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KEYWORDS ABSTRACT

Wind Turbine, Noise pollution, particularly the low-frequency noise generated by wind turbines, is recognized as
Noise Pollution, an environmental challenge that may have adverse effects on human health. In this study, the effect
Numerical Simulation. of blade cone angle (0°-10°) on the low-frequency noise of a horizontal-axis wind turbine was

investigated. To this end, the flow field around the turbine was first simulated for wind speeds
ranging from 5 to 10 m/s using the Reynolds-Averaged Navier—Stokes (RANS) equations coupled
with the Shear Stress Transport (SST) turbulence model. Subsequently, the turbine noise,
generated by sources located on and around the blades, was predicted using the Ffowcs Williams—
Hawkings (FW—H) equation. The results showed that varying the blade cone angle from 0° to 10°
changed the turbine power output by less than 5%; however, it had a significant influence on the
propagation of low-frequency noise. It was also found that at a blade cone angle of 5°, the turbine
not only achieved higher power output but also exhibited a lower peak sound pressure level than
the planar turbine (0° blade cone angle 0°).

Extended Abstract

1. Introduction

fuels, decreasing greenhouse gas emissions, and improving energy security. The global development of
wind energy has increased rapidly in recent years. According to the Global Wind Energy Council
(GWEC), more than 164 GW of new wind power capacity was installed worldwide in 2025, increasing the total
installed capacity to more than 1.28 TW [1]. Moreover, the International Energy Agency (IEA) predicts continued
growth of wind energy capacity until 2030 [2]. Advances in turbine design, cost reduction, and improved
maintenance technologies have contributed to the increasing competitiveness of wind power in global energy

systems [3—5].

Horizontal-axis wind turbines (HAWTs) are the dominant technology in the wind energy industry [6]. Based
on power capacity, wind turbines are generally classified as large-, medium-, and small-scale turbines [7]. While
large wind turbines are mainly installed in wind farms, small-scale wind turbines are increasingly used in

‘ N ’ ind energy is one of the most important renewable energy sources for reducing dependence on fossil
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distributed power generation systems, remote areas, residential buildings, and off-grid applications due to their
flexibility and proximity to energy consumers [8—14].

Despite their advantages, noise emission is one of the major challenges associated with the application of small
wind turbines, particularly in residential areas. Previous studies have shown that wind turbine noise may cause
annoyance, sleep disturbance, and psychological effects among nearby residents [15—-18]. Wind turbine noise is
generally classified into mechanical and aerodynamic noise. Although mechanical noise has been significantly
reduced through technological improvements, aerodynamic noise, consisting of low-frequency noise (LFN),
inflow turbulence noise, and airfoil self-noise, remains a major problem [19].

The main frequencies of wind turbine LFN are in the infrasound range below 20 Hz. Although these frequencies
are generally below the conventional lower limit of human hearing, their potential physiological effects have been
investigated in previous studies [20]. Research has indicated that infrasound generated by wind turbines may
disturb people exposed to high noise levels [21-23]. However, specific regulations for controlling wind turbine
low-frequency noise are still limited, with Denmark being among the few countries that have established specific
requirements in this field [24].

Blade cone angle is an important parameter affecting both aerodynamic performance and acoustic behavior of
wind turbines. Changing this angle modifies the blade position relative to the incoming flow, affects boundary-
layer development, and may influence flow separation and stall behavior [25-29]. Bozorgi et al. [30] investigated
the effect of cone angle on the noise of the NREL Phase VI turbine [31], considering only noise sources located
on the blade surface. However, later studies demonstrated the importance of noise sources in the flow field
surrounding the blade [32].

Therefore, the objective of this study is to investigate the effect of blade cone angle on output power and low-
frequency noise of the NREL Phase VI wind turbine by considering both blade and surrounding flow sources. The
airflow around the turbine is simulated for cone angles from 0° to 10° and wind speeds of 5—10 m/s. The generated
noise is then predicted using the Ffowcs Williams—Hawkings (FW—-H) equation [33].

2. Flow Simulation

The investigated turbine is the NREL Phase VI wind turbine with a rotor diameter of 10.058 m. It consists of
two twisted and tapered blades based on the S809 airfoil profile. Experimental data reported by Hand et al. [31]
were used for validation of the numerical model.

The computational domain was developed using ANSYS Design Modeler. As shown in Figure 1, the tower
was neglected due to its limited influence on the aerodynamic performance of upwind turbines. Furthermore,
because of rotational periodicity, only one blade was modeled. The computational domain consisted of an inner
rotating region around the blade and an outer stationary region. An unstructured mesh was generated in the rotating
region, while a structured mesh was used in the stationary region. A boundary-layer mesh was also applied around
the blade surface, resulting in y+ values below 3.

In all cases, the flow simulations were continued until the fluctuations in the predicted power and axial force
remained below 0.1% for at least 500 consecutive iterations. Three different mesh resolutions were evaluated to
ensure mesh independence. The differences in predicted power and also axial force were less than 1%; therefore,
the fine mesh containing approximately 3.6 million cells was selected. The flow field was solved using the
Reynolds-averaged Navier—Stokes (RANS) equations with the SST turbulence model. The boundary conditions
included uniform velocity at the inlet, static pressure at the outlet, no-slip condition on blade surfaces, and
rotational periodicity at lateral boundaries. The numerical results were validated by comparing the predicted power
output and axial force with experimental measurements. As shown in Figure 2, the numerical predictions agree
well with the experimental data, confirming the reliability of the developed model.

1. FW-H equation

In the present work, the FW-H equation was used for the noise calculation. The equation is given by
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In the above equations, Q, L; and Tj; are monopole, dipole and quadrupole terms, respectively. 6 is the Dirac
delta function, H is the Heaviside function. c is the speed of sound, po is air density, p' is pressure fluctuations, v;
is the velocity component in the j-direction. f (x,t) = 0 is the position of data surface enclosing the blade as the
noise source, such that £ > 0 is outside the data surface and f < 0 is inside the data surface.

periodic

boundary
(@) (b)
Figure 1. (a) Computational domain and boundary conditions, (b) Mesh and boundary layer grids around the blade
14, 5¢
i 45F
12 F
i 4F L
10f ‘\ / 35} /|
| “-\T;/ g sl
I / g 25¢ 7
6 £ ok /
[ / - F /
4F 15 / ——=—— Experiment NREL []
[ ——=—— Experiment NREL 1k / ——— CFD (w =72 rpm)
3 ——— CFD (w=72rpm) F /
2 3 L
[ 0.5 r
O ——"%5 90 5 20 25 30 0T Ho 15 20 25 30
Wind speed (m/s) Wind speed (m/s)
(a) (b)

Figure 2. Comparison of CFD results and experimental data for a) power and b) axial force

The data surface was defined as an expanded surface surrounding the blade with a scaling factor of 5. Based
on the findings of Bozorgi and Ghorbaniasl [32], this surface captures the major low-frequency noise sources of
the turbine over the wind speed range of 5—10 m/s.

Observer points were positioned on a semicircle with a radius of 21 m around the rotor center (Figure 3). The
observer angle 0 was defined relative to the rotor plane, where 6 = 90° and —90° represent the upstream and
downstream positions on the rotation axis, respectively. Due to axial symmetry, the low-frequency noise along the
rotation axis is zero [36]. Although IEC 61400-11 recommends noise measurement at 8 = —55° and a distance of
21 m [35], observer points were defined within a wider range of —75° to +75° to provide a more comprehensive
analysis.
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Figure 3. Description of the blade cone angle and the observer location

2. Results and Discussion

The effect of blade cone angle on turbine output power was investigated for cone angles ranging from 0° to
10°. The results showed that changing the cone angle has a limited effect on the aecrodynamic performance of the
turbine. The maximum change in power compared with the planar configuration (0° cone angle) remained below
5%. Overall, the maximum power within the investigated range of 5—10 m/s was obtained for the 5° cone angle
configuration, as shown in Table 1.

Table 1. Turbine power in different blade cone angle

Wind o=0° o=2.5° 0=5.0° o=75° o=10°

speed Power Power DIff (%) Power Diff (%) Power DIff (%) Power Diff (%)

(m/s) W) W) W) W) W)
5 2094 2142 2.29 2184 4.30 2173 3.77 2151 2.72
7 5619 5715 1.71 5769 2.67 5691 1.28 5590 -0.52
10 10360 10334 -0.25 10493 1.28 10334 -0.25 10198 -1.56

The directivity patterns of low-frequency noise show that the overall sound pressure level (OASPL) increases
with wind speed at all observer locations, indicating that higher wind speeds intensify wind turbine noise
emissions. For the planar rotor, the maximum OASPL increased from 51.9 dB at 5 m/s to 55.7 dB at 7 m/s and
60.0 dB at 10 m/s. The results also demonstrate that the blade cone angle considerably alters the directivity pattern
by increasing OASPL in the upstream region while reducing it in the downstream region. Based on the maximum
OASPL, the planar turbine produced the highest noise levels at all investigated wind speeds. In contrast, the lowest
maximum OASPL was achieved by the 10° coning angle at 5 m/s (48.2 dB) and by the 7.5° coning angle at 7 and
10 m/s (53.6 and 57.6 dB, respectively)
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Figure 4. The effect of blade cone angle on the LFN for wind speeds of a) 5 m/s, b) 7 m/s, ¢) 10 m/s
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The results also showed that the location of maximum noise emission differs from the reference measurement
position defined by IEC 61400-11 [35]. The maximum noise level in the present study occurred at different
directions depending on wind speed and cone angle. Therefore, noise measurements performed only at the standard
location may not provide a complete representation of wind turbine acoustic emissions.

Based on the simultaneous evaluation of power enhancement and noise reduction, the 5° cone angle was the
only configuration that consistently provided simultaneous improvements in output power and noise reduction
over the entire investigated wind speed range.

3. Conclusion

In this study, the effects of blade cone angle on the aerodynamic performance and low-frequency noise of the
horizontal-axis NREL Phase VI wind turbine were investigated. The airflow around the turbine was simulated
using the RANS equations with the SST turbulence model, and the numerical results were validated against
experimental data. The good agreement between numerical predictions and measurements confirmed the reliability
of the applied approach.

The results indicated that changing the blade cone angle from 0° to 10° has a limited effect on turbine output
power, with the power variation remaining below 5% compared with the planar configuration. However, among
all investigated cases, the 5° cone angle turbine achieved the highest power output for wind speeds between 5 and
10 m/s.

It was demonstrated that blade cone angle has a considerable effect on both the magnitude and directivity of
low-frequency noise. Increasing the cone angle modified the noise radiation pattern by increasing sound pressure
levels in the upstream and reducing them in the downstream. Moreover, the position of maximum noise emission
was found to depend on wind speed and cone angle and did not fully correspond to the reference position suggested
by IEC 61400-11.

Overall, the results showed that the turbine with a 5° cone angle achieved higher power output than the other
configurations while maintaining a lower maximum noise level than the planar configuration. Therefore, based on
the criteria of power enhancement and noise reduction, the 5° cone angle turbine provides better performance than
the planar configuration.
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° Dirac delta Function

¢ Step Function

7 Green Function
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° Retarded Time
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  Q =   𝜌 0   v  j   𝜕 f  𝜕   x  j ;     L  i =   P  i j   𝜕 f  𝜕   x  j


  f :  {    < 0   د ی ت ا   س ط ح   د ا خ ل   = 0   د ی ت ا   س ط ح   ر و ي   > 0   د ی ت ا   س ط ح   ب ي ر و ن


  Q =   𝜌 0   v  n ;     L  i =   P  i j   n  j


  4 𝜋   p  T ′  ( 𝒙 , t ) =   ∫  f = 0     [     Q .  r    ( 1 −   M  r ) 2 ]  e d s +   ∫  f = 0     [   Q  ( r     M .  r +   c 0   M  r −   c 0     M  r 2 )    r 2    ( 1 −   M  r ) 3 ]  e d s


  4 𝜋   p  L ′  ( 𝒙 , t ) =  1    c 0   ∫  f = 0     [       L .  r  r    ( 1 −   M  r ) 2 ]  e d s +   ∫  f = 0     [     L  r −   L  i   M  i    r 2    ( 1 −   M  r ) 2 ]  e d s


                                              +  1    c 0   ∫  f = 0     [     L  r  ( r     M .  r +   c 0   M  r −   c 0     M  r 2 )    r 2    ( 1 −   M  r ) 3 ]  e d s        


                                              +  1    c 0   ∫  f = 0     [     L  r  ( r     M .  r +   c 0   M  r −   c 0     M  r 2 )    r 2    ( 1 −   M  r ) 3 ]  e d s        


    M  r =   M  i     r ^  i ;         M .  r =     M .  i     r ^  i ;       L  r =   L  i     r ^  i   ;           L .  r =     L .  i     r ^  i


  B P F = B l a d e   n u m b e r s × 𝜔  ( rpm ) ×   1   min  60   s


  B P F = 2 × 72 ×  1 60 = 2 . 4   Hz


  B P F = 2 × 72 ×  1 60 = 2 . 4   Hz

