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This paper investigates the relationship between unsteady flow and radiated noise in the near wake of a wind turbine tower due to the blade tower interaction (BTI) in Wind tunnel experiments. The two-dimensional hot-wire probe is used to collect the instantaneous velocity field in the BTI region, and the microphone sensor is used to collect sound field information. The effects of Reynolds stress and turbulent kinetic energy on BTI noise are further analyzed based on the instantaneous velocity field. The results show that the blade’s passing effect causes irregular velocity distribution and vortex migration and mixing in the near wake of the tower, resulting in the most significant difference in Reynolds shear stress at the 0.71R position of the blade during the blade’s transition from an azimuthal angle of 180°–210°(upward). Furthermore, a strong correlation is identified between the peak turbulent kinetic energy and the peak acoustic pressure value measured during the rotational cycle when the blade ran up to 210° azimuth angle. It is deduced that the aerodynamic noise at the rear of the tower is attributed to the increase in momentum exchange caused by fluid doping and bursting, which are driven by Reynolds shear stress. Momentum exchange induces an increase in turbulent kinetic energy, which results in fluid velocity pulsations, pressure pulsations, and, thus, noise. The reduction in fluid mixing and the reduction in pressure pulsation subsequently lead to a reduction in the noise generated by the tower. Therefore, a viable approach to reducing BTI noise involves minimizing momentum exchange.
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1 INTRODUCTION
With the increasing installation of wind turbines, the problem of noise pollution caused by wind turbines has also become more serious (Michaud et al., 2016). Shepherd et al. (2011) studied the health-related quality of life (HRQOL) of individuals living near wind farms in the form of a questionnaire. They have indicated that the acoustic properties of wind turbine noise tend to disrupt the sleep of people exposed to the noise. The characteristics of wind turbine noise were defined by periodicity, amplitude modulation, and high low-frequency energy, which contributed to its status as a particularly bothersome auditory phenomenon (Lee et al., 2011). By employing road traffic noise as a reference point, Fredianelli et al. (2019) established a dose-response relationship for disparate sound sources at an equivalent level of annoyance. The WTN (Wind Turbine Noise) caused a higher level of annoyance than the traffic noise for the same level of noise. In addition to the problem of noise pollution from onshore wind turbines, offshore wind turbines disturb the underwater acoustic environment, particularly by creating low-frequency noise (Zhou and Guo, 2023) that can harm sound-sensitive marine organisms (Huang, 2022). The generation of low-frequency noise is attributed to the BTI(blade-tower interaction) (Yang et al., 2018). Wang et al. (2022) showed a strong correlation (0.95) between the underwater noise from offshore wind turbines and the vibration signals of the tower. To minimize the impact of wind turbine noise emissions on people living near wind farms and on marine life, noise abatement measures must be developed to reduce the level of wind turbine noise pollution. A prerequisite for the development of noise mitigation measures was the testing and analysis of wind turbine sound and flow field data (Paterson et al., 1975). Single-microphone measurements and acoustic array measurements are the two most common methods for testing wind turbine sound fields (Hansen et al., 2017). The former was typically used to determine if noise exceeds specified levels, while the latter could locate significant noise sources. However, acoustic array measurements usually require the cooperation of detection algorithms, so single-microphone measurements remain the industry standard (Raman et al., 2016). It is challenging to separate ambient noise from WTN in wind farm noise assessments, and wind turbine model noise measurements are often made in wind tunnels for better observation and understanding (Gallo et al., 2016). This is because wind tunnel testing can eliminate certain complications associated with atmospheric conditions, thereby improving the signal-to-noise ratio. The principal methodologies employed for the assessment of fluid flow are the hot-wire anemometer technique (Bruun and H, 1996) and the particle image velocity (PIV) technique (Raffel et al., 2018). To illustrate, Koca et al. (2018) employed a hot-wire anemometer to ascertain data regarding vortex shedding resulting from laminar flow separation bubbles (LSBs) on the surface of an airfoil and from flow separation at the trailing edge. Their findings revealed that a reduction in vortex shedding frequency and increased vortexes around a wind turbine blade were associated with elevated vibration and noise levels on wind turbine blades. Ya (2009) employed the PIV technique to ascertain information regarding the flow field within the axial fan and the air guide and demonstrated that the aerodynamic noise of the low-speed isentropic flow is predominantly attributable to the stretching and rupture of the vortex system within the flow field. Although both techniques, hot-wire anemometry and PIV, are capable of obtaining velocity field information, the hot-wire anemometer is more suitable for studying the flow details in turbulent motion, which is more helpful for exploring the causes of BTI noise due to its advantages of small size, high resolution, and the fact that it does not require laser equipment.
Earlier research has shown that the BTI is the main cause of low-frequency noise (Timmerman, 2013). In addition to generating noise, BTI can adversely affect the operational performance and safety of wind turbines (Leishman and Bi, 1989) and the structural integrity of the tower (Pedersen et al., 2012). BTI noise is generated by transient changes in surface pressure acting on the blades and towers. The generation of sound pressure is related to the rate of change in surface pressure (Zhao et al., 2019). Further studies have shown that tower shadow (Abraham et al., 2019) and blade passing effects (Lorber and Egolf, 1990) cause BTI noise. The shadow effect of the tower reduces the average wind speed in front of the tower compared to the incoming wind speed. As the blade passes through the tower, the blade’s angle of attack changes unsteadily. This unsteady change affects the axial induction factor, reducing the thrust of the blade and creating the stress reversal phenomenon (Thoft-Christensen et al., 2009; Munduate et al., 2004). Zhang et al. (2022) studied the shadow effect of the tower blade and divided the interaction area between the blade and the tower into significantly disturbed and undisturbed areas. Lei found that the initial position of the blade was vertically upward. The azimuthal region of the rotation of the wind turbine is between 144° and 216°, which was the influence interval of the shadow effect of the tower (Leishman, 2010). In studying the blade passage effect, Leishman and Bi (1989) found that the blade passage effect leads to large pressure fluctuations on the obstacle, so the blade passage effect leads to pressure fluctuations on the tower surface and generates BTI noise. Zajamšek et al. (2019) then confirmed this hypothesis using a numerical simulation, which showed that the wind turbine tower was the main source of sound in BTI noise, with the sound pressure level emitted by the tower being approximately twice as high as that of the blades in the BTI noise. This also indicates that the pressure pulsation on the tower surface caused by blade-tower interference will become an important source of low-frequency underwater noise. Therefore, to reduce the underwater noise emitted by the tower, it is essential to study the sound generation mechanism of the BTI noise.
In the analytical study of the blade-tower interaction and the sound generation mechanism, Con estimated the time scale of the blade-tower interaction using the potential flow theory (Doolan, 2011) and the Curle theory (Curle, 1955) and found that the strength of the blade-tower noise source can be calculated by the time derivative of the blade lift force, and obtained a first-order dimensionless quantization model to estimate the strength of the blade-tower noise source. Yauwenas et al. (2017) observed that as the blade gets closer to the tower, the air in front of the blade spreads outward in a radial pattern. The tower blocks Some of the air, causing the pressure on the front side of the tower to increase. At the same time, some of the air around the blade is forced to speed up as the blade moves towards the area directly beneath the tower, leading to a decrease in pressure on the windward side. Li et al. (2020) researched blades’ aerodynamic and aeroelastic properties in the context of the BTI effect. The study revealed that the angle of attack decreases significantly as the blades move directly under the tower. Zajamšek et al. (2019) identified the tower’s contribution as the primary source of BTI noise. As a result, Shkara et al. (2018) utilized numerical simulations to analyze the velocity and vortex fields near the tower. In the region impacted by the blades, the frequency of vortex shedding behind the tower varies. The separation points on each side of the tower are shifted, and the airflow acceleration is different. The stationing point is closer to the side with the highest acceleration. By analyzing the correlation between pressure fluctuations and acoustic pressure fluctuations, Oguma et al. (2013) discovered that the sides and rear of the tower had the highest correlation coefficients. This was because the recirculation vortex near the tail stream hit the rear wall of the tower, creating a distinct and thicker region of the dipole source.
The study above primarily concentrates on the dynamic response of the blade portion of the blade-tower interaction noise and the mechanism of sound generation. In contrast, the study of the tower portion solely concerns itself with the flow field in front of the tower and the aerodynamic loads. The noise produced by the tower is related to the noise from the circular cylinder. However, the tower’s shadow effect and the impact of the blades passing through make the airflow around the wind turbine and the near-wake trajectory near the tower more complex. The flow characteristics are more complicated, necessitating a hot wire anemometer to capture the instantaneous flow field in the near-wall region of the tower leeward within the range of the tower shadow effect. The flow characteristics help to identify the leading cause of the pressure pulsations on the leeward side of the tower due to the BTI effect. In this study, the first rule of variation of the velocity field behind the tower is analyzed with the operation of the wind turbine blades at different azimuthal angles. Secondly, the Reynolds stress and turbulent kinetic energy on the tower surface are calculated when the wind turbine rotates at different azimuthal angles under rated operating conditions. Finally, a theoretical and experimental analysis was conducted to reveal the mechanism of sound generation for tower leeward near-wall noise. A practical method to reduce tower noise was also proposed.
2 EXPERIMENTAL EQUIPMENT AND METHODS
2.1 Experimental equipment
The experiments took place in the B1/K2 wind tunnel. We used an S-wing fixed pitch 3-bladed horizontal axis wind turbine with the following specifications: Wind turbine half warp R is 0.7 m, Generator rated poweris is 450 W, Rated wind speed is 10 m/s, Rated tip speed ratio [image: image] is 5.5, Tower diameter is 0.089 m. The total length of the wind tunnel was 24.59 m, and the experiments were conducted in a closed section with a diameter of 2.04 m. Wind speed was controlled by a digital variable frequency converter capable of providing a maximum stable wind speed of 20 m/s. The intensity of the exit turbulence was 0.4%.
The dynamic parameters in the flow field are recorded using a thermostatic hot-wire anemometer with a maximum sampling frequency of 250 kHz. Its working principle is shown in Figure 1, which generally consists of a probe, a probe support frame, a connecting cable line, a chassis, and an A/D converter device and a computer. In the measurement process, the probe is placed in the area of the flow field to be measured, and the output voltage of the bridge circuit and operational amplifier is utilized to represent the flow velocity of the fluid, and the output voltage is input to the control computer through A/D conversion, and the output voltage is converted to the actual velocity of the fluid according to the relationship between the voltage-velocity calibrated by the probe.The hot wire probe is a type 55R63 2D X fiber sensor probe (Figure 2A). It is made of quartz, covering its surface with a nickel film layer. The diameter of the hot wire is 4.2 [image: image], and the length of the filament is 1.58 mm. The length-to-diameter ratio of the probe is 200, which has a small and negligible effect on the interaction of the flow field (Hutchins et al., 2009). To ensure accurate measurements, the velocity and direction calibration of the hot wire probe must be done using a velocity calibrator (Figure 2B). The appropriate fixing clip can then be selected based on the shape of the probe (Figure 2C). There are four types of exit nozzle, and the parameters are shown in Table 1.
[image: Figure 1]FIGURE 1 | Working mode of hot-wire anemometer.
[image: Figure 2]FIGURE 2 | Hot wire calibration system: (A) 2D hot wire probe, (B) calibrator and (C) calibrator holder.
TABLE 1 | Outlet nozzle parameters.
[image: Table 1]The three-dimensional coordinate frame (Figure 3A)allows for three-dimensional translation along the X, Y, and Z-axes. This is achieved through a ball screw drive, precision linear slide guide, and stepping motor drive. The travel of all axes is 410 mm, with a resolution of 0.001 mm. The hot-wire probes are fixed in a three-dimensional coordinate frame when experimenting. The controller of the coordinate frame (Figure 3B) can quickly position the probe spatially. Acquiring sound pressure signals involves using a 1/4 inch 4,958 microphone with a sensitivity of 12.5 mV/pa. It has a dynamic response range of 28–140 dB, measurable frequency range of 10–20 kHz, and can operate within the temperature range of -10°C–55°C, meeting the required performance for the experiment.
[image: Figure 3]FIGURE 3 | Probe control system: (A) 3D coordinate frame and (B) coordinate frame controller.
2.2 Experimental methods
2.2.1 Hot wire calibration
Calibration of a hot-wire probe involves determining the relationship between air velocity and the output voltage (E) of a hot-wire anemometer in a specific environment. The particular method is as follows: Set a known airflow velocity [image: image] to calibrate the output voltage of the probe and record the corresponding output voltage E. Fit the curve of [image: image] and determine the transfer function. The hot-wire probe should be calibrated in the same environment as the experimental measurements. If the calibration environment differs from the experimental setting, using Equation 1 (Zhang et al., 2021) to adjust the temperature accordingly. The calibrated velocity range must include the velocity range of the measured flow field. A Type No.2 nozzle was selected based on the nominal air velocity of the experimental fan, which was 10 m/s. Nitrogen was used as the calibration gas source and filtered before being fed into the calibrator. When calibrating, it is important to ensure that the gas flow is maintained at a minimum of 400 L/min and that the gas pressure is kept between 0.75 MPa and 0.95 MPa. The calibration experiment was conducted at a temperature between 290 and 300 K. The superheat rate of the hot wire was set at 0.8. The calibration speed range was set from 0.5 to 15.5 m/s, and 15 speed values were chosen within this range to establish the relationship between the measured voltage of the hot wire probe and the calibration speed (Figure 4A). A fourth-degree polynomial equation (Equation 2) was used to curve-fit the output voltage to the airflow speed, yielding the final output voltage. The relationship between output voltage and airflow velocity is given by Equation 3 and Equation 4, where [image: image] is the airflow velocity and [image: image]is the calibration constant.
[image: image]
where [image: image] is the corrected output voltage; [image: image] is actual measured output voltage; [image: image] is the reference temperature; [image: image] is the calibrated ambient airflow temperature; [image: image] is the experimental ambient airflow temperature.
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The 2D X-probe is calibrated not only for velocity but also for orientation. By combining the calibrated velocities [image: image] and [image: image] from the 2D X probe into U and V velocity components requiring the yaw coefficients [image: image] and [image: image], as follows: First, velocities [image: image] (Equation 7) and [image: image] (Equation 8) are calculated in the probe coordinate system according to the equations Equation 5 and Equation 6.
[image: image]
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Then the velocity U (Equation 9) and V (Equation 10) are calculated in the XY coordinate system:
[image: image]
[image: image]
Orientation calibration requires the probe to be able to rotate in the X plan (Figure 5A), and the probe is fixed on the rotating bracket; the specific installation is shown in Figure 5B. In the direction calibration of −40°-40°, 9 points are selected for direction calibration, and the direction calibration curve is shown in Figure 4B.
[image: Figure 4]FIGURE 4 | 55R63 hot wire probe calibration curve: (A) Speed calibration and (B) Direction calibration.
[image: Figure 5]FIGURE 5 | X-probe orientation calibration method: (A) X-probe co-ordinate system and (B) 2D probe installation method.
2.2.2 Measurement point design
The wind turbine’s rotating plane is positioned at 0.5D (where D is the diameter of the turbine) downstream of the open-jet tunnel. The rotating wind turbine’s center aligns with the wind tunnel’s center. Define the center of the rotation plane of the wind turbine as the origin O, as shown in Figure 6A. The acoustic test arrangement is shown in Figure 6B. The flow field region for this experiment is determined to be a plane parallel to the rotating surface of the wind turbine at a distance of 20 mm (x/2d = 0.75) (Yang et al., 2019) from the rear of the tower to ensure the safety of the experiment (Figure 7A). The test area is a 300 mm[image: image] 210 mm rectangle. The upper edge of the rectangle is located 300 mm in the negative direction of the Z-axis, and the left and right edges of the rectangle are symmetrical on the Z-axis. In the rectangular area, there are a total of 7 rows and 31 columns of measurement points. The spacing between each measurement point is 10 mm in the Y-axis direction and 35 mm in the Z-axis direction. The arrangement of the flow field measurement points in (Figure 7B). The phase angle of the main relies on the trigger sensor and RPM sensor (Figure 6C), with a phase angle of 0° for the trigger position. By keeping the trigger position and the speed data time aligned, the speed value of a different phase angle position on the test plane is intercepted.The acoustic pressure signal was first acquired. Then, the X-probe was fixed on a 3D coordinate frame, and the probe position was moved by the coordinate frame controller to start the measurement from measurement point 1. The probe position was then moved to the next measurement point by the coordinate frame controller to collect the data. This process was repeated until the last position of the measurement point. The probe sampling rate was 6,400 Hz and the sampling time was 10 s. The X-type probe was placed horizontally and vertically at each measurement point (see Figure 8) to obtain the velocity distribution of the flow field in the YZ plane.
[image: Figure 6]FIGURE 6 | Schematic diagram of wind tunnel test: (A) Flow field signal acquisition, (B) Acoustic pressure signal acquisition and (C) Trigger and RPM Measurement.
[image: Figure 7]FIGURE 7 | Schematic diagram of measurement point arrangement: (A) Schematic of the test plan and (B) Scheme for the placement of measurement points.
[image: Figure 8]FIGURE 8 | Probe arrangement: (A) Vertical installation and (B) horizontal installation.
2.2.3 Analysis of experimental errors
The experiment’s error is the flow field test error, which encompasses wind tunnel calibration errors, hot wire velocity calibration curve fitting errors, hot wire direction calibration errors, and temperature deviation correction errors. The velocity calibration curve fitting error, using a fourth-order polynomial, is very small and almost negligible. Due to the calibration error of the hot wire and the temperature deviation, the system error is about 1[image: image]. For example, for an incoming flow with a wind speed of 10 m/s, the distribution of the incoming wind speed and turbulence along the R radius of the wind wheel at the exit r of the wind tunnel is shown in Figure 9. The measurement error is about 4[image: image], the validity of the data is 96[image: image], and the background turbulence is less than 0.5[image: image] when r/R[image: image]1, which meets the requirements of the aerodynamic experiments for the wind turbine (Zhao et al., 2023).
[image: Figure 9]FIGURE 9 | Distribution of mean wind speed and turbulence along the horizontal radius at the exit of the wind tunnel.
3 RESULTS AND ANALYSES
3.1 Velocity field analysis
Based on the velocity distribution shown in Figure 10, it is clear that there is a velocity band structure with opposing directions in the flow field behind the tower. This structure represents a two-dimensional profile of the three-dimensional flow in the disturbed region around the tower. Noticeably, the velocity field in the area behind the tower is not evenly distributed on both sides of Y/d = 0. Still, instead, it moves in a negative direction towards Y. This phenomenon is likely associated with the blade-passing effect. The blade-passing effect impacts the direction of the inflow velocity to the tower. In wind turbine research, the direction of the induced velocity in the turbine wake is opposite to the direction of rotation of the blades. This is because Newton’s third law describes the relationship between forces and reaction forces (Fischer et al., 2017). The induced effect influences the direction of migration of the wake vortex, with the migration speed being positively correlated to the rotational speed of the wind turbine (Danmei and Jingqun, 2018). The velocity band on the left side of the tower moves towards Z+, while the velocity band on the right side moves towards Z-. The induced effect alters the direction of the velocity wake development behind the tower. This wake is an area of relatively low velocity in the flow direction. The lobe-tower interference effect causes this low-velocity zone to deflect in the Y-direction, resulting in the relatively high-velocity zone on the Y+ side of the tower’s wake moving towards the center of the tower. This aligns with the findings of the study (Regodeseves and Morros, 2021). The area between the high- and low-velocity bands experiences momentum exchange as a result of the difference in momentum. This causes a shift of the pressure pulsation area towards the Y+ direction. The change in the location of the pressure pulsation also indicates a change in the location and directivity of the aerodynamic sound source on the surface of the tower.
[image: Figure 10]FIGURE 10 | Instantaneous velocity field in the Y-direction of the test plane: (A) [image: image] = 120°, (B)[image: image] = 150°, (C) [image: image] = 180° and (D) [image: image] = 210°.
3.2 Reynolds stress analysis
The interaction between the blade and the tower causes periodic disturbances in the fluid, accelerating the incoming velocity on both sides of the tower. This generates a fluid vortex near the tower, injecting energy periodically and maintaining the vortex system, allowing it to generate, migrate, develop, and mix (Fischer et al., 2017). Reynolds stress [image: image] constitutes a second-order symmetric tensor (Equation 11):
[image: image]
For the flow field in the YZ plane near the wall behind the tower, the Reynolds stresses, since only the [image: image] and [image: image] velocity components are simplified as Equation 12:
[image: image]
Where [image: image] and [image: image] are the Reynolds positive stresses, which are the velocity variance and represent the intensity of turbulence in the Y and Z directions, the energy component of turbulent pulsations. [image: image] is the Reynolds shear stress, which is the variance of velocity covariance, representing the fluid momentum transport flux in turbulence, and is positively correlated with the velocity gradient [image: image] under conventional boundary laminar flow conditions. The interaction between the blade and the tower causes periodic disturbances in the fluid, accelerating the incoming velocity on both sides of the tower. This generates a fluid vortex near the tower, injecting energy periodically and maintaining the vortex system, allowing it to generate, migrate, develop, and mix (Fischer et al., 2017). Reynolds shear stress is crucial in reducing shear layer turning losses (Simoni et al., 2012). Indicates the level of momentum exchange between flow layers at varying velocities. Furthermore, it serves as the primary force that drives fluid mixing, helping to identify the main regions where mixing takes place (Effendy et al., 2019). The Figure 11A–E is the contour of Reynolds stress variation with azimuth angle. Figure 11F is the Reynolds shear stress distribution in the Y-direction of the tower at position 0.71R, and it shows that the difference in Reynolds shear stress is maximum between 150 and 210 azimuths, close to 0.71R in region I. Due to the high-pressure area on the leading edge of the blade approaching the tower (Figure 12A), and the low-pressure area on the suction surface of the blade at an azimuthal angle of 180 (Figure 12B), there is a change in the Reynolds shear stresses from positive to negative. This change results in a transient force on the tower in the opposite direction of the incoming flow at that moment. The change in force causes the fluctuation coefficient of the normal force on the surface of the tower to change from positive to negative (Yauwenas et al., 2021). During the process of 180°–210° (Figure 12C), the low-pressure area on the suction surface of the blade is distant from the tower, while the tower gradually enters the high-pressure area at the trailing edge of the blade, leading to an increase in the force coefficient. Therefore, Reynolds shear stresses with similar values and opposite phases are observed at 0.71R in region I at azimuths of 150° and 210°, indicating a more intense momentum exchange between fluid microclusters at this location.
[image: Figure 11]FIGURE 11 | The contour of Reynolds stress variation with azimuth angle: (A) [image: image] = 120°, (B) [image: image] = 150°, (C) [image: image] = 180°, (D) [image: image] = 210°, (E) [image: image] = 240° and (F) Reynolds shear stress distribution in the Y-direction of the tower at position 0.71R.
[image: Figure 12]FIGURE 12 | Velocity induction of leaf-tower interaction process and pressure zone variation schematic (Yauwenas et al., 2017; Zajamšek et al., 2019): (A) blade downward, (B) blade is directly underneath and (C) blade upward.
3.3 Turbulent energy analysis
The root mean square of fluid velocity pulsation can be used to describe the statistical characteristics of fluid velocity over time (Zhang et al., 2021). Its value indicates the strength of turbulence, which is an important parameter for assessing flow stability. It also depicts the level of energy exchange between vortex systems, as expressed in Equation 13.
[image: image]
In the above equation, n is the number of instantaneous velocities; [image: image] is the instantaneous velocity; and [image: image] is the time-averaged velocity. In fluid mechanics, turbulent kinetic energy (TKE) is the average kinetic energy per unit mass of fluid relative to a turbulent vortex, reflecting the fluid pulsation magnitude. Defined as half the product of the turbulent velocity rise and fall variance and the fluid mass. Since a two-dimensional hot-wire probe is used for velocity measurements, an approximate formula for the turbulent kinetic energy as shown in Equation 14 can be obtained by combining the assumption of pseudo-isotropy (De Mitri et al., 2023).
[image: image]
Where, TKE is the turbulent kinetic energy; [image: image] is the root mean square of the pulsating velocity of the Y-axis component of the velocity; [image: image] is the root mean square of the pulsating velocity of the Z-axis component of the velocity.
Zhang et al. (2021) and Adrian (2007) stated that the turbulent burst phenomenon is a significant source of turbulent energy generation. Figure 13A–E is the contour of turbulent kinetic energy variation with azimuthal angle. The turbulent kinetic energy at the near-wall surface of the rear of the tower goes through a dynamic process of increasing, decreasing, and then increasing again, as shown in Figure 13F. At the moment when the blade is directly below the tower, the average turbulent kinetic energy is the lowest. This is because the fluid discharged from the leading edge of the blade is blocked by the tower (Figure 12B), reducing the incoming energy from the tower near the wall surface due to the Reynolds. The reduced shear stress leads to insufficient driving force for momentum exchange between the fluids, resulting in lower turbulent kinetic energy. Figure 13F, it is observed that the turbulent kinetic energy reaches its maximum value as the blade runs from 180° to 210° azimuthal angle. This suggests that there is a higher likelihood of turbulent bursts occurring during the blade’s upward motion. Furthermore, the sound pressure, measured with the phase angle behind the tower (Figure 14), peaks near the phase angle of 210°, indicating that the blade has a significant impact on the flow field pulsation behind the tower during the upward motion.
[image: Figure 13]FIGURE 13 | The contour of turbulent kinetic energy variation with azimuthal angle: (A) [image: image] = 120°, (B) [image: image] = 150°, (C)[image: image] = 180°, (D) [image: image] = 210°, (E) [image: image] = 240° and (F) Mean TKE versus azimuth curve.
[image: Figure 14]FIGURE 14 | Variation of sound pressure with azimuthal angle.
4 CONCLUSION
This paper investigates the causes of aerodynamic noise generation behind the tower during leaf-tower interaction, employing hot-wire anemometer velocimetry. The following conclusions are drawn from the findings.
1. The trailing velocity field at the cross-section near the wall of the tower under the effect of blade-tower interaction shows a non-uniform velocity strip structure. Due to the induced effect of the blade wake, the tower experiences a wake in the Y-direction. Near the downward side of the blade, the velocity is higher and moves toward Z+, while on the upward side of the blade, the velocity is lower and moves towards Z-. The blade’s cross-sectional velocity field experiences an increasing deflection In the region of significant influence of the BTI. Gleichzeitig, the wake deflection causes the high-speed area, previously located on the outside of the tower, to shift towards the center of the tower. This affects the location and directivity of the noise generated by pressure fluctuation on the tower’s surface.
2. The mean turbulent kinetic energy of the blade, as it continues upward past the tower, is correlated with the radiated sound pressure in the interval of the significant influence of the BTI effect. As a result, it has been determined that the production of aerodynamic noise behind the tower is caused by the interfluid mixing and bursting driven by Reynolds shear stress. This leads to increased momentum exchange, which in turn increases the turbulence energy and fluid velocity pulsation, and ultimately produces acoustic waves through pressure pulsation.
3. To reduce noise generated by fluid momentum exchange, spoiler bars can be arranged on one side of the tower at the tower (d). This arrangement helps to advance flow separation, increasing the distance of the separation vortex from the back of the tower and reducing the contact area between shedding vortices. By decreasing the probability of kinetic energy exchange, noise can be reduced. Additionally, advancing the separation point allows the flow to move away from the tower wall, creating a smoother and less turbulent flow. Another method to reduce momentum difference within the wake is to increase the roughness of the tower surface near the blade’s upward side, which enhances flow resistance and weakens the incoming velocity of the high-speed zone.
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