turbines [12-21].

We conducted research with a demonstration not only to examine the impacts of terrain-induced
turbulence on flapwise fatigue damage of wind turbine blades, but also to clarify the mechanism
of terrain-induced turbulence generation. Specifically, we targeted a large-scale wind turbine built
on complex mountainous terrain. Electric strain gauges were installed at the base of three blades
of the wind turbine. We developed a measurement system to automatically obtain time-series data
of strain fluctuation via the gauges. Subsequently, the damage equivalent load (DEL) [22,23] of the
flapwise bending and vibration of wind turbine blades was calculated on the basis of the collected
data. Furthermore, we examined the relationship with the output results of wind direction and speed
sensors, which were installed on the wind turbine nacelle for the purpose of wind turbine control.

Firstly, the time period of the maximum DEL on the blades during the measurement period in
this study was identified, as well as the time period of the maximum load regarding fatigue damage
of the blades, and the situation was quantitatively examined. Simultaneously, a high-resolution
simulation of numerical wind conditions was performed on the basis of large-eddy simulation (LES)
to closely examine three-dimensional airflow structures when the wind turbine blades experienced
terrain-induced turbulence. Secondly, the present study derived a formula, a relational expression
indicating a correlation between the DEL calculated on the basis of actual measured data and the
values of nacelle wind speed, which were obtained by the nacelle anemometer, that is, the fatigue
damage of the blades. Using this formula and measurement data of wind conditions over a one-year
period, the influence of terrain-induced turbulence on the age-related degradation of wind turbine
blades was quantitatively assessed.

Lastly, through the analysis of the series of measurement data and numerical wind condition
simulations, we proposed two types of new assessment scales to evaluate the impacts of terrain-induced
turbulence on wind turbine blades and demonstrated the operation methods of these generalization indexes.

2. Overview of the Kushikino Reimei Wind Farm

The present study was conducted, with cooperation of Kyudenko New Energy Co., Ltd.(Fukuoka,
Japan), focusing on the Kushikino Reimei Wind Farm (established in November 2012) in Hashima,
Ichikikushikino City, Kagoshima Prefecture, Japan (Figure 1). This wind farm was installed with
ten 2 MW (megawatt) downwind wind turbines (Hitachi, Ltd. (Tokyo, Japan)). The target wind turbine
was wind turbine #10. The present study focused on the impacts of terrain-induced turbulence on the
blades of wind turbine #10. Turbulence was generated when easterly winds passed over Mt. Benzaiten
(elevation 519 m) (see Figures 2 and 3, and Table 1). Figure 4 provides an outline of the wind turbine.
Figure 5 illustrates the power curve of the wind turbine. Figure 6 shows a vane anemometer which was
installed on the wind turbine nacelle. The pitch and yaw control of the wind turbine was performed
based on the sensor information, as shown in Figure 5. The present study analyzed the airflow field
generated around wind turbine #10, utilizing output results of wind direction and speed sensors
(research data results are described later).
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A
Target Wind Turbine Google Earth

Figure 1. Map of the Kushikino Reimei Wind Farm and the surrounding area.

Flow direction

Mt. Benzaiten
(Elevation : 519 m)

Figure 3. Relative locations of Mt. Benzaiten (elevation 519 m) and wind turbine #10.
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Table 1. Elevation information for wind turbine #10 and distance between Mt. Benzaiten (elevation

519 m) and wind turbine #10.
Elevation at Base of Wind Maximum Blade Tip Elevation Distance Between Mt. Benzaiten
Turbine #10 (Above Sea Level) and Wind Turbine #10
418 m 518 m Approx. 300 m
Downwind Wind Turbine
General Specifications i 3
| woml |
W Manufacturer : Hitachi, Ltd. '
B Model : HTW2.0-80 ‘! l‘
M Turbine Type : Downwind
W Power : 2 MW 80 m Flow direction >
W Hub Height : 60 m |
M Rotor Diameter : 80 m
W IEC-Class : 1A 60m|
\
‘ \ SS ‘ < Strain Sensors—| § pS
| |
‘ 20m It
A
’ ' ' TE : Trailing Edge
. . . LE : Leading Edge
Front view J ‘L Side view } S5 Suction Sidc

PS : Pressure Side
Figure 4. Outline of a wind turbine.
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Figure 5. Power curve of a wind turbine.
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Figure 6. Nacelle propeller-vane anemometer.




Energies 2019, 12, 2624 5o0f 27

3. In-Situ Data Analysis

3.1. Analysis of Wind Turbine Power Output Data

The theoretical power output was compared with the measured data for wind turbine #10.
The results are shown in Figure 7. Figure 7a,b show measured values of northerly and easterly winds,
respectively; the number of measured data values was 1578 for the northerly wind, obtained in 10-min
periods in January of 2013, and similarly, 601 data values were obtained for the easterly wind in June
of 2013. The easterly wind pattern shows a high dispersion compared with that of the northerly wind.
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(b)
Figure 7. Comparison between theoretical data and measured data for wind turbine #10. (a) Northerly
wind. (b) Easterly wind.
3.2. Analysis of Wind Turbine Alarm Data

A variety of alarm conditions exist for a wind turbine. For this research, the following two items
regarding wind conditions were our focus, and the operation status of wind turbine #10 was inspected.
The target period of the data analysis was 14 months (November 2012—-January 2014).

(1) Shutdown due to excessive yaw error (definition: malfunctions occur due to deviation of the
nacelle direction and the anemoscope direction).
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(2) Discordance in wind directions of sensors for wind direction and speed (definition: malfunctions
occur due to disagreement in the values of the two sensors).

Table 2 provides the number of alarm occurrences due to the above alarm items for all wind
directions. The mean values of other wind turbines are shown for a comparative examination. This
table indicates that the alarm of wind turbine #10 occurred frequently due to the two items mentioned
above. In Table 3, alarm occurrences of Table 2 are shown depending on the wind directions. Figure 8
shows a graph generated from Table 3. Table 3 and Figure 8 clearly indicate that wind turbine #10
had an extremely high number of alarm occurrences when wind blew from the east compared with
other wind directions. This phenomenon suggested that wind turbine #10 was affected over time by
unsteady wind direction fluctuations when easterly winds occurred.

Table 2. Number of alarm occurrences for wind conditions under all wind directions.

Alarm Item Wind Turbine #10 Other Wind Turbines (Average)
Shutdown due to excessive yaw error 1448 530
Discordance in wind directions of sensors 308 80

Table 3. Number of alarm occurrences due to wind conditions for each wind direction.

Alarm Item N NNE NE ENE E ESE SE SSE
Shutdown due to 39 12 130 150 560 176 58 18
excessive yaw error
Discordance inwind 2 33 35 146 45 16 10
directions of sensors
Alarm Item S SSW SW WSW W WNW NW NNW  Total
Shutdown due to 1 7 2 2 8 2 158 115 1448
excessive yaW error
Discordance in wind 6 0 0 1 1 9 3 3 308

directions of sensors
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Figure 8. Result of graphing the values in Table 3. (a) Number of alarm occurrences for yaw misalignment.

Number of Alarm Occurrences

(b) Number of alarm occurrences for wind direction mismatch of the wind vane. Note: Wind turbine
systems resort to shutting down the wind turbine if the yaw misalignment exceeds a threshold.
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3.3. Analysis of Nacelle Propeller-Vane Anemometer Data

Wind energy is input via wind turbine blades. Thus, it is absolutely essential to monitor the
behavior of the flapwise bending and vibration at the base of the blades for the assessment of
the durability of the entire wind turbine. In the present study, two types of electric strain gauges
were installed at the base of three blades on wind turbine #10 (the base: the position at a distance
of approximately 1.3 m from the hub-connected point, referred to in Figure 4). A measurement
synchronization system was developed to measure both of these values and basic information on
the wind turbine operation (eight items: wind direction, wind speed and azimuth of the nacelle,
pitch angle, rotational speed of the generator, active power of the power conditioning system (PCS)
system, azimuth angle, and longitudinal acceleration of the nacelle). Actual measurement data were
collected at 50 Hz (0.02 interval, 50 cycles per second) via this measurement synchronization system.
The average values of the two sets of wind direction and speed sensors for wind turbine control,
which were installed on the wind turbine nacelle shown in Figure 6, were used as measurement data
regarding the wind direction and speed of the nacelle. The measurement period was from 3 November
2015, 0:00 a.m. JST to 17 March 2016, 7:00 a.m. JST.

Wind roses for all of the wind velocity classes are shown in Figure 9, where the above-measured
data of wind direction and wind speed of the nacelle were classified into 16 wind directions. Further,
the numerical data are shown in Table 4. Regarding frequency distribution, the highest frequency,
22.5%, was for the northerly wind (Total: 19237, N: 4331) and the frequency of the easterly wind was
4.4% (Total: 19237, E: 856). The mean speed of the easterly wind was lower than that of the northerly
wind; the northerly wind mean speed was 6.1 m/s, while the easterly mean speed was 4.5 m/s.

@) (b)

Figure 9. Frequency distribution of the direction of the 10-min average wind (%): (a) wind rose

(frequency distribution) and the average of the 10-min average wind speed observed for 16 wind
directions (m/s): (b) wind speed by direction (wind measurement height: hub height (60 m), analysis
period: 3 November 2015, 0:00 a.m. JST-17 March 2016, 7:00 a.m. JST).

Table 4. Frequency distribution of the direction of the 10-min average wind (%) and the average of the
10-min average wind speed observed for 16 directions (wind measurement height: hub height (60 m),
analysis period: 3 November 2015, 0:00 a.m. JST-17 March 2016, 7:00 a.m. JST).

Height Item N NNE NE ENE E ESE SE SSE S SSW SW WSW W WNW NW NNW Total

Frequency

Distribution 225 138 56 40 44 36 75 43 30 22 12 09 13 18 126 112 1000
(%)

Average

Wind Speed 6.1 58 48 41 45 47 67 60 51 50 50 30 46 50 92 66 6.1
(m/s)
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Data groups were analyzed for nacelle wind direction and nacelle wind speed, and the standard
deviation was calculated for nacelle wind speed values on the basis of 10-min intervals for the
data measurement period of wind turbine #10 from 3 November 2015, 0:00 a.m. JST to 17 March
2016, 7:00 a.m. JST. Furthermore, measurement data were classified into 12 wind directions and
were arranged with analysis results of the damage equivalent load (DEL), which is described later
(see Table 5). Figures 10 and 11 illustrate the analysis results of the wind velocity standard deviation
and turbulence intensity for both northerly and easterly winds. To examine the status of wind turbine
generation, analysis data targets corresponded to winds of 4 m/s or higher.

Table 5. Wind direction range and total number of data values.

Total Number of 10-min Periods for

Wind Direction Range Which Wind Statistics are Calculated
Northerly Wind 0° = 15° 4036 (Total: 12,567; 32.1%)
Easterly Wind 90° + 15° 496 (Total: 12,567; 4.0%)

Note: includes only data from 10-min periods with an average wind speed of 4 m/s (cut-in wind speed) or higher.
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0.0 00 .

0 20 0 15 20
Wind Speed (m/s) Wind Speed (m/s)
(a) (b)

Figure 10. Relationship between the standard deviation and the average of the wind speed in 10-min
periods for two wind directions (wind measurement height: hub-height (60 m), analysis period:
3 November 2015, 0:00 a.m. JST-17 March 2016, 7:00 a.m. JST). (a) Northerly wind. (b) Easterly wind.

05 0.5
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Figure 11. Relationship between turbulence intensity and the average of the wind speed in 10-min
periods for two wind directions (wind measurement height: hub-height (60 m), analysis period:
3 November 2015, 0:00 a.m. JST-17 March 2016, 7:00 a.m. JST). (a) Northerly wind. (b) Easterly wind.
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Wind velocity standard deviations and turbulence intensity were calculated by formula (1):

N 2
1 ’
; Nig(“i)
Turbulencelntensity(TI) = % = = 1)
where:
wW=u(t)-u (2)

In Figures 10 and 11, values of standard deviations of easterly wind velocity and values of their
corresponding turbulence intensity were notably larger in comparison to those of the northerly wind.
In addition, it was confirmed that the turbulence intensity of the easterly wind, in a wind velocity
class 10 m/s and lower, frequently exceeded the turbulence intensity category of the International
Electrotechnical Commission (IEC). It was inferred that the influence of Mt. Benzaiten (elevation 519 m)
at a distance of 300 m from wind turbine #10 was a major cause of the increased turbulence intensity
when easterly winds occurred. This is examined later, employing numerical wind condition simulations.

3.4. Analysis of Wind Turbine Blade Strain Data

As mentioned above, wind energy is input via wind turbine blades. Thus, it is absolutely essential
to monitor the behaviors of flapwise bending and vibration at the base of blades for the assessment of
the durability of the entire wind turbine. In the present study, electric strain gauges were installed at
the base of three blades on wind turbine #10, as shown in Figure 4. Figure 12 presents the blade strain
data of two types of winds in the measurement period. They were compared between two time-history
data waveforms when the mean values of the strain gauge of nacelle wind speeds were approximately
9 m/s. The northerly wind showed the highest occurrence frequency, and the easterly wind showed
notably large values in turbulence intensity, as was described previously. Data that are framed by a
continuous line represent the time zones of two wind patterns, which showed approximately 9 m/s
mean values of the nacelle wind velocity (Figure 12). A comparison of the results of measurement data
between the easterly wind in Figure 12b and the northerly wind in Figure 12a reveals that variable
amplitudes of strain gauges were notably large for the easterly wind, and thus, the blades of the target
wind turbine #10 vibrated due to the large flapwise wind loads.

This study conducted a further quantitative examination of the strain data of wind turbine blades.
From strain data, time history data of flapwise bending moments were extracted with the cooperation
of a wind turbine manufacturer. Upon applying the rainflow counting algorithm [22,23], the damage
equivalent load (DEL) was calculated (see Formula 3). DEL is the most commonly applied index in the
wind power industry in arguments regarding the fatigue damage of wind turbines. In the present
research, the obtained values of DEL were normalized by a design value for a wind velocity of 12 m/s,
employing the aero-elastic analysis software Bladed.

n n
(Fy-m)

N

i

DEL = 3)

where

F; is the load of the i-th class of the fatigue load spectrum;

n; is the number of cycles in the i-th class of the fatigue load spectrum;

N is the equivalent of cycles;

m is the S-N (stress-number of cycles to failure) curve slope for relevant material.
N =600 and m = 10 with fiber-reinforced plastic (FRP) blades in this study.
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Figure 12. Blade strain data (blade flapwise bending raw data). (a) Northerly wind. (b) Easterly wind.
Note: interval: 0.02 seconds, average wind speed: approx. 9 m/s.

Figure 13 shows time variations at 10-min intervals for nacelle wind velocity, its standard deviation
and DEL. Similar to Figure 12, time zones where the 10-min mean value of nacelle wind velocity
was approximately 9 m/s are the focus of this discussion. In the time period of the northerly wind
(November 9, 2015, 19:30-19:40 p.m. JST), the wind velocity value was 9.4 m/s. Corresponding to this
time period, the standard deviation was 1.3 m/s and DEL was 0.99. Contrarily, the time period for
which 9 m/s was intended to be a mean speed was from November 13, 2015, 9:40 to 9:50 a.m. JST for the
easterly wind, showing approximately 9.1 m/s as the 10-min mean values of the nacelle wind velocity.
The value of standard deviation for the easterly wind is worth mentioning in particular. The mean
value of the standard deviation of the nacelle wind velocity (November 13, 2015, 9:40-9:50 a.m. JST)
was 2.3 m/s, which was approximately 1.8 times higher than that of the northerly wind. Accordingly,
the DEL was also notable at 2.03, which was approximately twice as large as that of the northerly
wind. Conclusively, the easterly wind status, which had the issue of terrain-induced turbulence,
was proven to have distinctive differences in comparison with the northerly wind status, which was
scarcely affected by terrain-induced turbulence, while it had the highest frequency of occurrence.
Based on these findings, it was revealed that for easterly wind patterns, the standard deviation was
large. Accordingly, the DEL was large, and thus terrain-induced turbulence directly influenced the
turbine blades. The DEL value of 2.03 for the easterly wind (November 13, 2015, 9:40-9:50 a.m. JST)
was the highest in the entire present study; that is, this period was the time period where the largest
load was generated regarding the fatigue damage of the blades of the wind turbine. This scale of 2.03
in DEL means that if airflow with a property of DEL = 2.03 continued for 5.88 years, the total load on
the wind turbine blades would reach the design load for the designed service life.
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Figure 13. Time series of wind speed, standard deviation and normalized damage equivalent load
(DEL) for flapwise blade bending. Plotted values were evaluated from instantaneous data values
within 10-min periods. (a) Northerly wind. (b) Easterly wind.

4. Numerical Simulation of Airflow with the WRF Mesoscale Model

As described in Section 3.4, the wind vanes on the nacelle of WT#10 indicated the presence of
an easterly wind from 9:40 to 9:50 a.m. JST, November 13, 2015. To investigate the wind flow from
this time period closely, a numerical simulation was performed using the Weather Research and
Forecasting (WRF) mesoscale model [24] in the present study. This mesoscale model was developed
cooperatively by a number of institutions, including NCAR (National Center for Atmospheric Research),
the University of Oklahoma, NCEP (US National Center for Environment Prediction), NOAA (Forecast
System Laboratory of the National Oceanic and Atmospheric Administration), and AFWA (Air Force
Weather Agency). WREF is a three-dimensional, fully compressible, non-hydrostatic model that has
been used both operationally and for research worldwide. WRF is considered a successor to the
non-hydrostatic MM5 model, which was developed principally by NCAR. A number of physics
models are included in WRF, such as radiation models to calculate solar and atmospheric radiation,
a turbulence model that simulates turbulence in the mixed-layer, a cloud physics model that takes into
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account water vapor, cloud water, rainwater, snow, and hail, and a land surface model that calculates
the surface temperature, soil temperature, soil water content, snowfall, and surface flux. Furthermore,
WREF allows the use of the latest physics models and a data assimilation system; thus, WREF is suitable
for predicting and simulating localized heavy rainfall, gusts, and other meteorological phenomena.

Figure 14 illustrates the computational domain used for the present simulation. In the present
study, four-layer nesting was adopted. The spatial resolution of the smallest domain (d04), in which the
wind farm is located, was 333.33 m. The height of the smallest grid cell was approximately 8 m. For the
terrain data set, the model used the global digital elevation model GTOPO30 with spatial resolutions
of 30 seconds in latitude and longitude provided by the United States Geological Survey (USGS)
and higher-resolution data; specifically, the 50-m digital elevation model (GSI50, spatial resolution:
1.5 seconds in the latitude direction and 2.25 seconds in the longitude direction) provided by the
Geospatial Information Authority of Japan (GSI). For land use and vegetation data, the USGS data that
are pre-installed in WRF (spatial resolution: 1°) were used. The meteorological GPV (grid point value)
data that were used for the boundary conditions in the present study were the NCEP Final Analysis
(NCEP-FNL) data (spatial resolution: 0.5°; temporal resolution: six hours), which are global analysis
data. These data were used every six hours (with no nudging). For sea surface temperature (S5T) data,
the skin temperature from the NCEP-FNL data was used. The airflow simulation in the present study
takes cloud physics and precipitation processes into account.

Figure 15 shows the wind velocity vectors at the wind turbine height (60 m above the ground
surface) in the smallest domain, d04 (Figure 10), at 9:40 a.m. JST on November 13, 2015. This figure
confirms that the wind was easterly in the entire computational domain.

33°N
32°N
31°N
30°N
Horizontal Grid Resolution
HWdOl : 9 km
HWdO02 : 3 km
BdO03 : 1 km
29°N Hd04 : 333.33 m

128°E 129°E 130°E 131°E 132°E

Figure 14. Computational domain used in the Weather Research and Forecasting (WRF) mesoscale model.
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Figure 15. Distribution of the horizontal wind vectors in Domain 4, approximately 60 m above the
ground surface. 9:40 a.m. JST, Nov. 13, 2015.

5. Overview of the Numerical Simulation Method Based on Large-Eddy Simulation (RIAM-COMPACT)

5.1. Setting of Numerical Parameters

As mentioned above, when easterly wind occurred, turbulence intensity was high around wind
turbine #10, and thus the DEL of the wind blades was high from the viewpoint of actual measurement
data analysis. Consequently, we inferred that the major cause was the influence of Mt. Benzaiten
(elevation 519 m), located on the eastern side at a distance of approximately 300 m from wind turbine
#10 (see Figure 16a). Thus, high-resolution numerical simulations for wind conditions were performed
based on large-eddy simulation (LES) to scrutinize three-dimensional airflow structures, which directly
affected the wind turbine blades due to terrain-induced turbulence. To compare flow distributions,
the northerly wind was also examined. The northerly wind had the highest frequency of occurrence
and was scarcely affected by terrain-induced turbulence (see Figure 16b).

For the numerical simulations, the RIAM-COMPACT (Research Institute for Applied Mechanics,
Kyushu University, Computational Prediction of Airflow over Complex Terrain) natural terrain
version was used, for which a collocated grid in a general curvilinear coordinate system was adopted.
The collocated grid system is characterized by functions to define physical velocity components and
pressure at the cell center of computational grids and to define variables at the cell faces, which are
obtained with a contravariant velocity component multiplied by the determinant of the Jacobian.
The numerical calculation method was based on the finite-difference method (FDM), and large-eddy
simulation (LES) was employed to examine the turbulence models. The computational algorithm
confirmed the fractional step method (F-S method) [25], and the time marching method was based on
an explicit scheme of the Euler method. Poisson’s equations regarding pressure were solved using
successive over-relaxation (SOR). For the discretization of all the spatial terms, with the exception of
the convective term in the equation, a second-order accurate central-difference scheme was applied.
For the convective term, a third-order upwind difference scheme was applied. The interpolation
technique was used for a fourth-order finite-difference that comprised the convective terms [26]. For the
weighting of the numerical diffusion term in the convective term discretized by third-order upwind
differencing, & = 0.5 is used as opposed to « = 3.0 [27] from the Kawamura-Kuwahara scheme in
order to minimize the influence of numerical diffusion. The LES sub-grid-scale model employed the
standard Smagorinsky model [28] combining a wall-damping function, setting the model coefficient
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as 0.1. In the present study, the LES is assumed to reproduce the wind tunnel testing. Therefore, the
effects of atmospheric stability associated with vertical thermal stratification of the atmosphere and
inflow turbulence were neglected. In addition, as in [12,16,17], the effects of surface roughness were
taken into consideration by reconstructing surface irregularities in high resolution. A comparison
between the Reynolds-averaged modeling (RANS) results and the present LES results is summarized
in a recent article [13], and the prediction accuracy of the present LES approach by comparison with
wind tunnel experiments is discussed in [19].
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Figure 16. Comparison of the topographic section. (a) Northerly wind. (b) Easterly wind.

Conditions for numerical wind simulations were as follows: the computational domain held a
space of 12.0 (x), 5.0 (y) and 2.5 (z) km for the streamwise direction, spanwise direction, and vertical
direction, respectively (see Figure 17). A buffer zone was established in the upstream end of the
computational domain, in which the terrain irregularities were reduced by 95% to form flat terrain.
Similarly, a buffer zone was added to the downstream end of the domain. In the computational region,
the maximum and minimum altitudes were 523.5 m and 0 m, respectively. This simulation utilized
terrain elevation data with 10 m surface imagery provided by the Geospatial Information Authority of
Japan (GSI). Generated grids, including added grids of the marginal area upstream and downstream of
the computational region, were approximately eight million points in number, 496 (x) X 201 (y) x 81 (z)
in three-dimensional coordinates. Horizontal grid resolutions in the vicinity of the wind turbine were
10 m in the x- and y-directions. The minimum resolution of the vertical grid was approximately 1.5 m
above ground level to enable smooth drawing.
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The power law distribution was provided with N = 7.0, which is shown in Figure 18, regarding
the inlet boundary conditions of numerical wind simulations. The present study focused on the
impacts of terrain-induced turbulence for discussion, and thus did not examine fluctuations in the
inlet airflow. A free-slip boundary condition was applied to the side and upper walls. A convective
outflow condition was applied to the outlet boundary. A no-slip condition was imposed on the ground
surface. Characteristics of reference scales in the present study are shown in Figure 19. In the figure,
h represents differences in altitude in the computational region, Uj, represents streamwise wind
velocity of the inlet boundary at the maximum altitude point, and v represents the coefficient of
kinematic viscosity. On the basis of the two types of reference scales, the dimensionless parameter,
Re, is the Reynolds number (= Uy, h/v). For this simulation, Re = 10*. The time step was specified as
At = 2 x 1073 h/Uj,. Furthermore, identical simulation conditions were applied to both northerly and
easterly winds. In the present study, we used a vector-parallel supercomputer system named NEC
SX-ACE. The NEC SX-ACE provides four cores per node. When using one node of this system, about
8 million grid points of LES simulation took several hours.

z%(m)
2500 T T

—N=4.0

Characteristic
Length Scale : h

u/u

L in

500

00 0.5 1 1.5 2
Characteristic -
Wind Speed Scale : U,

Figure 18. Inflow condition.

Height above the Ground (m)

Inflow Profile
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z

m)

max (
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Figure 19. Two characteristic scales (Uj, and h).

5.2. Flow Visualization of Simulation Results

Figure 20 illustrates the distribution of the streamwise (x) wind velocity component (u) in an
instantaneous flow field. With the attentive observation of the two shadings in the figures, it is evident
that the airflow pattern that was generated around the wind turbine in Figure 20b was significantly
distinct in easterly winds compared to that of the northerly winds in Figure 20a Conclusively, with the
visual effects of these illustrations, it was evident that when the wind blew from the east, wind turbine
#10 was directly affected by the separated flow from the east, which was the terrain-induced turbulence
formed due to Mt. Benzaiten (elevation 519 m), which is located upstream of the wind turbine.
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Figure 20. Distribution of the streamwise wind velocity component on a vertical cross-section that
includes wind turbine #10 and the instantaneous flow field. (a) Northerly wind. (b) Easterly wind.

5.3. Proposal of Turbulence Evaluation Index (Uchida-Kawashima Scale_1)

The present study proposes two types of new indexes regarding wind conditions and loads.
The former, the Uchida-Kawashima Scale_1 (the U-K scale_1), which is the turbulence evaluation index
regarding wind conditions, is defined as formula (4) below; the latter, the Uchida-Kawashima Scale_2
(the U-K scale_2), which evaluates the fatigue damage, is defined as the fatigue damage evaluation
index. Its definition is described later. The U-K scale_1, which is the turbulence evaluation index, is
obtained as follows: standard deviation is calculated using the streamwise (x) wind velocity component
(u) at the hub height, and this is normalized by Uj,, wind velocity at the maximum height above the
ground of the inflow boundary, as shown in Figure 15. Instead of the average wind velocity at the
hub height, the Uy, inflow velocity at the inflow boundary is used for normalization; the formula is
generalized and does not depend on wind directions or terrain undulations.

n \2
%izl(”i -1
oy =
U-KScale_ 1 = — = ————— (4)
Uin Uin
5.4. Analysis of Turbulence Statistics and Uchida-Kawashima Scale_1 Verification Part 1

Figure 21 shows time-series data (dimensionless time, 100) of the streamwise wind velocity
component at the hub height (60 m above the ground) of wind turbine #10. The research data results of
wind velocity revealed that the mean speed was lower, and the fluctuation was greater for easterly
winds (shown in blue) than for northerly winds (shown in red). The threshold of the U-K scale_1 was
determined as follows: standard deviation, which was calculated with the streamwise (x) wind velocity
component (u) assessed at the hub height, was normalized by inflow velocity at the maximum height
above the ground of inflow boundary; the U-K scale_1 is the turbulence evaluation index defined in
formula (4). The value obtained for the northerly wind in this manner was 0.17, and similarly, that for
the easterly wind was 0.25. Based on these data results, the present study defines the threshold of the
U-K scale_1 as 0.2. The validity of the value 0.2 of the threshold is discussed later.
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Vertical profiles of turbulence statistics at the site of wind turbine #10 are shown regarding both
northerly and easterly winds in Figures 22 and 23. Firstly, the mean values of the streamwise wind
velocity components in Figure 22 were our focus. The profile of inflow wind velocity is also illustrated
in green in Figure 22. For the northerly wind (in red), a speed-up effect of about 1.3 times (= 0.97/0.74)
was obtained at the hub height (approximately 60 m) due to the topography effect on the wind.
On the other hand, in the case of the easterly wind shown in blue, it was decelerated by about 0.4 times
(= 0.29/0.74) under the influence of Mt. Benzaiten (elevation 519 m). Furthermore, it was confirmed
in the figure that extremely large-scale velocity shears existed in the range of the swept area of the
wind turbine (z* = 20-100 m)(The variable z* is the height above the ground). This large-scale velocity
shear induces malfunctions of major parts that make up the wind turbine, such as the main shaft and
gearbox. Thus, utmost caution must be exercised.

Secondly, among the three-dimensional components of standard deviations, the vertical profile is
observed, as shown in Figure 23. The threshold value of 0.2 in the U-K scale_1, which was previously
described, is drawn in Figure 23. Results of the easterly wind, shown in blue, were greater than those
of the northerly wind, shown in red, in all three components. Focusing on the wind turbine hub height
(60 m above the ground), it is worth mentioning in particular that both northerly and easterly winds
had almost the same level of values for the three components.

Non-Dimensional Wind Speed (u/U,;,)
F .

R
“ | | | ' ' il Il M| 020 025

) 50 100 150 200

Non-Dimensional Time (t/(h/U,,))

Figure 21. Time-series data of streamwise wind velocity from the numerical simulations. Red: northerly
wind, Blue: easterly wind.

z* (m)
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280 |- Inflow : N=7.0

Swept
Area

Figure 22. Vertical profiles of the streamwise wind velocity at wind turbine #10, with a time-averaged
flow field. Red: northerly wind, Blue: easterly wind.
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Figure 23. Vertical profiles of the non-dimensional standard deviations at wind turbine #10, with
a time-averaged flow field. Red: northerly wind, Blue: easterly wind. (a) Streamwise direction.
(b) Spanwise direction. (c) Vertical direction.

Compared with the threshold value of 0.2 in the U-K scale_1, northerly patterns were lower than
0.2 in all three components; however, easterly patterns exceeded 0.2 in all three components. Based on
these findings, it was quantitatively shown that the terrain-induced turbulence of the easterly wind
had a three-dimensional structure, and turbulence was generated due to the presence of Mt. Benzaiten
(elevation 519 m).

To verify the validity of the threshold value of 0.2 in the U-K scale_1, configurations of inflow
wind velocity profiles were altered using calculations of both northerly and easterly winds. Specifically,
calculations using N = 4.0 and N = 10.0 were performed, and the obtained values were compared
with the values of N = 7.0. These results are shown in Table 6. This table also shows the case of the
threshold value of 0.2. The following results were obtained: in the case of the easterly wind, all of the
calculated values were higher than 0.2 of the threshold values, and in all cases of the northerly wind,
the calculated results were lower than 0.2 of the threshold value. It was suggested that the U-K scale_1
did not depend on inflow wind velocity profiles, and thus 0.2 of the threshold level was a pertinent
judgment criterion on the whole.

Table 6. Comparison of the values of the U-K Scale_1 at wind turbine hub height (z* = 60 m) under
different N values.

N=4.0 N=70 N =10.0 Criteria of the U-K Scale_1
Northerly Wind 0.16 0.17 0.17 0.20
Easterly Wind 0.24 0.25 0.24

5.5. Mt. Benzaiten Impact Assessment and Uchida-Kawashima Scale_1 Verification Part 2

The present study performed a computational simulation where the effects of Mt. Benzaiten
(elevation 519 m) were eliminated from the examined impacts. Specifically, all the terrains higher than
the elevation of wind turbine #10 were eliminated from the simulation. Furthermore, the validity of the
threshold level in the U-K scale_1 was considered. The grid resolution was changed from 10 m, which
was used in previous numerical wind condition simulations in the horizontal direction, to five meters,
which was half of the previous resolution. We investigated how this alternation in grid resolution
affected the calculation results; that is, how they affected the values of the U-K scale_1.
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Figure 24 shows two types of situations for the easterly wind: simulation results of the current
situation with Mt. Benzaiten (Figure 24a) and simulation results with Mt. Benzaiten eliminated
(Figure 24b). In both simulations, the figures show the streamwise (x) wind velocity component (u)
profiles and wind velocity vector in the vertical direction at the wind turbine #10 site for inlet wind to
wind turbine #10 in the instantaneous flow field. From Figure 24a, for the current situation results, the
separated flow of terrain-induced turbulence, which was generated from Mt. Benzaiten located in the
upper stream of wind turbine #10, was precisely observed. Conclusively, wind velocity vectors at the
wind turbine #10 site presented intricate distributions in height. Contrarily, the simulation results with
Mt. Benzaiten removed (Figure 24b), as expected, showed that terrain-induced turbulence was not
generated, and wind velocity vectors at the wind turbine site had an ideal distribution with a gradual
increase in wind velocity by height.

Shading Computed using RIAM-COMPACT(R) LES model

(a) Simulation result of the current situation.

Easterly Wind

<]

-0.5 1.5
Shading %, Computed using RIAM-COMPACT(R) LES model

(b) Simulation result of removing Mt. Benzaiten (elevation: 519 m).

Figure 24. Distribution of the streamwise wind velocity component on a vertical cross-section,
which includes wind turbine #10 and wind velocity vectors at wind turbine #10, easterly wind, and
instantaneous flow field.

Table 7 provides simulation results of the U-K scale_1, where the horizontal grid resolution was
changed to 5 m in high-resolution simulations to examine numerical wind conditions. The simulation
with Mt. Benzaiten eliminated resulted in the U-K scale_1 being 0.01, which was significantly lower than
the threshold value of 0.2. In contrast, the simulation with the current situation, where terrain-induced
turbulence exists, resulted in the U-K scale_1 being 0.28, which was higher than 0.2 of the threshold
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level, similar to the cases in Table 6. This meant that the effectiveness of the U-K scale_1 and the
validity of 0.2 of the threshold level were verified.

Table 7. Values of the U-K Scale_1 with horizontal grid resolution set to 5 m.

Easterly Wind, N = 7.0 Criteria of the U-K Scale_1
Case of Removing Mt. Benzaiten (elevation 519 m) 0.01 0.20
Current Situation 0.28

6. In-situ Data Analysis of Impacts of Terrain-induced Turbulence on Fatigue Damage in Wind
Turbine Blades

6.1. Relationship between Wind Speed and its Standard Deviation and Damage Equivalent Load (DEL)

Figure 25 shows the results of the plotted nacelle wind speed and DEL obtained at 4 m/s or higher
in wind turbine operation during the data measurement period of wind turbine #10 (3 November
2015, 0:00 a.m. JST-17 March 2016, 7:00 a.m. JST). In this figure, the values of the nacelle wind speed
and DEL were in intervals of 10-min. The red symbol represents northerly wind, the blue symbol
the easterly wind, and the black symbol represents design values calculated by the aero-elastic wind
turbine simulation software Bladed. From these results, the following was clarified: firstly, when the
speed of the easterly wind was between 6-10 m/s, the measured value exceeded the design value.
This means that the blades of wind turbine #10 experienced wind loads that exceeded the design value
due to terrain-induced turbulence, as a result of the proximity of Mt. Benzaiten (elevation 519 m), under
6-10 m/s easterly wind. Secondly, regarding the northerly wind, which had the highest frequency of
occurrence during the above data measurement period, the damage was below the level of the design
value in any wind speed class. Generally, it is known that wind speed and its standard deviation have
a linear correlation. In Figure 26, the horizontal axis represents the standard deviation, which was
converted by calculation from the wind speed axis of Figure 25. A strong correlation was revealed
between DEL and the standard deviation values, as expected.
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Figure 25. Relationship between wind speed (m/s) and damage equivalent load (DEL).
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Figure 26. Relationship between standard deviation (m/s) and damage equivalent load (DEL).
(a) Northerly wind. (b) Easterly wind.

6.2. Investigation Regarding Accumulated Fatique Damage of Wind Turbine Blades

In the previous section, it was revealed that a linear trend was recognized between the nacelle
wind speed (its standard deviation) and DEL in wind turbine operations at 4 m/s or higher, and it was
possible to approximate to the regression line (see Figures 25 and 26). In other words, by assigning the
DEL as a dependent variable (an objective variable) and nacelle wind speed as an independent variable
(an explanatory variable), it is possible to apply a linear regression model between them. Figure 27
also shows a regression line of the nacelle wind speed and the DEL. The result of the northerly wind,
which was represented by a red symbol, was defined as a low-turbulence flow case, and the results of
the easterly wind, which was represented by a blue symbol, was defined as a high-turbulence flow
case. At this point, the regression lines were modified at wind speeds of 10 m/s or higher. Similar
to Figure 22, a black symbol was drawn as a design value calculated by the aero-elastic analysis
software Bladed.

In the present study, as an index regarding the load, the Uchida-Kawashima Scale_2 (the U-K
scale_2) was defined as the fatigue damage evaluation index, which was obtained by using two types
of regression lines calculated based on the following actual measurement values and the design value
on the basis of Bladed: one regression line was the northerly wind result as the low-turbulence flow
case, and the other was the easterly wind result as the high-turbulence flow case. The definition of the
U-K scale_2 was as follows:

n
; D ELProposul
UKScale 2 = = (5)
) D ELDesign

1

At this point, we used m (S-N curve slope), which was used to calculate the DEL. The values

raised to the m-th power were totaled, and the obtained value was raised to the (1/m)-th power for the

integration of DEL, which is a scalar quantity. For example, the integration of two DELSs is obtained
with formula (6):

DELyy = (DEL1™ 4+ DEL2™)7 ©)

Formula (5) refers to the ratio of the integrated value in the measured DEL to the integrated value
in the designed DEL (Bladed). Therefore, the accumulated fatigue damage of wind turbine blades is
as follows:

U-K scale_2 > 1.0: more than the design value, impact of the terrain-induced turbulence: large.
U-K scale_2 £ 1.0: design value and less, impact of terrain-induced turbulence: small.
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Figure 27. Regression line between wind speed (m/s) and damage equivalent load (DEL).

In the present study, the data of both northerly and easterly winds were extracted from measured
data for one year, April 2015-March 2016, corresponding to a 4 m/s or higher speed in the wind
turbine’s operation. Sequentially, using these extracted data and the U-K scale_2, which was defined
in formula (5), how terrain-induced turbulence influenced age-related degradation in wind turbine
blades was assessed quantitatively. A total of 7485 data points (14.3%) were obtained for northerly
wind and 2342 (4.5%) for easterly wind. In the case of northerly wind,

U-K scale_2 = 0.86 < 1.0: within the design value.
Contrarily, in the case of the easterly wind,
U-K scale_2 = 1.60 > 1.0: over the design value.

The U-K scale_2 exceeded the design value, as was shown. Furthermore, the integrated value of
fatigue damage was approximately 1.9 times greater for the easterly wind compared with the northerly
wind. Based on this result, it was notably indicated that the blades of the wind turbine #10, which was
the target turbine, were directly and intensely affected by the terrain-induced turbulence when easterly
winds occurred.

7. A Proposal for the Use of the U-K Scales and Future Research

The present study showed that the effect of terrain-induced turbulence on wind turbine blades
remains low as long as the value of the wind condition index, the U-K scale_1, is equal to or smaller
than the threshold value, 0.2. Furthermore, it was suggested that by combining this index and the
threshold value of 1.0 or smaller for the U-K scale_2, which is an index for wind loads on wind turbine
blades, an optimal wind turbine siting can be planned with higher accuracy than with the conventional
approach. Figure 28 shows an example flowchart for planning wind turbine siting with the use of
the two generalized parameters proposed in the present study (the U-K scale_1 and the U-K scale_2).
When planning the optimal wind turbine siting, it is desirable to maximize the output in prevailing
winds, while simultaneously minimizing wind turbine failures. It is very likely that the use of the
flowchart in Figure 28, even for a few prevailing wind directions, at a site under consideration will be
effective. It is also possible to apply the flowchart for the placement of wind observation poles and for
the so-called repowering of wind turbines at existing wind farms and individual wind turbine sites.
Repowering refers to rebuilding old wind turbines in order to increase the wind power generation
capacity and improve the efficiency of wind power generation.
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The present study showed regression lines for the relationship between the DEL and wind speed
at the nacelle height only for northerly winds as a low-turbulence flow case and easterly winds as a
high-turbulence flow case. However, similar regression lines have also been evaluated for other wind
directions. Thus, with the use of these regression lines, we are planning to quantitatively evaluate the
effect of long-term DEL accumulation, for all wind directions, on the blades of wind turbine #10, which
was the turbine studied in the present study, in the future. In addition, since WT #10 is affected by the
wakes of other wind turbines in some wind directions, we are also planning to conduct analyses on the
effect of wind turbine wakes on the blades of wind turbine #10.
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Figure 28. An example of wind energy resource assessment based on the two reference scales (the U-K scales).

Our future studies will expand the present empirical research and aim to develop an advanced
micro-siting technique. Specifically, this micro-siting technique will be able to 1) maximize the output
from a group of wind turbines both onshore and offshore; and also 2) enable accurate assessments and
predictions of fatigue damage and fatigue life of the main shaft, gearbox, and other main components
of a wind turbine that result from terrain-induced turbulence and wind turbine wakes.

8. Conclusions

The present study scrutinized the impacts of terrain-induced turbulence on wind turbine blades
of wind turbine #10 in the Kushikino Reimei Wind Farm (established in November of 2012) in Hashima
Ichikikushikino City, Kagoshima Prefecture, Japan, measuring actual data of wind conditions and
strains of wind turbine blades. High-resolution numerical simulations were performed on the basis of
large-eddy simulation (LES). The research findings were as follows:
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On the basis of measurement data obtained by the above auto-measuring system from 3 November
2015, 0:00 a.m. JST to 17 March 2016, 7:00 a.m. JST, the output results of sensors were extracted using
wind speed and direction sensors for the control of the wind turbine, which were installed on the
wind turbine nacelle. These data results were analyzed to examine the behavior of airflows that were
generated surrounding wind turbine #10. Consequently, it was confirmed that the turbulence intensity
of the easterly wind with a speed of 10 m/s or lower frequently exceeded the turbulence intensity
(Class A) that was defined in the International Electrotechnical Commission (IEC). Furthermore, it was
inferred that the influences of Mt. Benzaiten (elevation 519 m) were a cause of the increased turbulence
intensity when easterly wind occurred.

During the measurement period of this investigation (3 November 2015, 0:00 a.m. JST-17 March
2016, 7:00 a.m. JST), the maximum value of 0.23 for DEL on the wind turbine blades under easterly
wind was identified for the time period 9:40-9:50 a.m. JST of November 13, 2015. It was revealed that
if airflow with a property of DEL 2.03 continued for 5.88 years, the total load on wind turbine blades
would reach the design load for the designed service life.

The three-dimensional airflow structures, which were considered to be terrain-induced turbulence
formed under the easterly wind from Mt. Benzaiten (elevation 519 m), were closely examined using
high-resolution numerical simulations on the basis of large-eddy simulation (LES). The present study
defined the U-K scale_1 as the value obtained by calculation where the standard deviation assessed
at the wind turbine hub height was normalized by the wind speed obtained at the maximum height
above the ground point of the flow boundary layer. Therefore, the existence of the terrain-induced
turbulence was quantitatively identified. The threshold value of the U-K scale_1, the wind condition
index, was determined as 0.2, and this index was confirmed to not be dependent on the height direction
distributions of inflow wind speed, the influences of horizontal grid resolution, and the influences
of the computed azimuth. Under these circumstances, the U-K scale_1 is a unique indicator that
distinguishes it from the IEC turbulence category. Moreover, this scale is based on the premise of
comparison with actual measurement data and was found as a research result of about 15 years,
including this research result. The U-K scale_1 is extremely effective as a guideline for solving the
problem of generation loss and failure caused by topographical turbulence.

A linear trend was recognized in wind turbine operations at 4 m/s or higher between the nacelle
wind speed (and its standard deviation) and damage equivalent load (DEL), and it was possible to
approximate to the regression line. For an index regarding load, the U-K scale_2 was defined as the
fatigue damage evaluation index, which was obtained by the calculation using two types of regression
lines calculated based on actual measurement values and the design value on the basis of Bladed: one
regression line was the northerly wind as the low-turbulence flow case, and the other was that of the
easterly wind as the high-turbulence flow case. The U-K scale_2 was equal to the ratio of the integrated
value for the measured DEL to the integrated value for the design DEL (Bladed).

Data on both northerly and easterly winds were extracted from measurement data for the year
April 2015-March 2016, corresponding to wind turbine operations with a speed of 4 m/s or higher.
Using these extracted data and the U-K scale_2, the influence of terrain-induced turbulence on the
age-related degradation of wind turbine blades was evaluated quantitatively. Consequently, it was
revealed that the results of northerly wind were within the design value, with the U-K scale_2 being
0.86 < 1.0. In contrast, for easterly wind, the U-K scale_2 was 1.60 > 1.0 and exceeded the design value.
Furthermore, the integrated value of the fatigue damage was approximately 1.9 times greater in the
case of easterly wind compared to northerly wind. Based on this result, it was notably indicated that
the blades of wind turbine #10 were directly and strongly affected by terrain-induced turbulence when
easterly winds occurred.
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