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Abstract

The present study scrutinized the impacts of terrain-induced turbulence on wind turbine blades, examining actual
measurement data regarding wind conditions and strains of wind turbine blades, which were obtained at the #10
wind turbine of the Kushikino Reimei Wind Farm (established in November of 2012) in Hashima Ichikikushikino
City, Kagoshima Prefecture, Japan. In the measurement period (November 3, 2015, 0:00—March 17, 2016, 7:00 AM
JST), a time period of 9:40-9:50 AM JST on November 13, 2015 was identified as being when the maximum value
of 2.03 in the Fatigue Damage Equivalent Load (DEL) on wind turbine blades was shown due to an easterly wind. It
was revealed that if airflow with the 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. We performed a high-resolution numerical
simulation based on Large-Eddy Simulation (LES) and identified the three-dimensional airflow structure of
terrain-induced turbulence that had been considered to be generated due to the proximity of Mt. Benzaiten (elevation
519 m), located 300 m upriver of the #10 wind turbine, when an easterly wind occurred. We also defined the
Uchida—Kawashima Scale 1 (U-K scale_1), which is an index regarding wind conditions, as the value obtained by a
calculation where the standard deviation assessed at the wind turbine hub height was normalized by the wind speed
at the maximum height above the ground point of the flow boundary, and thus, clarified the existence of the
terrain-induced turbulence quantitatively. 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 the horizontal grid resolution, and the influences of the computed azimuth. A linear
trend was recognized in wind turbine operation at a wind speed of 4 m/s or higher between nacelle wind velocity
(and its standard deviation) and the DEL. It was shown that both the nacelle wind speed (and its standard deviation)
and the fatigue equivalent load (DEL) can be approximated by the regression line. In the present study, Fatigue
Damage Evaluation Index, the U-K scale_2 was defined. The U-K scale_2, which is an index regarding load, was
obtained by the calculation using two types of regression lines calculated on the basis of the following actual
measurement values, and the design value obtained on the basis of BLADED: one regression line was the northerly
wind results as the Low-Turbulence Flow Case and the other was that of easterly wind as the High-Turbulence Flow
case. The U-K scale_2 was equal to the ratio of the integrated value in measured DEL to the integrated value in
design DEL (BLADED). Data of both northerly and easterly winds were extracted from actual measurement data for
the one-year period from April of 2015-March of 2016, corresponding to a 4 m/s or higher wind speed in the wind
turbine operation. Subsequently, using these extracted data and the U-K scale_2, the influence of terrain-induced
turbulence on age-related degradation of wind turbine blades was evaluated quantitatively. Consequently, the
following results were revealed: the northerly wind was within the designed value, the U-K scale_2 = 0.86 < 1.0.
Contrarily, the value of the easterly wind was the U-K scale_2 = 1.60 > 1.0 and exceeded the designed value.
Furthermore, the integrated value of Fatigue Damage was approximately 1.9 times greater in the case of the easterly
wind than in the case of the northerly wind. Based on this result, it was revealed that the blades of the #10 wind
turbine were directly and strongly affected by the 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
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Fig.1 Map of the Kushikino Reimei Wind Farm and the surrounding area.
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Flow direction Downwind Wind Turbine

Mt. Benzaiten
(Elevation : 519 m)

Fig.3 Relative locations of Mt. Benzaiten (elevation 519 m) and wind turbine #10.

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

Elevation at Base of Maximum Distance ]?etween
Wind Turbine #10 Blade Tip Elevation Mt. Benzaiten and
(Above Sea Level) Wind Turbine #10

418 m 518 m Approx. 300 m
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Power Qutput (kW)

General Specifications
M Manufacture : Hitachi, Ltd.
M Model : HTW2.0-80
M Turbine Type : Downwind
W Power : 2 MW
M Hub Height : 60 m
W Rotor Diameter : 80 m
W IEC-Class : IA
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Fig.4 Outline of a wind turbine.
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Fig.5 Power curve of a wind turbine.
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Fig.6 Nacelle propeller-vane anemometer.
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(a) Northerly wind.
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(b) Easterly wind.
Fig.7 Comparison between theoretical data and measured data for wind turbine #10.
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Table 2 Number of alarm occurrences for wind conditions under all wind directions.

ZAFTTWHIEZRELTND.

Alarm Item

Wind Turbine #10

Other Wind Turbines (Average)

1) Shutdown due to
excessive yaw error

1448

530

2) 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 in wind 5 2 33 35 146 45 16 10
directions of sensors
Alarm Item S SSW SwW WSw w WNW NwW NNW Total
Shutdown due to 11 7 2 2 8 2 158 115 1448
excessive yaw error
plscordance in wind 6 0 0 1 1 2 3 3 308
directions of sensors
% 600 -
% s00 About One-Third
S 400
E
E 200
S 0
8 0
5 N NME NE ENE ESE SE SSE S SSN OSW WSW W WNW NW NNW

Wind Direction

(a) Number of alarm occurrences for yaw misalignment.

Number of Alarm Occurrences

160
140
120
100

60
40
20

N NNE NE ENE E ESE SE SSE S

About One-Half

SSH SW WSW W WNW O NW O NNW

Wind Direction

(b) Number of alarm occurrences for wind direction mismatch of the wind vane.

Fig.8 Result of graphing the values in Table 3.

Note: Wind turbine systems resort to shutting down the wind turbine if the yaw misalignment exceeds a threshold.
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Fig.9 Frequency distribution of the direction of the 10-minute average wind (%): (a) wind rose (frequency

distribution) and the average of the 10-minute average wind speed observed for 16 wind directions (m/s):

(b) wind speed by direction (wind measurement height: hub height (60 m), analysis period: November 3,

2015, 0:00 a.m. JST ~ March 17, 2016, 7:00 a.m. JST).

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

Height Item N NNE NE ENE E ESE SE

SSE S

SSW SW ws w WN

W w NW NNW  Total

Frequency
Distribution (%)
Average
Wind Speed 6.1 5.8 4.8 4.1 4.5 4.7 6.7

(m/s)

225 138 5.6 4.0 4.4 3.6 7.5
60 m

4.3 3.0 2.2 1.2 0.9 1.3 1.8 12.6  11.2  100.0

6.0 5.1 5.0 5.0 3.0 4.6 5.0 9.2 6.6 6.1
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Table 5 Wind direction range and total number of data values.

Total Number of 10-minute Periods

Wind Directi
m lrectron for which Wind Statistics are

Range Calculated
Northerly o o ) ) o
Wind 0°+15 4036 (Total: 12567; 32.1 %)
Easterly Wind 90° + 15° 496 (Total: 12567; 4.0 %)

Note: includes only data from 10-minute periods with an average wind speed of 4 m/s (cut-in wind speed) or higher.
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(a) Northerly wind. (b) Easterly wind.

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

Fig.11 Relationship between turbulence intensity and the average of the wind speed in 10-minute
periods for two wind directions (wind measurement height: hub-height (60 m), analysis period:
November 3, 2015, 0:00 a.m. JST ~ March 17, 2016, 7:00 a.m. JST).
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Fig.12 Blade strain data (blade flapwise bending raw data).

Note: interval: 0.02 seconds, average wind speed: approx. 9 m/s.
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Fig.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-minute periods.
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Fig.14 Computational domain used in the Weather Research and Forecasting (WRF) mesoscale model.
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Fig.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.
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Fig.16 Comparison of the topographic section.
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the wind turbine were 10 m. approximately 1.5 m above ground.

(a) Enlarged view.
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Fig.17 Computational grids and domain.
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Fig.19 Two characteristic scales (Uin and h).
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Fig.20 Distribution of the streamwise wind velocity component on a vertical cross-section that
includes wind turbine #10 and the instantaneous flow field.
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Fig.21 Time-series data of streamwise wind velocity from the numerical simulations.
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Fig.22 Vertical profiles of the streamwise wind velocity at wind turbine #10, with a time-averaged
flow field. Red: northerly wind, Blue: easterly wind. The variable z* is the height above the

ground.
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Fig.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. The variable z* is the height

above the ground.

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

Criteria of

N=40 N=7.0 N=10.0

the U-K Scale_1
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(b) Simulation result of removing Mt. Benzaiten (elevation: 519 m).

Fig.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.
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Table 7 Values of the U-K Scale_1 with horizontal grid resolution set to 5 m.
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Case of Removing Mt. Benzaiten (elevation 519 m)
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Fig.25 Relationship between wind speed (m/s) and damage equivalent load (DEL).
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Fig.26 Relationship between standard deviation (m/s) and damage equivalent load (DEL).
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Fig.27 Regression line between wind speed (m/s) and damage equivalent load (DEL).
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Fig.28 An example of wind energy resource assessment based on the U-K scales.
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