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ABSTRACT: Ultra-large wind turbines in typhoon-prone regions remain exposed to complex unsteady aerodynamic
loads even after entering the parked state, which may induce severe structural damage or even structural failure under
extreme typhoon conditions. This study numerically investigates the directional aerodynamic response of a 10-MW
class parked wind turbine with a rotor diameter of 220 m and a tower height of 130 m. Furthermore, the computer
modeling employs a two-stage numerical procedure in conjunction with eight representative directional inflow cases
defined with reference to recent severe-typhoon observations, thereby enabling a systematic assessment of the mean
aerodynamic loads, load fluctuations, dominant frequencies, surface-pressure distributions, separated-flow structures,
and blade-tower wake interactions of the ultra-large wind turbine under typhoon wind conditions. The simulations
reveal pronounced directional asymmetry in the parked-turbine aerodynamic performances, with distinct differences
between mean-load-dominated and fluctuation-dominated extreme conditions. Further analysis shows that directional
load redistribution is governed by the combined effects of surface-pressure concentration, blade-flow separation, tower-
wake development, and aerodynamic interactions among the blades, nacelle, and tower. These findings improve the
understanding of the directional aerodynamic behavior of ultra-large parked wind turbines under extreme typhoon
conditions and provide useful support for aerodynamic-load assessment and parked-state safety evaluation.

KEYWORDS: Ultra-large wind turbine; computer modeling; parked state; aerodynamic performances; extreme
typhoon conditions

1 Introduction

Against the background of the global low-carbon energy transition, wind energy has become an
important tower for optimizing energy structures. According to the Global Wind Report 2026 published by
the Global Wind Energy Council, which reports global wind-power statistics for 2025, 165 GW of new wind
power capacity was installed worldwide in 2025, bringing the cumulative global installed wind capacity to
1299 GW [1]. China, in particular, had a cumulative installed wind power capacity of 640.626 GW by the
end of 2025, including 47.390 GW of offshore wind power [2]. With the development of offshore wind power
toward deeper waters and larger unit capacities, the rated capacity, blade length, hub height, and rotor swept
area of wind turbines have continued to increase. The selection of rotor size is also closely related to site-
specific wind-resource characteristics. For relatively low-wind-speed sites, including some areas in eastern
China where near-surface wind speeds have shown a sustained weakening trend, enlarging the rotor swept
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area can improve energy capture and power production over the more frequently occurring sub-rated wind-
speed range [3,4]. Previous studies have further shown that increasing the rotor swept area without increasing
the rated power can effectively enhance power capture under low-wind-speed conditions, providing a
practical basis for low-specific-rating rotor designs [5]. However, many wind-energy development areas
along the eastern and southeastern coasts of China are also exposed to severe typhoon conditions. Increasing
the rotor swept area also expands the spatial extent over which the turbine is exposed to highly non-uniform
typhoon inflow, making the associated unsteady aerodynamic responses to wind-speed variations, abrupt

wind-direction changes, and high turbulence an important concern for ultra-large wind turbines.

Typhoon activity is frequent along the southeastern coast and offshore regions of China, where coastal
and offshore wind farms are persistently exposed to extreme wind conditions. According to the Chinese
national standard for tropical cyclone intensity classification, GB/T 19201—2006 [6], a tropical cyclone is
classified as a typhoon when the maximum sustained wind speed near its center reaches 32.7 m/s and above.
The wind speeds of severe typhoons and super typhoons can reach 41.5-50.9 m/s and 51.0 m/s and above,
respectively, which are significantly higher than the cut-out wind speed of wind turbines during normal
operation. In general, wind turbines can still generate a certain amount of power under low and medium-
intensity tropical cyclones, such as tropical depressions and tropical storms. However, when the wind speed
reaches the level of a severe tropical storm or above, the turbine usually enters protective states such as
shutdown, feathering, braking, or yaw locking [7]. As summarized in Table 1, statistics of tropical cyclones
making landfall in China from 2017 to 2025 show that a total of 107 tropical cyclones made landfall during
the nine-year period, of which 31 were classified as destructive tropical cyclones, accounting for 28.97%. This
indicates that wind turbines in typhoon-prone regions face a high risk of extreme wind loading. Although
IEC 61400-1 specifies the fundamental requirements for wind turbine structural integrity design [8], the
prescribed extreme wind conditions may still be insufficient to provide adequate safety margins in some
typhoon-affected regions [9]. Meanwhile, under the influence of climate change, offshore extreme wind
speeds are generally increasing worldwide, and some existing and planned offshore wind farms may face
the risk of wind speeds exceeding the design thresholds of corresponding turbine classes [10]. For ultra-
large wind turbines, whose blade length and tower height reach the hundred-meter scale, the rotor swept
area covers a much larger spatial range. As a result, wind-speed gradients, turbulence-intensity variations,
and rapid wind-direction shifts within the typhoon boundary layer can produce pronounced spatially
non-uniform inflow at the whole turbine scale.

Previous accident investigations have shown that, under severe typhoons or super typhoons, wind
turbines may still suffer blade fracture, tower buckling, connection failure, or even complete structural
collapse, even when they are in a parked protective state. In 2006, Super Typhoon Saomai made landfall
in Cangnan, Zhejiang Province, China, causing varying degrees of damage to 27 wind turbines at the
Heding Mountain wind farm. Among them, five towers collapsed and 33 blades were damaged, resulting
in direct economic losses of approximately 70 million RMB. Based on meteorological tower measurements,
Li et al. [11] indicated that the accident was closely related to abnormally strong winds, intense turbulence,
and rapid wind-direction changes. In 2010, Typhoon Megi affected the coastal region of Fujian Province
and caused damage to several wind turbines [12]. In 2015, Severe Typhoon Soudelor struck a wind farm
near Taichung Harbor in Taiwan, where the nacelle SCADA system recorded a maximum instantaneous
wind speed exceeding 59.5 m/s, leading to the collapse of several 2.0 MW wind turbine towers [13,14]. These
accidents demonstrate that typhoon-induced structural failure is not caused by mean wind speed alone, but
rather by the combined effects of extreme wind speed, strong turbulence, abrupt wind-direction changes,
yaw misalignment, and parked rotor posture.
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Table 1: Classification of tropical cyclone and investigation on typhoon landing China from 2017 to 2025.

Year Landing Economic Defensive Destructive Super Typhoon
Times Landing Percent Landing Percent Landing Percent Landing Percent
g g g g
2017 11 5 45.45% 3 27.27% 3 27.27% 0 0.00%
2018 20 16 80.00% 2 10.00% 2 10.00% 0 0.00%
2019 11 8 72.73% 1 9.09% 2 18.18% 1 9.09%
2020 6 2 33.33% 1 16.67% 3 50.00% 0 0.00%
2021 10 6 60.00% 2 20.00% 2 20.00% 0 0.00%
2022 8 4 50.00% 1 12.50% 3 37.50% 0 0.00%
2023 12 5 41.67% 2 16.67% 5 41.67% 0 0.00%
2024 9 2 22.22% 1 11.11% 6 66.67% 0 0.00%
2025 20 8 40.00% 7 35.00% 5 25.00% 0 0.00%
2017~2025 107 56 52.34% 20 18.69% 31 28.97% 1 0.93%

Note: Economic, Defensive, and Destructive represent mutually exclusive impact categories, and their counts sum to
the total number of landfalling tropical cyclones. The Super typhoon column is an additional intensity-based statistic
that may overlap with these categories and is therefore not included in their sum.

Typhoon wind fields are characterized by pronounced non-stationarity, spatial non-uniformity, and
directional uncertainty. Tang et al. [7] developed a typhoon wind-field model based on observational data,
incorporating different wind speeds, wind directions, and turbulence intensities. Their results showed that
these factors significantly alter the surface pressure distribution and aerodynamic load response of parked
blades. Compared with conventional atmospheric boundary-layer inflow, the wind speed during typhoon
passage often exhibits a multi-stage evolution, including rapid intensification, short-term weakening, and
subsequent re-intensification. When the eyewall approaches, a wind turbine may simultaneously experience
high mean wind speed, strong gusts, and severe wind-direction shifts within a short period. Recent typhoons
over the western North Pacific and South China Sea provide representative examples of such high-wind
conditions. For example, in 2024, Super Typhoons Gaemi and Yagi reached maximum sustained wind speeds
of 58 and 68 m/s, respectively. Yagi also underwent rapid intensification over the South China Sea before
making landfall near Wenchang, Hainan Province, with a maximum wind speed of 62 m/s [15]. In 2025,
Super Typhoon Ragasa reached a lifetime maximum intensity of 62 m/s [16]. These observations indicate
that sustained wind speeds in recent intense typhoons over the western North Pacific and South China
Sea can approach 70 m/s. For ultra-large wind turbines, because both blade length and tower height reach
the hundred-meter scale, the larger rotor swept area makes wind-speed gradients, turbulence-intensity
variations, and wind-direction shifts within the typhoon boundary layer more likely to generate distinct
non-uniform inflow along the blade span and across the entire turbine.

In addition to variations in mean wind speed and wind direction, typhoon turbulence characteristics
also have a significant influence on the unsteady loads of parked wind turbines. Masters et al. [17] analyzed
near-surface wind-speed observations in tropical cyclones and pointed out that turbulence intensity, gust
factor, peak factor, and integral length scale in tropical cyclones exhibit substantial scatter. Therefore, the
direct use of conventional wind-field assumptions may be insufficient for accurately describing transient
aerodynamic responses under typhoon conditions. Typhoons are often accompanied by heavy rainfall;
however, existing structural failure simulations have shown that the contribution of rainfall to the total wind
turbine load is relatively limited and can be approximately neglected in analyses dominated by aerodynamic
loading [13]. In addition, based on meteorological tower data from the coastal region of South China,
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Song et al. [18] reported that actual wind profiles in the typhoon boundary layer may deviate significantly
from conventional power-law distributions when the observation site is close to the typhoon center or
eyewall. Yi et al. [19] further demonstrated that although the mean wind-speed profile and turbulence-
intensity profile under typhoon conditions can be approximately described by power laws, their exponents
are generally higher than the values specified in design standards and vary with typhoon intensity and the
relative position of the observation site. For ultra-large wind turbines, such uncertainties in wind-speed and
turbulence profiles can cause different blade-span locations to experience different inflow conditions, thereby
intensifying pressure fluctuations on the blade, nacelle, and tower surfaces, as well as load imbalance at the
turbine scale.

Under typhoon action, wind turbine structural failures commonly manifest as blade damage, tower
collapse, and connection failure [20]. For blades, strong gusts and periodic unsteady loads may induce
local laminate damage, leading- and trailing-edge cracking, crack propagation in the blade-root connection
region, and even complete blade fracture [21,22]. For towers, extreme bending moments, fluctuating wind
pressure, yaw misalignment, and coupled tensile-shear effects in connecting bolts may lead to local tower
buckling, bolt fracture, and overall instability [23]. Meanwhile, welded joints are also critical weak points
under strong winds and cyclic aerodynamic loading. Weld geometry, welding quality, and local notch effects
can significantly affect the fatigue performance of wind turbine towers [24]. As wind turbines continue
to evolve toward ultra-large scales, blade size, tower height, and structural flexibility further increase,
and typhoon-induced low-frequency unsteady loads and aerodynamic interactions among components
may become more prominent. Therefore, before conducting structural safety assessment, it is necessary to
first clarify the surface pressure distribution, load fluctuation characteristics, and flow-field evolution of
ultra-large parked wind turbines under typhoon conditions.

In terms of numerical simulation, engineering tools such as FAST/OpenFAST and AeroDyn have been
widely used for aeroelastic response analysis and aerodynamic load prediction of wind turbines [25,26].
These methods can account for aerodynamic forces, structural elasticity, and turbulent inflow, and are
suitable for engineering assessments of ultimate and fatigue loads. However, their aerodynamic models are
generally based on blade element momentum theory, dynamic wake models, or engineering correction
methods. Although they are computationally efficient for both operating and parked-state engineering anal-
yses, their ability to resolve high-angle-of-attack blade flow, flow separation, component shielding, and local
vortex structures under parked conditions is limited. By contrast, computational fluid dynamics can directly
solve the three-dimensional flow field around wind turbines and provide unsteady pressure distributions
on the blade, nacelle, and tower surfaces. The two-equation eddy-viscosity turbulence model proposed
by Menter [27] provides an important basis for predicting boundary-layer separation in engineering flow
problems. Serensen et al. [28] conducted numerical predictions of the NREL Phase VI rotor by solving
the Navier-Stokes equations and verified the applicability of CFD methods to wind turbine aerodynamic
analysis. Different CFD approaches exhibit different levels of applicability under typhoon conditions. RANS
methods have relatively high computational efficiency and are suitable for engineering-scale parametric
analyses, but under conditions involving strong separation, high turbulence, and pronounced large-scale
vortex shedding, they may damp transient vortex structures and affect the accuracy of unsteady load-
fluctuation prediction. LES and DES methods are better suited for capturing large-scale unsteady vortex
structures. The subgrid-scale model proposed by Smagorinsky [29] laid the foundation for LES, while the
hybrid RANS/LES approach proposed by Spalart et al. [30] promoted the application of DES to high-
Reynolds-number complex flows. Nevertheless, for full-scale ultra-large wind turbines, LES and DES impose
high requirements on grid resolution, near-wall treatment, and computational resources, which still limits
their engineering application in multi-directional and multi-condition typhoon simulations. Therefore,
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achieving a balance between computational efficiency and the ability to resolve unsteady flow structures
remains a key issue in the simulation of aerodynamic loads on ultra-large wind turbines under typhoon
conditions. Polar-based BEM or dynamic-wake methods can provide efficient estimates of integrated
aerodynamic loads, but they cannot directly resolve the pressure redistribution, component shielding and
separated vortex structures around a fully feathered parked rotor. DES or LES would be expected to provide
richer tower-wake shedding spectra than URANS, although their computational cost remains prohibitive
for the present full-scale, eight-direction whole-turbine simulations.

In summary, existing studies have extensively addressed the typhoon resistance of wind turbines from
the perspectives of typhoon-induced accident investigations, typhoon wind-field characteristics, structural
failure mechanisms, and numerical simulation methods. However, the aerodynamic interaction mechanisms
among the blades, nacelle, and tower of ultra-large parked wind turbines with hundred-meter-scale blades
and towers remain insufficiently investigated. In this study, an ultra-large parked horizontal-axis wind
turbine located in a typhoon-prone region is selected as the research object. Based on actual meteorological
records, a simplified directional extreme-wind inflow model characterized by high mean wind speed
and multiple fixed inflow directions is established, and three-dimensional unsteady CFD simulations are
conducted to investigate the extreme aerodynamic load characteristics of the hundred-meter-scale blades,
high tower, and full turbine system. First, the unsteady aerodynamic responses of the isolated tower and
rotor are analyzed to reveal the pressure distribution, lift and drag fluctuations, and spectral characteristics at
the scale of ultra-large turbine components. Subsequently, a full turbine model consisting of blades, nacelle,
and tower is developed to investigate the load variation mechanisms among different components, compare
the differences in overall aerodynamic loads under different typhoon inflow directions, and identify critical
loading postures of the ultra-large wind turbine in the parked state. The results are expected to provide
references for shutdown strategy optimization, extreme wind-load assessment, and typhoon-resistant design
of ultra-large wind turbines in typhoon-prone regions.

2 Wind Turbine Model

To investigate the unsteady aerodynamic load characteristics of an ultra-large parked wind turbine
under extreme typhoon conditions, a horizontal-axis wind turbine with hundred-meter-scale blades is
selected as the research object, and a three-dimensional numerical model is established. The turbine adopts
an upwind configuration and is characterized by variable-pitch and variable-speed operation.

2.1 Models of Tower, Rotor and the Turbine

As shown in Fig. 1a, the wind turbine model consists of a tower, nacelle, rotor, and blades. This study
focuses on the unsteady aerodynamic characteristics of the blades and tower. To simplify the modeling
procedure while retaining the principal geometric features, a conventional tubular tower fixed at the ground
is adopted to represent a large-scale wind turbine. The tower is modeled as a tapered cylindrical structure
with a total height 0of 130 m, a bottom diameter 0f15.0 m, and a top diameter of 9.76 m. The nacelle is simplified
as a cylindrical body with a diameter of 9.2 m and a length of 14 m, respectively. The rotor hub is simplified
as a conical body with a diameter of 7.35 m, a cone angle of —6°, and a tilt angle of 7°, as shown in Fig. 1b.
The vertical offset and overhang distance are 3.1 and 5.3 m, respectively. The blade length is 110.0 m, and the
blade offset is set to 0. The cut-in and cut-out wind speeds of the turbine are 3 and 25 m/s, respectively. Under
operating conditions, the pitch angle is set to 0° to achieve maximum wind-energy utilization, whereas under
parked conditions, it is set to 90° to enhance wind-resistance stability. Fig. 1c shows the top and side views
of the rotor configuration under parked conditions.
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Figure 1: Wind turbine model in the current study: (a) parked wind turbine; (b) local view of the rotor in the parked
state; (c) schematic diagram of the left side of the inclination and cone angles; (d) schematic of the wind model.

When a wind turbine is subjected to extreme wind conditions such as typhoons, it generally enters a
parked protection state, in which the blades are feathered, the rotor is braked, and the yaw system may be
locked or operated with limited adjustment capability. Previous studies have shown that the aerodynamic
loads on a parked wind turbine are closely related to the blade azimuth angle, yaw angle, and the orientation
of the blades relative to the incoming flow. In particular, under strong wind conditions, different parked rotor
positions can alter the shielding relationship and wake interference among the blades, nacelle, and tower,
thereby causing substantial differences in the extreme loads acting on the blades and tower. Nelson et al.
found in their study of extreme typhoon loads that the rotor thrust reaches a relatively high level when a single
blade is positioned vertically upward [31]. Therefore, to account for a relatively critical loading condition, the
parked position in which the upper blade is aligned with the tower axis is selected as the initial rotor posture
for the subsequent numerical simulations. In the present simulations, all three blades were fully feathered
with a pitch angle of 90°, and the braked rotor was kept at a fixed azimuth for all inflow directions. This fixed-
azimuth arrangement provides a deterministic reference state for comparing directional aerodynamic-load
redistribution, while the influence of free idling and other parked azimuth positions is left for future work.

2.2 Typhoon Character and Wind Estimate

The incoming wind field under typhoon conditions is characterized by pronounced non-stationarity
and directional uncertainty. The wind speed generally increases gradually to a peak as the outer circulation
of the typhoon approaches the eyewall region. When the typhoon eye passes near the observation site, the
local wind speed decreases temporarily; subsequently, as the opposite eyewall approaches, the wind speed



Comput Model Eng Sci. 2026;149(1):1 7

increases rapidly again, forming a double-peak or multi-stage loading process [32]. Such rapidly varying
wind-speed histories can subject a parked wind turbine to strong unsteady aerodynamic loads within a short
period. For ultra-large wind turbines, the large rotor swept area means that different spanwise locations of
the blades may simultaneously experience different local wind speeds and turbulence conditions. Therefore,
the wind-speed evolution and spatial non-uniformity of typhoon inflow have a more pronounced influence
on their aerodynamic loads.

In addition to extreme mean wind speeds, existing field-measurement-based comparative studies have
shown that the turbulence intensity, gust factor, and integral length scale of typhoon wind fields exhibit
pronounced scatter and are strongly influenced by surface roughness, measurement height, and the relative
position of the observation site with respect to the typhoon center [33]. For ultra-large wind turbines, the
coupled effects of high wind speed and strong turbulence can intensify pressure fluctuations on the blade and
tower surfaces, thereby increasing the risks of fatigue damage and transient extreme loading. Moreover, rapid
wind-direction shifts induced by typhoon circulation may weaken the real-time yaw-tracking capability of
the yaw system, forcing the turbine to withstand inflow from different directions under yaw-misaligned or
yaw-locked conditions. Considering that different inflow directions can alter the shielding relationship and
wake interference among the blades, nacelle, and tower, a representative typhoon wind speed with a typical
value of 70 m/s is specified in this study. Eight typical inflow directions are considered, namely N/0°, NE/45°,
E/90°, SE/135°, S/180°, SW/225°, W/270°, and NW/315°. These directions are uniformly distributed at equal
angular intervals to cover potentially critical loading scenarios that may occur under parked conditions, as
illustrated in Fig. 1d. Accordingly, the present inflow model is not intended to reproduce all transient features
of a real typhoon boundary layer. Instead, 70 m/s is adopted as a representative severe-typhoon mean inflow
speed, because the wind-speed level is consistent with recent severe-typhoon observations over the western
North Pacific and South China Sea, where Super Typhoons Gaemi and Yagi reached maximum sustained
wind speeds of 58 and 68 m/s, respectively, in 2024 [15], while Super Typhoon Ragasa reached a lifetime
maximum intensity of 62 m/s in 2025 [16]. In the present simulations, turbulence fluctuations, wind shear,
and wind veer are simplified to focus on the effect of inflow direction. Accordingly, the eight fixed inflow
directions are used as representative directional extreme-wind cases, rather than as a full reconstruction of
the typhoon boundary layer, to examine the load redistribution among the blades, nacelle, and tower under
the same mean wind speed.

3 Numerical Methods
3.1 CFD Method

In the parked condition, the airflow around the wind turbine is governed by the incompressible unsteady
Navier-Stokes equations. Since the rotor is locked and the turbine is in a stationary state, no rotating reference
frame is required to describe rotor motion. The present numerical simulations focus on the unsteady external
flow surrounding the fixed three-dimensional geometry of the wind turbine. The governing equations for
incompressible unsteady flow are expressed as:

0 1
a_ltl+u-Vu:_;VP+VV2u+V‘(VtV“) v

V-u=0 (2)

where u is the velocity vector, p is the pressure, p is the air density, v is the kinematic viscosity, and v, is the
turbulent eddy viscosity.
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To accurately capture transition phenomena and the associated flow structures around the turbine,
the y-Re(6;) Transition SST model was adopted, which is based on the SST k-omega formulation and
additionally introduces transport equations related to intermittency y and the transition momentum-
thickness Reynolds number Re(0t). The model retains the well-established capability of SST in predicting
adverse-pressure-gradient and wall-separated flows, while providing a more detailed description of local
near-wall boundary-layer development. Although the flow under the present 70 m/s inflow condition is
largely turbulent at the full-turbine scale, the parked feathered configuration may still produce complex
local flow features, such as low-speed recirculation, incipient separation and tower-nacelle interference
around the blade, nacelle and tower surfaces. Therefore, this model was selected to balance the prediction
of separated-flow structures and local boundary-layer behavior under extreme wind conditions [7,27].
In the y-Re0t formulation, the transition model is coupled with the SST turbulence model through the
effective intermittency, which modifies the production and destruction terms of the turbulent kinetic-
energy equation. The transport equations for turbulent kinetic energy k and specific dissipation rate w are
expressed as:

% +u-Vk =y, P — min [max ()/eff» 0.1) ,1.0] Bkw+ V- [(v+oxve) Vk] (3)
w ) 5 0w

E+u-Vw=oc sz—ﬁw +V-[(v+0,v) Vo] +2(1-F) —Vk-Vw (4)
w

Here, Py denotes the production term of turbulent kinetic energy, y. s denotes the effective intermit-
tency used for coupling the transition model with the SST formulation, and F, denotes the SST blending
function. The molecular kinematic viscosity and turbulent kinematic viscosity are denoted by v and vy,
respectively, while o and o, are the corresponding diffusion coefficients, and o, is associated with the
cross-diffusion term. Correction coeflicients are set as a* = 1.0 and * = 0.15 to properly suppress near-
wall turbulent viscosity and enhance the accuracy of boundary layer development and vortex shedding
predictions around the stationary turbine components, ensuring reliable transition modeling for large-scale
wind turbine simulations [7].

A pressure-based transient solver was employed. Pressure-velocity coupling was considered, with
second-order discretization for pressure and high-order upwind schemes for momentum. He Green-Gauss
cell-based method was used for gradient calculation, and a first-order scheme was used for the turbulence
equations. The simulations accurately capture the transient fluid behavior and vortex shedding around the
stationary blades and the 130 m tower across eight wind directions, reflecting the coupled blade-tower
interactions and directional sensitivity.

A two-stage numerical procedure was adopted for each inflow direction. First, a steady Reynolds-
averaged Navier-Stokes (RANS) calculation was performed to establish a converged flow field and obtain
the steady aerodynamic loads of the parked turbine. The converged steady-state solution was then used as
the initial flow field for the subsequent unsteady Reynolds-averaged Navier-Stokes (URANS) calculation.
After the initial transient response had decayed, the aerodynamic-force time histories were recorded and
used to determine the load-fluctuation amplitudes and dominant frequencies. Within this framework, the
steady RANS solutions were used to characterize the directional aerodynamic-load distributions, while
the subsequent URANS simulations were employed to resolve the time-dependent aerodynamic responses
and associated load fluctuations. It should be noted that detached-eddy simulation (DES) or large-eddy
simulation (LES) could provide a more detailed resolution of broadband tower-wake turbulence, vortex
breakdown, and small-scale unsteady flow structures. However, for the present full-scale wind turbine
with a rotor diameter of 220 m and a kilometer-scale computational domain, these approaches would
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require substantially finer near-wall and wake-region meshes and consequently much higher computational
costs. Therefore, the present RANS-URANS framework was adopted as a practical compromise between
the resolution of whole-turbine aerodynamic characteristics and the computational requirements of the
multi-directional extreme-wind simulations.

3.2 Numerical Validation Using a Scaled NH1500 Wind Turbine Test

To further assess the reliability of the CFD approach for wind turbine aerodynamic prediction, a valida-
tion study was conducted using the NH1500 wind turbine benchmark. The experimental data were obtained
from the aerodynamic performance test of a 1/16-scale NH1500 wind turbine model carried out on the wind
turbine test platform of the China Aerodynamics Research and Development Center (CARDC) [34]. In
this benchmark experiment, the power coefficient of the scaled wind turbine was measured under different
blade tip-speed ratios, providing a reference dataset for numerical validation [34]. The scaled NH1500 blade
was treated as rigid in the present numerical validation, as previous aeroelastic analysis indicated that the
structural deformation of the blade remained limited under the investigated conditions.

The benchmark case was performed at an incoming wind speed of 10.4 m/s and a rotational speed of
17.2 rpm, with zero yaw angle and zero blade pitch angle. The numerical results were compared with the
experimental measurements in terms of the power coefficient C, at different blade tip-speed ratios. As shown
in Fig. 2a, the CFD results reproduce the overall variation trend of the experimental C, curve. The maximum
predicted power coefficient is 0.505 at a blade tip-speed ratio of 9.48, which is approximately 3% higher than
the experimental maximum value of 0.49. Although slight discrepancies appear when the blade tip-speed
ratio exceeds 11.5, the numerical results agree well with the experimental data over the main operating range.
This comparison demonstrates that the CFD approach adopted in the present study can predict wind turbine
aerodynamic performance with acceptable accuracy. It should be noted that this benchmark is used as a
methodological validation of the CFD framework, including geometry-resolved modelling, solver settings,
turbulence-model implementation and aerodynamic-force prediction. It is not regarded as a direct validation
of the fully feathered parked turbine under strongly separated typhoon inflow; this limitation is considered
when interpreting the subsequent full-scale results.

0.55 1 Time step /s
Cp_Exp 0.002 0.001 SE—4
—o— Cp_CFD 3.80 — T 1 2.60
0.50 . = Mean y=3.8 —{— Mean resultant force
. /-_-'s/?" b ?'_, 378 Max y=16.2 —&— Force amplitude -
. R & z - 255 3
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. 376 1
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Figure 2: Validation of the numerical model and grid independence verification. (a) Comparison of experimental and
numerical power coeflicients of the NH1500 wind turbine at different blade tip-speed ratios [7]; (b) grid and time-step
independence verification based on the mean resultant force and force amplitude.

In addition to the benchmark validation, grid and time-step independence were examined using the full
parked-turbine model. As shown in Fig. 2b, three mesh levels with 2.24 x 107, 3.68 x 107, and 5.86 x 107 cells
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were compared, together with time steps of 0.002 s, 0.001 s, and 5 x 107* s. The west-inflow condition
was selected for evaluating the mean resultant force because it produced the largest mean aerodynamic
load among the eight inflow directions. The southeast-inflow condition was selected for evaluating the
force-fluctuation amplitude because it produced the strongest unsteady load fluctuation. The mean resultant
force and force amplitude changed only slightly after the intermediate mesh level. Therefore, the case with
3.68 x 107 cells and a time step of 0.001 s was adopted for the subsequent simulations as a compromise
between numerical accuracy and computational cost. The near-wall mesh quality was also checked: the
corresponding mean y* values were 3.8, 2.5, and 1.8, and the maximum y* values were 16.2, 10.4, and 8.1
for the coarse, intermediate, and fine meshes, respectively. Compared with the fine mesh, the intermediate
mesh produced differences of only 0.43% in the west-inflow mean resultant force and 0.82% in the southeast-
inflow force-fluctuation amplitude. These results indicate that the selected mesh and time step provide a
stable compromise among overall cell number, near-wall resolution, and transient computational cost.

3.3 Mesh Generation

To accurately capture the flow field around the ultra-large parked wind turbine while maintaining
reasonable computational cost, a zonal mesh strategy was adopted in this study. The investigated turbine has
a tower height of 130 m and a rotor diameter of 220 m, indicating that both the vertical structural scale and
the rotor-swept region reach the hundred-meter level. Such a large geometric scale requires sufficient mesh
resolution not only near the blade and tower surfaces, but also in the surrounding near-wake region where
flow separation, velocity deficit and blade-tower interference may occur.

The outer computational domain was discretized using a structured mesh to provide a regular far-
field grid and maintain numerical stability away from the turbine. Around the full turbine, including the
blades, hub, nacelle and tower, a locally refined hexahedral mesh was generated to improve the resolution
of near-body flow, surface pressure gradients, local separation and wake development. The refined region
was arranged around the complete parked turbine rather than being limited to the immediate wall-
adjacent region, because the 220 m rotor diameter and 130 m tower height enlarge the spatial range over
which separated flow and wake interactions may develop. The mesh density was increased in the turbine-
surrounding region and gradually reduced toward the far-field boundaries to avoid abrupt cell-size variation.
This treatment reduces excessive numerical diffusion in the predicted separated flow around the parked
blades and the velocity-deficit wake behind the tower. Similar near-body/background-domain partitioning
has been adopted in recent geometry-resolved wind turbine CFD frameworks, where different mesh systems
are used for the near-turbine and background-flow regions to balance geometric fidelity and computational
efficiency [34].

The structured outer mesh and the refined inner hexahedral mesh were connected using the mesh
interface technique in ANSYS Fluent. The mesh interface enables the transfer of flow variables and fluxes
between adjacent mesh regions with different grid densities, thereby maintaining solution continuity across
the interface. This strategy combines the numerical efficiency of the structured background mesh with the
local resolution of the refined turbine-region mesh. The generated mesh was subsequently used for the grid-
independence analysis and all whole turbine-simulations. The mesh layout is shown in Fig. 3. Fig. 3a presents
the surface mesh of the outer computational domain, and Fig. 3b shows the overall zonal mesh arrangement
with the inner refined region embedded in the structured background mesh. Fig. 3¢ shows the inner refined
hexahedral mesh region and the mesh interface between the refined region and the surrounding background
mesh. Fig. 3d presents the surface mesh of the full turbine, while Fig. 3¢ shows the local mesh details around
the blade root, hub and tower-top junction, where geometric curvature and component connection effects
require higher local mesh resolution.
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Hexahedral mesh

Figure 3: Mesh generation strategy for the full parked wind turbine: (a) surface mesh of the outer computational
domain; (b) overall view of the zonal mesh arrangement, including the outer structured mesh and the inner refined
region around the turbine; (c) inner refined hexahedral mesh region and mesh interface between the refined region and
the background mesh; (d) mesh of the turbine surface; (e) local mesh details around the blade root, hub and tower-top
junction.

4 Numerical Results and Discussion

In this section, the aerodynamic response of the full ultra-large parked wind turbine is analyzed
under eight representative typhoon inflow directions. The turbine considered in this study has a tower
height of 130 m and a rotor diameter of 220 m, and therefore the aerodynamic loading is expected to be
strongly affected by the spatial distribution of pressure, separated flow around the parked blades, and the
wake development behind the tower. All simulations are conducted for the complete turbine configuration,
including the blades, hub, nacelle and tower, so that the aerodynamic characteristics can be evaluated at
the whole turbine scale rather than from isolated components. The following analysis first compares the
directional variation of the aerodynamic forces among the three blades and the entire rotor, and then
examines representative flow-field contours to explain the physical origin of the observed load differences.
Particular attention is paid to whether the pressure distribution, blade-section vortex patterns and tower
velocity-deficit wake are consistent with the force distributions against inflow directions.

4.1 Overall Aerodynamic Response

The directional aerodynamic response of the full parked wind turbine under eight typhoon inflow
directions is shown in Fig. 4. As shown in Fig. 4f, the resultant aerodynamic force of the full turbine varies
markedly with inflow direction, ranging from 2.214 x 10° N to 3.720 x 10° N. The largest whole turbine force
occurs under the west inflow condition, reaching 3.720 x 10° N, followed by the east, northeast and northwest
inflows, with values of 3.671 x 10° N, 3.391 x 10° N and 3.337 x 10° N, respectively. In contrast, the south
and north inflow conditions produce much lower resultant forces of 2.214 x 10° N and 2.223 x 10° N. The
southeast and southwest inflows show intermediate force levels, with resultant forces of 3.155 x 10° N and
3.188 x 10° N, respectively. It is indicated that the aerodynamic loading of the parked turbine is strongly
direction-dependent, with west, east, northeast and northwest inflows representing the critical loading
directions for the present parked posture.
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Figure 4: Directional aerodynamic response of the full parked wind turbine under eight typhoon inflow directions:
(a) mean blade drag in the x-direction; (b) mean blade drag in the y-direction; (c) resultant drag of each blade; (d) mean
lift of each blade; (e) lift and drag of the nacelle, tower and rotor; (f) drag, lift and resultant aerodynamic forces of the
turbine; (g) surface pressure-coefficient distribution of Blade 1 and representative sectional pressure distributions at
r/R=0.3,0.6,and 0.9 under east inflow; and (h) corresponding chordwise pressure-coefficient distributions at the three
spanwise locations.

From the force composition shown in Fig. 4c—{, the resultant aerodynamic force is mainly governed by
the resultant drag. Under west inflow, the resultant drag reaches 3.710 x 10° N, which is nearly identical to the
total aerodynamic force of 3.720 x 10° N. Similar drag-dominated behavior is observed under east, northeast
and northwest inflows, where the resultant drag reaches 3.669 x 10° N, 3.375 x 10° N and 3.308 x 10° N,
respectively. It is indicated that the critical aerodynamic state of the parked turbine under extreme inflow is
primarily controlled by drag loading. As shown in Fig. 4d, the lift contribution is generally smaller than the
resultant drag, although its relative importance varies with wind direction. For instance, the total lift is only
2.75 x 10* N under west inflow, whereas it increases to 4.42 x 10° N under northwest inflow. This suggests
that the force composition changes with inflow orientation, especially when the projected relationship
between the blades and the incoming flow becomes less favorable for purely drag-dominated loading. In
addition, Fig. 4¢ shows the same magnitude order of lift and drag of the nacelle, tower and rotor. The tower
drag remains the dominant component among the three parts, with the order of 10° N, while the nacelle
and rotor forces show stronger directional variation. Therefore, the whole turbine aerodynamic response is
not only determined by the rotor loads, but also strongly affected by the baseline drag contribution from the
tower and the directional sensitivity of the nacelle. The separate drag components in Fig. 4f further show that



Comput Model Eng Sci. 2026;149(1):1 13

the total force is highly sensitive to the partition between drag-x-total and drag-y-total. East and west inflows
are dominated by the x-direction drag component, whereas north and south inflows are mainly governed
by the y-direction drag component; for oblique inflows, the simultaneous contribution of both components
produces intermediate to high resultant forces.

The blade-resolved drag distributions in Fig. 4a,c reveal that the aerodynamic loads are not evenly
shared by the three parked blades. Blade 1 carries the dominant drag in most high-load directions. Its
resultant drag reaches 1.258 x 10° N under west inflow, 1.246 x 10° N under east inflow, and 1.172 x 10° N
under northeast inflow. These values are substantially higher than those of Blade 2 and Blade 3 under the
same directions, indicating that Blade 1 is the primary contributor to the extreme drag response of the
rotor. By comparison, the maximum drag of Blade 2 occurs under northeast inflow, reaching 3.70 x 10° N,
while Blade 3 reaches its maximum drag under northwest inflow, with a value of 5.35 x 10° N. Therefore,
although Blade 1 dominates the overall drag level, Blade 2 and Blade 3 contribute noticeably under oblique
inflow directions.

The lift distribution in Fig. 4d shows a different directional pattern from the drag distribution. Blade 1
produces relatively small lift in all directions, with its maximum lift being only 5.36 x 10* N under northeast
inflow. In contrast, Blade 2 and Blade 3 exhibit much stronger lift responses. Blade 2 reaches its maximum
lift of 4.38 x 10° N under northeast inflow, followed by 3.94 x 10° N under southwest inflow and 3.87 x 10° N
under northwest inflow. Blade 3 produces the largest lift among the three blades, reaching 5.88 x 10°> N under
northwest inflow and 5.08 x 10> N under west inflow. These contrasts illustrate that the drag response is
mainly dominated by Blade 1, whereas the lift response is more strongly associated with Blade 2 and Blade 3,
particularly under oblique inflow conditions.

To further examine the surface-pressure characteristics of Blade 1, the east inflow condition was selected
for detailed analysis. Under this condition, the whole-turbine resultant force reaches 3.671 x 10° N, while
the resultant drag of Blade 1 reaches 1.246 x 10° N, making east inflow one of the critical loading directions
considered in the present study. As shown in Fig. 4g, the pressure-coefficient distribution over Blade 1 exhibits
evident spanwise variation. Representative sections at r/R = 0.3, 0.6, and 0.9 were therefore selected to further
quantify the chordwise pressure characteristics. The corresponding chordwise distributions in Fig. 4h show
that the main differences among the three sections are concentrated near the leading edge. The r/R = 0.3
section exhibits the strongest suction peak, followed by r/R = 0.6, whereas the suction peak at r/R = 0.9 is
substantially weaker. Downstream of the leading-edge region, the pressure distributions gradually recover
and become relatively smooth over most of the chord. These results indicate a clear spanwise redistribution of
the blade-surface pressure under east inflow, with the inboard section experiencing a stronger leading-edge
pressure gradient than the outboard sections.

The above results show that the aerodynamic loading of the three parked blades is highly dependent on
inflow direction. However, the most critical direction for mean loading does not necessarily correspond to
the strongest unsteady response. Therefore, the fluctuation amplitudes of the lift, drag, and resultant-force
components were further examined. The initial transient stage was removed before the amplitude analysis,
and the statistically stable portion of each force history was used. For consistency, the same statistical-window
length was applied to all inflow directions. The fluctuation amplitude was calculated as the half peak-to-peak
value:

AF _ (Fmax_Fmin) (5)
2

where F,, and F,,;, denote the maximum and minimum values of the corresponding force component

within the selected stable interval. This definition allows the amplitude to characterize the post-transient

unsteady load variation. As shown in Fig. 5, the amplitude distribution differs significantly from the
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mean-force distribution shown in Fig. 4. While the mean resultant force is mainly dominated by west, east,
northeast and northwest inflows, the strongest load fluctuation appears under the southeast inflow condition.
The total drag amplitude reaches 2.43 x 10° N under southeast inflow, which is much higher than those under
west inflow (1.18 x 10° N), southwest inflow (6.33 x 10* N), and south inflow (4.48 x 10* N). The total lift
amplitude also reaches its maximum value of 1.96 x 10° N under southeast inflow. This indicates that the
inflow direction responsible for the largest mean load is not necessarily the same as that responsible for the
strongest unsteady load fluctuation.

9— Bladel-d p —9— Blade2-d p —o— Blade3-drag-amp ~ —o— Bladel-lift-amp —— Blade2-lift-amp —o— Blade3-lift-amp 9— Lift-total-amp —9— Drag-total-amp Force-total-amp

(a) (b)

Figure 5: Amplitude of aerodynamic-force fluctuations of the full parked wind turbine under eight typhoon inflow
directions: (a) drag amplitude of each blade; (b) lift amplitude of each blade; (c) total drag, lift and resultant-force
amplitudes of the full turbine.

The blade-resolved drag-amplitude results in Fig. 5a show that the southeast inflow produces the
strongest drag fluctuation on all three blades. The drag amplitudes of Blade 1, Blade 2 and Blade 3 under
southeast inflow are 5.45 x 10* N, 4.11 x 10* N and 7.93 x 10* N, respectively. Among them, Blade 3 exhibits
the largest drag-amplitude response, suggesting that the unsteady drag fluctuation is more pronounced on
the lower blade rather than on Blade 1. Under west inflow, Blade 3 also shows a relatively high drag amplitude
of 3.45 x 10* N, whereas Blade 1 and Blade 2 are lower, with amplitudes of 1.32 x 10* N and 3.34 x 10° N,
respectively. This differs from the mean-force result, where Blade 1 dominates the dragload under west inflow.
Therefore, the mean drag and drag fluctuation are controlled by different blade responses.

The lift-amplitude distribution in Fig. 5b further demonstrates that the unsteady lift response is mainly
associated with Blade 2 and Blade 3. Blade 1 exhibits relatively small lift amplitudes in all inflow directions,
with the relatively small maximum value of 4.29 x 10° N under south inflow. In contrast, Blade 3 reaches a
lift amplitude of 1.23 x 10° N under southeast inflow, which is the largest single-blade lift fluctuation among
all cases. Blade 2 also shows a high lift amplitude under southeast inflow, reaching 6.62 x 10* N, followed by
4.66 x 10* N under south inflow. It is indicated that the fluctuation of lift is mainly governed by the lower
blades, especially Blade 3 and Blade 2, although mean drag is dominated by Blade 1.

The total-force-amplitude results in Fig. 5¢ confirm the above trend. The whole turbine force amplitude
reaches the maximum under southeast inflow, with a value of 2.45 x 10°> N. The southwest and south inflows
show lower but still noticeable force amplitudes of 6.34 x 10* N and 4.71 x 10* N, respectively. By contrast,
the northwest inflow produces the smallest total force amplitude, approximately 1.16 x 10* N. This suggests
that southeast inflow should be regarded as a critical direction for unsteady load fluctuation, even though it
is not the most critical direction in terms of mean aerodynamic force.

The dominant frequencies of the aerodynamic-force fluctuations are further compared in Fig. 6 to
identify the characteristic time scales of the unsteady loads. Different from the force-amplitude distri-
bution in Fig. 5, the frequency response does not concentrate only in the southeast inflow condition,
but varies among blades and turbine components. For the lift frenquency response, Blade 1 reaches the
highest dominant frequency under the north inflow condition, with a value of 5.797 Hz. Blade 3 exhibits
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a pronounced lift-frequency response under southeast inflow, with a dominant frequency of 2.484 Hz,
whereas Blade 2 exhibits a dominant frequency of 1.242 Hz under the same inflow direction. This frequency

distribution indicates that the strongest force amplitude and the highest dominant frequency are not

necessarily associated with the same blade or inflow direction.
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Figure 6: Dominant frequencies of aerodynamic force fluctuations under typhoon inflow directions: (a) dominant
lift and drag frequencies of the three blades; (b) dominant lift and drag frequencies of the nacelle, tower and rotor
components; (¢) dominant total lift and drag frequencies of the three blades. Under the N inflow direction: (d) lift
histories of each blade; (e) lift-frequency spectra of each blade; (f) tower lift and drag histories; (g) frequency spectra

of tower lift and drag.
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For the drag-frequency response, Blade 3 under north inflow exhibits the highest value among the
blade drag components, reaching 4.529 Hz. Blade 1 also shows a relatively high drag frequency under
southeast inflow, reaching 1.242 Hz, while the corresponding drag frequencies of Blade 2 and Blade 3 under
southeast inflow are both 0.414 Hz. Therefore, the southeast inflow produces the strongest aerodynamic-
force amplitude, but its dominant frequency remains mainly in the low-frequency range for the total
rotor response. This feature is important for ultra-large parked wind turbines, because low-frequency
load fluctuations can be more relevant to large-scale structural vibration and fatigue accumulation than
high-frequency local fluctuations.

The component-level frequency results in Fig. 6b show that the tower-related response also varies
strongly with inflow direction. The tower drag frequency reaches 3.999 Hz under northwest inflow and
3.986 Hz under north inflow, while the tower lift frequency reaches 0.1068 Hz under north inflow. The
tower-drag frequencies are higher than most rotor-scale frequencies, whereas the tower lift response under
north inflow is concentrated at a much lower frequency. For the rotor-scale response in Fig. 6¢, the
dominant lift frequency reaches 1106 Hz under south inflow and 1.087 Hz under north inflow, whereas
the rotor drag frequency reaches 1.087 Hz under north inflow. Under southeast inflow, the rotor lift and
drag frequencies are 0.828 and 0.414 Hz, respectively. Thus, although the southeast inflow produces the
largest force amplitude, its rotor-scale response is dominated by relatively low frequencies, indicating that
the strong load fluctuation is mainly associated with low-frequency full-turbine unsteadiness rather than
high-frequency component-level oscillation.

For the representative N inflow condition, the time-domain and frequency-domain responses are
further shown in Fig. 6d-g. The lift histories and lift-frequency spectra of the three blades in Fig. 6d,e reveal
the blade-resolved unsteady lift response. In comparison, the tower lift-drag histories and tower lift-drag
spectra in Fig. 6f,g show that the tower drag contains a pronounced spectral peak near 4 Hz, whereas the
tower lift is mainly concentrated at a much lower frequency. These subfigures provide direct time-series and
spectral evidence for the frequency characteristics summarized in Fig. 6a-c.

Overall, Figs. 4-6 reveal pronounced directional asymmetry in the mean loads, fluctuation amplitudes
and dominant frequencies of the whole turbine. For the mean aerodynamic loads, west and east inflows
produce the strongest drag-dominated states, while northeast and northwest inflows also generate high
resultant forces with noticeable lift contributions from the lower blades. For the fluctuating loads, the
dominant direction changes: southeast inflow produces the largest aerodynamic-force amplitude, although
its mean resultant force is not the maximum. For the frequency response, north inflow produces the highest
blade lift frequency on Blade 1 and the highest drag frequency on Blade 3, while northwest inflow induces
a high tower drag frequency. Therefore, west and east inflows are more critical for extreme mean loading,
southeast inflow is more critical for load-amplitude amplification, and north/northwest inflows are more
relevant to high-frequency component-level responses. For ultra-large parked wind turbines with hundred-
meter-scale blades and high towers, critical inflow directions should be identified by combining mean loads,
fluctuation amplitudes and dominant frequency characteristics. The directional load redistribution, ampli-
tude amplification and frequency response provide the quantitative basis for the flow-field interpretation in
the following section.

4.2 Tower-Blade Interaction and Wake Analysis

The aerodynamic-force results in Section 4.1 show clear directional differences in the mean load,
fluctuation amplitude and dominant frequency of the parked wind turbine. To further identify the flow-
field origin of these differences, the surface pressure contours of the full turbine, blade-section Q-criterion
vortex distributions, and tower velocity are further discussed. Based on the load characteristics discussed
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above, south, west and southeast inflows are selected as three representative cases, corresponding to a low
mean-load state, an extreme mean-load state and a strong fluctuation-amplitude state, respectively. The
comparative analysis of these three cases further links pressure concentration, blade-section vortex structures
and tower-wake morphology to the directional aerodynamic-load characteristics of the ultra-large parked
wind turbine.

Under the south inflow condition, the whole turbine resultant force is 2.214 x 10° N, corresponding
to the lowest mean-load state among the examined inflow directions. As indicated by the inflow-direction
schematic in Fig. 7f, the incoming flow approaches the parked turbine from the south side, resulting in a
relatively dispersed exposure of the three stationary blades to the wind. This feature is consistent with the
relatively scattered pressure distribution shown in Fig. 7a, where exhibits a dispersed loading pattern, with
no continuous high-pressure region formed on any individual blade. This illustrates that the aerodynamic
load in this case is not dominated by a single strongly exposed blade. It agrees well with the blade-resolved
force results, since the drag forces of Blade 1, Blade 2 and Blade 3 are 1.87 x 10° N, 1.95 x 10° N and 2.51 x 10° N,
respectively, remaining at the same order of magnitude.
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Figure 7: Flow-field characteristics of the parked wind turbine under the south inflow condition: (a) surface pressure
distribution on the full turbine; (b) tower velocity sections; (c—e) Q-criterion vortex structures around Blades 1, 2 and
Blade 3; (f) schematic of the south inflow direction.
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The Q-criterion sections further illustrate the moderate loading level under this inflow direction. As
shown in Fig. 7¢, the sections around Blade 1 at different heights are mainly characterized by localized and
discrete vortex patches, without showing continuously intensified separation over multiple height sections,
indicating that Blade 1 does not induce strong separated vortices. In Fig. 7d, the sectional vortex structures
around Blade 2 are also relatively weak and localized. Although separated vortices appear at some heights, the
vortex cores remain small, which is consistent with the similar drag levels of Blade 1 and Blade 2. In Fig. 7e,
slightly stronger vortex concentration appears at some height sections around Blade 3, corresponding to
its higher drag, but still without a strong separation pattern that intensifies simultaneously across multiple
height sections. Meanwhile, the tower velocity sections Fig. 7b show a relatively organized velocity-deficit
wake behind the tower, especially in the lower and middle tower regions. Near the nacelle and blade-root
region, the wake becomes wider and slightly distorted, but the vortex-coupling effect between the blades
and the tower remains limited. Therefore, the weaker pressure concentration in Fig. 7a, the more scattered
sectional vortex patterns in Fig. 7c-e, and the relatively organized tower wake in Fig. 7b together illustrate
the lower resultant force under the south inflow condition.

Under the west inflow condition, the aerodynamic loading increases significantly. The whole turbine
resultant force reaches 3.720 x 10° N, while the total drag reaches 3.710 x 10° N, indicating a typical drag-
dominated extreme loading state. As shown in Fig. 8f, the incoming flow approaches the parked turbine from
the west side, making Blade 1 more directly exposed to the incoming flow than in the south inflow case.
The pressure contours in Fig. 8a show a large pressure difference between the windward and leeward sides
of Blade 1. Compared with the south inflow case shown in Fig. 8a, reveal a pronounced pressure contrast
across Blade 1, with the high-pressure region extending over its main windward surface. Compared with
the south inflow case, the pressure loading becomes more concentrated on Blade 1 rather than remaining
locally distributed around the tower and nacelle. This pressure concentration directly corresponds to the
force results, where the drag of Blade 1 reaches 1.26 x 10° N, much larger than those of Blade 2 and Blade 3,
which are 2.57 x 10° N and 3.30 x 10° N, respectively. Therefore, the maximum resultant force under west
inflow is mainly caused by the strong pressure loading and enhanced separated-flow around Blade 1.

The Q-criterion sections of Blade 1 shown in Fig. 8c further reveal the separated-flow characteristics
under the west inflow condition. Distinct vortex-concentration regions appear at multiple spanwise sections,
and their morphology varies noticeably along the blade. Moving upward along the blade, the separated
vortices initially remain relatively localized near the blade section. Further upward, the vortex regions expand
and develop into more elongated structures extending away from the blade surface. Toward the upper part of
the blade, the vortex field becomes more dispersed, with multiple separated vortex patches distributed around
the section. Such variations in vortex size, shape, and spatial distribution demonstrate the pronounced
spanwise non-uniformity of the separated flow around Blade 1.

The vortex structures of Blade 2 and Blade 3 in Fig. 8d,e also reflect the influence of this high-load
condition on the downstream blades. In Fig. 8d, the vortex structures around Blade 2 are weaker than those
around Blade 1, but stretched or displaced vortex patches can still be observed at some heights, indicating that
thelocal inflow around Blade 2 is disturbed by upstream blade separation, nacelle flow and the tower velocity-
deficit region. Since Blade 2 is not the primary windward blade under this inflow direction, its sectional
vortex structures do not exhibit the same persistently strong separation as those of Blade 1, which is consistent
with its smaller drag contribution. By contrast, the local vortex structures around Blade 3 in Fig. 8¢ are more
evident than those around Blade 2, and stronger vortex concentration appears in several sections. This agrees
with its relatively large drag and high lift of 5.08 x 10° N. It is indicated that although Blade 3 is not the primary
drag-bearing blade, its local inflow direction is altered by the deflected wake, resulting in an asymmetric
surface-pressure distribution and a pronounced lift response. Therefore, the risk associated with the west
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inflow condition is not limited to the extreme drag on Blade 1, but also involves asymmetric aerodynamic
loading on downstream blades induced by the coupling between blade separation and the tower wake.
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Figure 8: Flow-field characteristics of the full parked wind turbine under the west inflow condition: (a) surface pressure
distribution on the full turbine; (b) tower velocity sections showing the vertical evolution of the velocity-deficit wake;
(c—e) Q-criterion vortex distributions around Blades 1, 2 and 3; (f) schematic of the west inflow direction.

Under the southeast inflow condition, the whole turbine mean resultant force is not the maximum
among the eight inflow directions, but the aerodynamic-force fluctuation becomes the strongest. This
behavior is consistent with the amplitude results in Section 4.1, where the total force amplitude, drag
amplitude and lift amplitude all reach their maximum values under southeast inflow. As shown in Fig. 9g,
the incoming flow approaches the parked rotor from an oblique direction. This inflow orientation does not
produce the strongest frontal loading on Blade 1 as in the west inflow case, but it changes the local inflow
condition of the lower blades and enhances the unsteady interaction among blade-separated vortices, tower
wake and local velocity deficit.

The surface pressure distribution in Fig. 9a shows an asymmetric pressure pattern on the full turbine.
The pressure difference is not concentrated only on the upper blade; instead, the pressure-loaded regions
are redistributed among the blades and the tower-facing region. This pressure redistribution corresponds
to the force-amplitude characteristics discussed in Section 4.1, where southeast inflow produces strong
temporal fluctuations in both drag and lift despite its non-maximum mean resultant force. The Q-criterion
sections of Blade 1in Fig. 9¢ show vortex-concentration regions at several heights, but these sectional vortices
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are less dominant than those around Blade 1 under west inflow. Therefore, Blade 1 is not the sole source
of the unsteady response in this case. The Q-criterion sections around Blade 2 and Blade 3 in Fig. 9d,e
are more important for explaining the large fluctuation amplitude under southeast inflow. In Fig. 9d, the
vortices around Blade 2 appear at multiple height sections and show evident spatial variation, indicating that
Blade 2 experiences a strongly non-uniform local inflow. In Fig. 9¢, Blade 3 also exhibits distinct vortex-
concentration regions, especially at the lower-height sections. These sectional vortex features are consistent
with the amplitude results discussed in Section 4.1, where Blade 3 contributes most strongly to drag and lift
fluctuations under southeast inflow, and Blade 2 also shows a large lift amplitude. The strong load fluctuation
under southeast inflow is therefore associated with the combined unsteady response of Blade 2 and Blade 3,
rather than a mean load mechanism dominated by Blade 1. The tower velocity sections in Fig. 9b further
show that the wake behind the tower is not simply aligned with the tower centerline. The velocity-deficit
region is deflected and distorted along the downstream direction, indicating that the tower wake interacts
with the oblique inflow and the blade wake. The additional velocity and vorticity contours on the H = 120 m
cross-section in Fig. 9f provide a clearer view of this local interaction near the upper tower and rotor region.
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Figure 9: Flow-field characteristics of the full parked wind turbine under the southeast inflow condition: (a) surface
pressure distribution on the full turbine; (b) tower velocity sections at different heights; (c—e) Q-criterion vortex
structures around Blade 1, 2 and 3 at different heights; (f) velocity and vorticity contours on the H = 120 m cross-section;
(g) schematic of the southeast inflow direction.
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These flow features explain why the southeast inflow produces the strongest aerodynamic-force fluctu-
ation. The oblique inflow redistributes the local separation and wake interaction among the lower blades and
tower region, resulting in enhanced unsteady load oscillation at the whole turbine scale.

Overall, the representative flow-field results reveal the aerodynamic mechanisms underlying the
directional load characteristics identified in Section 4.1. Under south inflow, the pressure field is relatively
dispersed, the blade section vortices remain weak, and the tower wake maintains a more ordered velocity
deficit, which together correspond to the low mean load state. Under west inflow, the large pressure difference
on Blade 1 and the pronounced separated vortices in its Q-criterion sections support the drag response
dominated by Blade 1 and the maximum mean resultant force. Under southeast inflow, the oblique incoming
flow redistributes the local pressure loading and separated-vortex patterns among the lower blades and the
tower-adjacent region. The velocity and vorticity contours on the H = 120 m section further show local
velocity deficit and vortex concentration near the tower-rotor interaction region, which is consistent with
the strongest aerodynamic-force fluctuation observed in Section 4.1. Therefore, for an ultra-large parked
wind turbine with a 220 m rotor diameter and a 130 m tower height, the critical aerodynamic state is
governed not only by the magnitude of the mean resultant force, but also by the coupled effects of pressure
redistribution, blade-sectional separation, tower wake development and load-fluctuation amplitude. These
results highlight the necessity of evaluating typhoon-induced aerodynamic risk from both mean-load and
unsteady-fluctuation perspectives. From an engineering perspective, the west and east inflow cases are
more relevant to ultimate mean-load checks, whereas the southeast inflow case should be considered in
unsteady-load amplification and fatigue-related assessments. The tower region requires attention to tower-
base bending moment, while the blade-root and nacelle-yaw connection regions require attention to load
redistribution and oblique-inflow interference.

To provide an external load-scale reference, the present parked-state loads are also compared with
publicly available data from the IEA Wind 15-MW reference wind turbine [35]. This turbine has a rotor
diameter of 240 m and a hub height of 150 m, which are comparable in scale to the 220 m rotor diameter and
130 m tower height considered in the present study. Its rated wind speed is 10.59 m/s and the design thrust
coeflicient is approximately 0.804. Based on the standard rotor-thrust relation, the rated operating rotor
thrust is on the order of 2.5 x 10° N. In comparison, the maximum whole-turbine resultant force in the present
parked extreme-wind simulations reaches 3.720 x 10° N, and the maximum force-fluctuation amplitude
reaches 2.45 x 10° N. Because the turbine geometry, control state, and inflow condition differ, this comparison
should not be interpreted as a strict validation. Nevertheless, it provides an external order-of-magnitude load
reference, indicating that the predicted parked-state aerodynamic loads are within a physically reasonable
load scale for ultra-large offshore wind turbines under extreme wind conditions. The same public reference
also shows that yaw-misaligned parked conditions with extreme wind speeds can appear among the worst-
case load scenarios in IEC design-load-case analysis, further supporting the engineering relevance of the
present parked extreme-wind analysis [35].

5 Conclusions

In this study, whole-turbine unsteady CFD simulations were conducted to investigate the aerodynamic
characteristics of an ultra-large parked wind turbine under representative directional extreme-wind condi-
tions. The investigated turbine has a tower height of 130 m and a rotor diameter of 220 m. A fixed-azimuth,
fully feathered, and braked parked configuration was considered. Eight representative inflow directions
were considered to examine the directional dependence of mean aerodynamic loads, fluctuation amplitudes,
dominant frequencies, and representative flow-field structures. The main conclusions are as follows:
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The mean aerodynamic load of the ultra-large parked wind turbine shows pronounced directional
dependence under the fixed parked configuration. Among the eight inflow directions, west inflow
produces the largest whole-turbine resultant force, reaching 3.720 x 10° N. East, northeast and northwest
inflows also generate relatively high resultant forces of 3.671 x 10° N, 3.391 x 10° N and 3.337 x 10° N,
respectively, whereas south and north inflows produce much lower mean loads. Therefore, for the
present fully feathered and braked parked posture, west, east, northeast and northwest inflows are
the main critical directions in terms of extreme mean aerodynamic loading. This indicates that the
fixed-azimuth parked condition can provide a clear reference case for identifying direction-dependent
extreme load paths, although it does not represent all possible parked rotor positions.

The mean aerodynamic response is mainly drag-dominated, and the keyload-bearing components differ
among inflow directions. Under west inflow, the resultant drag reaches 3.710 x 10° N, which is nearly
identical to the total aerodynamic force. Similar drag-dominated behavior is also observed under east,
northeast and northwest inflows. At the blade level, Blade 1 contributes most strongly to the extreme
drag response, especially under west, east and northeast inflows, while Blade 2 and Blade 3 provide more
pronounced lift contributions under oblique inflow directions. At the component level, the tower drag
forms the dominant baseline load of the full turbine, whereas the nacelle and rotor forces introduce
additional wind-direction sensitivity. These results suggest that tower-base bending moment, blade-root
loading, nacelle/yaw-system loading, and blade-tower interaction should be considered as key concerns
in parked-state structural assessment under extreme wind conditions.

The fluctuation amplitude of aerodynamic loads exhibits a different directional pattern from the mean
force. Although west and east inflows dominate the extreme mean drag response, southeast inflow
produces the strongest unsteady load fluctuation. Under southeast inflow, the whole-turbine resultant-
force amplitude reaches 2.45 x 10° N, while the total drag and lift amplitudes reach 2.43 x 10° N and
1.96 x 10° N, respectively. Thus, the wind direction associated with the maximum mean load is not
necessarily the same as that associated with the strongest aerodynamic fluctuation. Therefore, southeast
inflow should be considered a critical direction for unsteady load amplification and fatigue-related load
evaluation, rather than being judged only from the mean aerodynamic force.

The critical aerodynamic state of an ultra-large parked wind turbine should be evaluated by combining
mean load, load fluctuation and dominant-frequency characteristics. West and east inflows are more
critical for extreme mean loading, southeast inflow is more critical for unsteady load amplification, while
north and northwest inflows are associated with relatively high frequency responses in specific blade
and tower components. The flow-field analysis further indicates that pressure concentration, blade-
sectional separation, tower wake development, and blade-nacelle-tower interference jointly control the
directional load redistribution. The parked-state safety assessment under typhoon conditions should
not rely only on the maximum mean aerodynamic force, but should also consider force-amplitude
amplification, dominant-frequency response, directional load redistribution, unsteady fluctuation and
flow-induced interaction among the blades, nacelle and tower.

Overall, for an ultra-large parked wind turbine with a 220 m rotor diameter and a 130 m tower height,

the critical aerodynamic state is governed by the combined effects of mean pressure loading, unsteady
force-amplitude amplification, dominant-frequency response, blade-sectional separation and tower wake
development. Typhoon-resistant assessment and parked-state safety design should therefore consider mean
loads, fluctuation amplitudes and frequency characteristics simultaneously, rather than relying only on
the maximum mean aerodynamic force. The present results provide a fixed-azimuth CFD reference for
understanding the directional load characteristics of a fully feathered and braked parked turbine under
extreme mean-wind conditions. They can support typhoon-resistant design, parked-state safety evaluation,

and the identification of critical load paths for ultra-large wind turbines.
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The present analysis also has some limitations associated with the adopted inflow specification and
parked-state treatment. Extreme typhoon wind conditions are modeled using only a representative constant
mean wind speed and eight typical fixed inflow directions, rather than through a full reconstruction of
the complex spatiotemporal evolution of an actual typhoon boundary layer. In addition, the simulations
mainly consider the turbine after blade feathering and rotor braking have been completed; consequently, the
transient aerodynamic responses associated with the transition from operation to the parked state, including
blade feathering, rotor braking, and rotor locking, are not fully accounted for. Future work will further
investigate more realistic non-stationary typhoon inflow conditions and the transient aerodynamic evolution
of the turbine during the shutdown and rotor-locking processes.
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