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Aerodynamic noise produced in flow around an automobile bonnet  
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ABSTRACT 

To clarify the mechanism and conditions of the intense acoustic radiation from flows around a curvilinear 

body with a kink shape in an accelerated boundary layer, the experiments were performed with a low noise 

wind tunnel. The effects of the free-stream velocity and angle of the model to the horizontal surface in the 

downstream of the kink, γ, on the sound and flow fields were investigated. Consequently, the intense tones 

can be observed at γ = 5°, 10°. In these cases, the velocity fluctuations showed that the periodic vortex 

formations occur with the flow separation due to the kink. Also, it was clarified that the fundamental 

frequency of the tones has ladder-type behavior with reference to the flow velocity. These results indicated 

that the feedback loop, which consists of the vortex formation due to the kink and acoustic radiation around 

the trailing edge, is formed. Meanwhile, the intense tones did not radiate for the larger angle of γ = 15°, where 

the vortex formation does not occur around the kink shape by the lack of flow separation. Also, for the 

smaller angle of γ = 0°, the large flow separation prompted turbulent transition and the intense tones do not 

radiate.  
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1. INTRODUCTION 

In recent years, as the reduction of engine noise and road noise has been advanced, the reduction 

of aerodynamic noise has become one of the most important issues in the development of various 

high-speed transports such as automobiles. In the case of automobiles, intense tonal sound is often 

generated from rearview mirrors, front pillars and sunroofs [1, 2]. The mechanism and conditions for 

tonal sound radiating from the flows over open cavity such as the sunroof has been investigated by a 

number of authors [3-5]. As a result, flow-acoustic interactions have been clarified to cause the 

cavity tone. Also, intense tonal sound often radiates from flows around a trailing edge with an up 
stream kink shape in an accelerated boundary layer as shown in Figure 1. These configurations can 

be found in automobiles (for example bonnet). However, the radiation mechanism of this sound has 

not been clarified. 

The objective of this investigation is to clarify the mechanism and condition for the radiation of 

these tones. We performed wind tunnel experiments with kink shape model and measured the sound 

pressure level and flow fields. The effects of the angle of the model in the downstream of the kink to 

the horizontal line, γ, and the free stream velocity, Uref, on the flow and acoustic fields are focused on 

to understand the generation mechanism of this tonal sound. 
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2. METHODOLOGY 

2.1 Experimental setup 

Figure 1 shows in the schematics of experimental setup. The experiments were performed by using 

a low noise wind tunnel that has an open test section with a square section of 300 mm × 300 mm. Table 

1 shows the experimental parameters. In order to keep the two-dimensionality of flow in the span-wise 

direction, the test section is terminated by two end plates. One of the end plates was made of a porous 

plate in order to suppress sound reflections and span-wise acoustic resonance. This wind tunnel has an 

turbulence intensity of less than 0.5 % and non-uniformity of the mean free-stream velocity of less 

than 0.5 % , and the background noise level of the wind tunnel is 65.2 dB (A) at the flow velocity of 30 

m/s.  

The model as shown in Figure 1 was used. This model simulates the curvature of an actual 

automobile bonnet with a kink shape. The origin of the coordinate system was located at the kink. The 

axis of xd was defined in the direction from kink shape to the trailing edge and the axis of yd was 

perpendicular to the axis of xd. The angle of β is that formed by the horizontal line and the tangential 

line of the upstream curve of model at the kink. In this experiment, the angle of β was constant (β = 

16º). The distance from the kink to the trailing edge is d = 30 mm. The reference velocity was 

measured at 20 mm from the kink shape, and changed from 15 m/s to 36 m/s. 

The sound pressure was measured at 800 mm from the kink shape with a non-directional 1/2 inch 

microphone. The velocity distributions were measured with the hot-wire anemometer. 
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Figure 1 - Schematics of experimental setup 

 

 

Table 1 - Experimental parameters 

 

2.2 Experimental condition 

To clarify the effects of the shape of the kink and the free-stream velocity on the tonal sound, the 

sound pressure level were performed at the 4 angles of γ = 0°, 5°, 10°, 15° and the velocity of Uref = 15 

~ 36 m/s. Table 2 shows in the measuring conditions of the sound pressures. Table 3 shows in the 

β [°] γ [°] d [m] Uref [m/s] Mref Red Lb /d Hb /d Hm /d 

16 0, 5, 10, 15 0.03 15 ~ 36 0.044 ~ 0.105 3.0 × 10
5
 ~ 7.1 × 10

5
 11 5.13 1.33 
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analysis conditions of the sound pressure spectra. To investigate the effects of the angle on the flow 

field around the kink shape, the velocity distributions were measured with the hot-wire anemometer 

for γ = 0°, 5°, 10°, 15° at Uref = 30 m/s. 

 

Table 2 - Measuring conditions of sound pressure 

γ [°] Uref [m/s] Sampling frequency [kHz] Duration time of sampling [s] 

0, 5, 10, 15 15 ~ 36 80 30 

 

Table 3 - Analysis conditions of sound pressure spectra 

Frequency range [kHz] Frequency resolution [Hz] Averaging number 

0 ~ 40 9.77 1168 

 

 

The path for the measurement with the hot-wire anemometer is shown in Figure 2. The 

stream-wise position for the measurement was xd /d = 0.00, 0.25, 0.50, 0.75, 1.00, 1.17 and the 

vertical range was 0 mm ≤ yd ≤ 20 mm (xd /d = 0.00, 0.25, 0.50, 0.75, 1.00) and -20 mm ≤ yd ≤ 20 

mm (xd /d = 1.17). Table 4 shows the measuring conditions of the flow fields, and Table 5 shows the 

analysis conditions of the power spectra of the velocity fluctuations. The turbulent intensity was 

computed by integrating the power spectra in the range of 100 Hz ~ 15 kHz to minimize the noises of 

measurements.  

 

Table 4 - Measuring conditions of flow fields 

γ [°] Uref [m/s] Sampling frequency [kHz] Duration time of sampling [s] 

0, 5, 10, 15 30 160 30 

 

Table 5 - Analysis conditions of power spectra of velocity fluctuations 

Frequency range [kHz] Frequency resolution [Hz] Averaging number 

0 ~ 80 9.77 1168 

 

The hot-wire anemometer was calibrated by the empirical formula (1). The calibration of the 

hot-wire anemometer was performed by using the velocity measured by a pitot tube, and the 

coefficients, a, b, and c in formula (1) were determined by the least-square method. Table 6 shows 

the conditions for the calibration of the hot-wire anemometer. After the calibration, the error of the 

velocity measured by the hot-wire anemometer was as to be within 2 %. An example of the 

coefficients, a, b, and c is shown in formula (2). 

 

Table 6 – Calibration conditions of hot-wire anemometer 

Sampling frequency [kHz] Duration time of sampling [s] Uref of calibration point [m/s] 

20 30 0.5, 3, 6, 10, 15, 22, 30, 33 

 

  45.0124 cEbEaU   (1) 

 

0.0001    0.0504,    1.2730,-  cba  

 

(2) 
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3. RESULTS AND DISCUSSION 

3.1 Aerodynamic Noise around the bonnet model  

Figure 3 shows the sound pressure spectra at Mref = 0.087 (Uref = 30 m/s). It was clarified that the 

tonal sound becomes intense for γ = 5°, 10°. The maximum noise level of 58 dB was observed at St = 

3.0 (3.0 kHz) for γ = 5° and the maximum noise level of 50 dB was observed at St ≡ fd/Uref = 1.5 (1.5 

kHz) for γ = 10°. Figure 4 shows the dependency of the peak sound pressure level on the free-stream 

Mach number, Mref, for γ = 5°, 10°. The tonal sound level increases along with Mref for γ = 10°, and the 

maximum noise level of 77 dB was observed at St = 1.5 (1.7 kHz) for Mref = 0.104 (Uref = 36 m/s). 

Meanwhile, the tonal sound level gradually decreases for γ = 5°. This is possibly because the flow 

separation in the downstream of the kink is larger and the flow around the kink shape becomes 

turbulent as the velocity increases. The maximum noise level of 63 dB was observed at St = 2.0 (1.7 

kHz) at Mref = 0.076 (Uref = 26 m/s) for γ = 5°. 

 

 

 

Figure 3 - Effect of angle of γ on sound pressure 

spectra at Mref = 0.087 (Uref = 30 m/s)  

Figure 4 - Dependency of peak sound pressure 

level on freestream Mach number. 

 

Figures 5 and 6 show the effects of Mref on Strouhal number for γ = 5°, 10°, respectively. The 

dominant peak frequency jumps from St = 2.5 to St = 3.0 at Mref = 0.082 (Uref = 28 m/s) for γ = 5°. 

This ladder-type behavior was also observed in flows around an airfoil in the past research [6-8]. 
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Figure 2 – Measurement lines of flow fields with hot-wire anemometor 
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This indicates that the acoustic-fluid interactions occur in the present configurations like in flows 

around an airfoil. These interactions have been confirmed to occur by the direct numerical 

simulations [9].  

 

 

 

  

Figure 5 - Effects of the free-stream Mach number, 

Mref, on Strouhal number (γ = 5°) 

Figure 6 - Effects of the free-stream Mach 

number, Mref, on Strouhal number (γ = 10 °) 

 

3.2 Flow field around kink shape 

3.2.1 Flow field for intense acoustic radiation (γ = 5°, 10°) 
Figure 7 shows the profile of the mean velocity for γ = 0°, 5°, 10°, 15° at Mref = 0.087 (Uref = 30 

m/s). Under the condition for the radiation of the intense tonal sound (γ = 5°, 10°), the separation was 

observed at xd /d = 0.25, 0.50 for γ = 5°, 10°, respectively. Also, the reattachment was observed at xd /d 

= 0.75 for γ = 5°, where the most intense sound radiates at this Mach number. Figure 7 also shows the 

profile of the intensity of turbulence. The height of the peaks of these profiles is approximately 

corresponding to that of the high shear rate of the mean profile.  

 Figure 8 shows the power spectra of the velocity fluctuations at xd /d = 0.50, 1.00 for γ = 0°, 5°, 

10°, 15° at Mref = 0.087 (Uref = 30 m/s). Figure 9 and 10 shows the comparison of the power spectra of 

the velocity fluctuations and the sound pressure spectra for γ = 5°, 10°, respectively. Under the 

condition for the intense acoustic radiation (γ = 5°, 10°), the peaks are observed in the spectra. The 

frequencies of peak are St = 2.5, 3.0, 3.5 (2.5 kHz, 3.0 kHz 3.5 kHz) for γ = 5°. The frequencies of 

peak are St = 1.5, 1.8 (1.5 kHz, 1.8 kHz) for γ = 10°.These peak frequencies are the same as those of 

the sound pressure spectra. These indicate that the periodic vortex formation occurs between the kink 

and the trailing edge. As the vortex passes the trailing edge, the deformation of the vortex occurs and 

cause intense tonal sound. 

 

3.2.2 Flow field for weak acoustic radiation (γ = 0°, 15°) 
Figure 7 shows that the flow separation does not occur for γ = 15°. Figure 8 also shows that the 

power spectra have no peak. For this angle, the periodic vortex formation does not occur by the lack 

of the flow separation.  

For γ = 0°, the flow separation is very large as shown in Figure 7. However, the periodic vortex 

formation does not occur as shown in Figure 8. This is because the turbulent transition of the flow in 

the downstream of the kink is prompted due to the large separation. Figure 8 shows that the curve of 

the spectrum is along the slope of the power of -5/3 at St = 3 for γ = 0°, while the spectrum for γ = 5° 
has intense peak around that frequency. This indicates that the flow becomes turbulent for γ = 0°. As 

a result, the span-wise phase of the vortices is not coherent and the intense tonal sound does not 

radiate. 
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Figure 7 – Effects of angle of γ on flow field (γ = 0°, 5°, 10°, 15°, Uref = 30 m/s) 
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Figure 8 - Effect of angle of γ on velocity fluctuation spectra at xd /d = 0.5 (left) and 1.0 (right) 

 (Uref = 30 m/s)  

  

Figure 9 – Comparison of power spectrum of 

velocity fluctuations and sound pressure spectrum 

(γ = 5°, Uref = 30 m/s, xd /d = 1.00) 

Figure 10 - Comparison of power spectrum of 

velocity fluctuations and sound pressure spectrum 

(γ = 10°, Uref = 30 m/s, xd /d = 1.00) 

4. CONCLUSIONS 

In order to clarify the mechanism and the condition of the radiation of intense tones radiating from 

a flow around a curvilinear body with a kink shape in an accelerated boundary layer, the sound 

pressure level and flow fields were measured at the angle of model to the horizontal surface, γ = 0, 5, 

10, 15°, and Mref = 0.044 ~ 0.105 by using a low noise wind tunnel.  

As a result, it was clarified that intense tone is observed for γ = 5° at Mref = 0.076 ~ 0.105 (Uref = 26 

~ 36 m/s) and γ = 11˚ at Mref = 0.070 ~ 0.105 (Uref = 24 ~ 36 m/s). In addition, the intense tone has 

ladder-type structure with reference to the free-stream Mach number. This indicates that the 

acoustic-fluid interactions occur in the present configurations l ike in flows around an airfoil. The 

measurement of the flow fields presented that the flow separation occurs for γ = 5°, 10° and the flow 

re-attachment occurs only for γ = 5°. In addition, the power spectra of the velocity fluctuations 

showed the peaks and this indicates that the periodic vortex formation occurs between the kink shape 

and the trailing edge of the model. These peak frequencies of velocity fluctuations coincide with the 
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peak frequencies of sound pressure level. As the vortex passes a trailing edge, the deformation of the 

vortex occurs and causes the intense tone. 

In contrast, intense tone was not observed for γ = 0°, 15°. The flow separation does not occur 

between the kink and the trailing edge for γ = 15°. As a result, the vortex formation as described 

above does not occur and the intense tonal sound does not radiate. Meanwhile, for γ = 0°, the 

turbulent transition of the flow is prompted by the large separation. As a result, the span-wise phase 

of the vortices is not coherent, and intense tone does not occur. 
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