
九州大学学術情報リポジトリ
Kyushu University Institutional Repository

A Large-Eddy Simulation-Based Assessment of the
Risk of Wind Turbine Failures Due to Terrain -
Induced Turbulence over a Wind Farim inComplex
Terrain

Uchida, Takanori
Research Institute for Applied Mechanics, Kyushu University

Takakuwa, Susumu
Eurus Energy Holdings Corporation

http://hdl.handle.net/2324/2244494

出版情報：Energies. 12 (10), pp.1925-1-1925-19, 2019-05-20. MDPI
バージョン：
権利関係：© 2019 by the author(s).



energies

Article

A Large-Eddy Simulation-Based Assessment of the
Risk of Wind Turbine Failures Due to Terrain-Induced
Turbulence over a Wind Farm in Complex Terrain

Takanori Uchida 1,* and Susumu Takakuwa 2

1 Research Institute for Applied Mechanics (RIAM), Kyushu University, 6-1 Kasuga-kouen, Kasuga,
Fukuoka 816-8580, Japan

2 Eurus Energy Holdings Corporation, 3-13, Toranomon 4-Chome, Minato-ku, Tokyo 105-0001, Japan;
susumu.takakuwa@eurus-energy.com

* Correspondence: takanori@riam.kyushu-u.ac.jp; Tel.: +81-92-583-7776; Fax: +81-92-583-7779

Received: 3 April 2019; Accepted: 17 May 2019; Published: 20 May 2019
����������
�������

Abstract: The first part of the present study investigated the relationship among the number of yaw
gear and motor failures and turbulence intensity (TI) at all the wind turbines under investigation
with the use of in situ data. The investigation revealed that wind turbine #7 (T7), which experienced
a large number of failures, was affected by terrain-induced turbulence with TI that exceeded the TI
presumed for the wind turbine design class to which T7 belongs. Subsequently, a computational
fluid dynamics (CFD) simulation was performed to examine if the abovementioned observed wind
flow characteristics could be successfully simulated. The CFD software package that was used in
the present study was RIAM-COMPACT, which was developed by the first author of the present
paper. RIAM-COMPACT is a nonlinear, unsteady wind prediction model that uses large-eddy
simulation (LES) for the turbulence model. RIAM-COMPACT is capable of simulating flow collision,
separation, and reattachment and also various unsteady turbulence–eddy phenomena that are caused
by flow collision, separation, and reattachment. A close examination of computer animations of
the streamwise (x) wind velocity revealed the following findings: As we predicted, wind flow that
was separated from a micro-topographical feature (micro-scale terrain undulations) upstream of T7
generated large vortices. These vortices were shed downstream in a nearly periodic manner, which in
turn generated terrain-induced turbulence, affecting T7 directly. Finally, the temporal change of the
streamwise (x) wind velocity (a non-dimensional quantity) at the hub-height of T7 in the period
from 600 to 800 in non-dimensional time was re-scaled in such a way that the average value of
the streamwise (x) wind velocity for this period was 8.0 m/s, and the results of the analysis of the
re-scaled data were discussed. With the re-scaled full-scale streamwise wind velocity (m/s) data (total
number of data points: approximately 50,000; time interval: 0.3 s), the time-averaged streamwise
(x) wind velocity and TI were evaluated using a common statistical processing procedure adopted
for in situ data. Specifically, 10-min moving averaging (number of sample data points: 1932) was
performed on the re-scaled data. Comparisons of the evaluated TI values to the TI values from the
normal turbulence model in IEC61400-1 Ed.3 (2005) revealed the following: Although the evaluated
TI values were not as large as those observed in situ, some of the evaluated TI values exceeded the
values for turbulence class A, suggesting that the influence of terrain-induced turbulence on the wind
turbine was well simulated.

Keywords: terrain-induced turbulence; complex terrain; computational fluid dynamics (CFD); LES

Energies 2019, 12, 1925; doi:10.3390/en12101925 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0003-2630-9113
http://www.mdpi.com/1996-1073/12/10/1925?type=check_update&version=1
http://dx.doi.org/10.3390/en12101925
http://www.mdpi.com/journal/energies


Energies 2019, 12, 1925 2 of 19

1. Introduction

In recent years, wind power has started to be implemented across the world. In the midst of this
movement, preparations for further dissemination of wind power are being advanced in Japan with
the passage of the Act on Special Measures Concerning Procurement of Renewable Electric Energy by
Operators of Electric Utilities. However, it is still true that there remain a large number of issues to be
resolved for further dissemination of wind power. Some of these issues are technical, and they concern
noise, lightning, and turbulence (terrain-induced turbulence). Terrain-induced turbulence is the main
cause of the reduction of availability factors and wind turbine failures that increase repair costs,
significantly affecting the wind power generation industry as a whole. Terrain-induced turbulence
originates from the complexity of terrain. In Japan, where a larger proportion of the land is covered by
mountains than in many countries abroad, areas for wind farm development are often characterized
by complex terrain. Accordingly, the risk of wind turbine failure caused by terrain-induced turbulence
is high in Japan. It should be noted that not all the wind turbines deployed on complex terrain break
down because of terrain-induced turbulence. In addition, terrain undulations in complex terrain
cause local increases of wind speed, which is considered to be an advantage. With the continuingly
decreasing availability of flat areas for potential wind farm development, dissemination of wind power
in Japan requires detailed business potential assessments, which involve highly accurate assessments
of wind over complex terrain on local scales beforehand.

Deployment of a wind vane and an anemometer ensures the most reliable qualitative and
quantitative confirmation of the presence of terrain-induced turbulence. However, over complex
terrain, wind conditions can be different between two locations that are separated by several hundred
meters; thus, the properties of terrain-induced turbulence assessed by a wind vane and an anemometer
at a wind turbine site are not necessarily the same as those at another wind turbine site. From the
perspective of cost, it is not feasible to deploy wind vanes and anemometers to all proposed wind
turbine sites. In order to avoid unanticipated failures of wind turbines after wind farm construction,
it is desirable to assess the risk of wind turbine failures, optimize the layout of the wind turbines,
and select the most suitable wind turbine models prior to the construction of the wind farm.

Given the above background, the present study investigated the validity of a computational fluid
dynamics (CFD)-based method for assessing the risk of wind turbine failures caused by terrain-induced
turbulence at the planning stage of wind farm construction. CFD is a numerical simulation technique
(software), which can simulate three-dimensional wind flow using computers [1–12]. The use of
CFD software allows desktop assessment of wind flow for a potential wind farm prior to its actual
construction. The Wind Atlas Analysis and Application Program (WAsP), developed by the Technical
University of Denmark (DTU), is one such wind analysis software and has been commonly used in
the wind power industry for some time [11,12]. However, because WAsP was developed for linear,
steady flow analyses, its applicability for analyses of wind flow over complex terrain is highly limited.
In recent years, nonlinear, unsteady flow analyses have become possible as a result of the rapid
improvement of computers. A representative approach for such wind flow analyses uses a numerical
turbulence model called large-eddy simulation (LES). In the present study, wind over an existing wind
farm on complex terrain was analyzed with RIAM-COMPACT software, which was developed based
on LES by the first author of the present paper [13–21]. At the wind farm investigated in the present
study, failures of the yaw gears and motors that were likely caused by terrain-induced turbulence
occurred frequently on only one particular wind turbine. Thus, the failure risk of the yaw gears and
motors of this wind turbine was assessed by analyzing numerical simulation data.

2. An Overview of the Investigated Wind Farm, In Situ Data Analysis Results, and Discussions

Figure 1 shows a general view of the wind farm investigated in the present study. The wind
farm and its surrounding area are characterized by highly complex terrain, and the wind turbines
are deployed along a mountain ridge. At this wind farm, a total of 16 Siemens 1.3 MW, International
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Electrotechnical Commission (IEC) class IA wind turbines with a rotor diameter of 62 m and a hub
height of 60 m have been deployed. The wind farm began operation in February 2004.

Figure 1. General view of the wind warm under investigation. (T1–T16 indicate the locations of wind
turbines #1–#16).

Figure 2 shows the total number of failures of the yaw gears and motors of each of the deployed
turbines in the first seven years of the wind turbine operation. Figure 2 reveals that the number of
failures at wind turbine #7 (T7) was larger by far than those at the other wind turbines.
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Figure 2. Comparison of the number of yaw gear and motor failures at all the wind turbines. 

Figure 3 illustrates actual damage to a yaw gear. Cracks and shaft breakage can be identified, 
and it can be speculated that the damage occurred as a result of excessive force exerted on the yaw 
gear. Because the occurrence of cracks and shaft breakages was concentrated at T7, it was 
hypothesized that the cracks and shaft breakages at this turbine were attributable to a cause that was 
unique to this turbine. We presumed that a large nu mber of the failures of T7 were caused by terrain-
induced turbulence that originated from the terra in features in the area surrounding the wind 
turbine.  

Figure 2. Comparison of the number of yaw gear and motor failures at all the wind turbines.

Figure 3 illustrates actual damage to a yaw gear. Cracks and shaft breakage can be identified,
and it can be speculated that the damage occurred as a result of excessive force exerted on the yaw gear.
Because the occurrence of cracks and shaft breakages was concentrated at T7, it was hypothesized
that the cracks and shaft breakages at this turbine were attributable to a cause that was unique to
this turbine. We presumed that a large number of the failures of T7 were caused by terrain-induced
turbulence that originated from the terrain features in the area surrounding the wind turbine.


































