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Abstract

:

Featured Application


The simulation method in this article is proposed to gain the sound field in the cavity of a rotating automobile tire. And the test about sound pressure is performed to validate the simulation method.




Abstract


As we all know, the tire acoustic cavity resonance noise (TACRN) can cause irritating noise in a vehicle, but it is evidently difficult to be weakened. To obtain accurately the characteristics of TACRN is a key step of attenuating TACRN. In this paper, a simulation method, in which a simplified finite element model of automobile tire with acoustic cavity introducing the rotation of automobile tire is established, is proposed to gain the sound field in the cavity of a rotating automobile tire. And the test of sound pressure in a rotating tire is also performed to validate the proposed simulation method. The comparisons between the simulation and experimental consequences show a satisfying conclusion. Furthermore, the influence factors of the rotating speed, the inflation pressure of the tire and the load on the sound field of automobile tire acoustic cavity are calculated and analyzed.
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1. Introduction


As we all know, the tire acoustic cavity resonance noise (TACRN) can cause irritating noise in a vehicle. When a car is running, the interaction between road surface with certain roughness and tire tread with certain pattern will produce the excitation which frequency bandwidth is wide, thus resulting in TACRN. In the range of 200–260 Hz, the contribution of TACRN is most significant [1,2,3,4,5,6,7,8].



To fully understand the characteristics of TACRN is a key step of attenuating TACRN. To this aim, many researchers have performed a series of investigations, especially in building tire simulation models with acoustical cavities and the influences of load and velocity on TACRN. Sakata et al. [9] first clarified the effects of automobile tire acoustic cavity resonance by a simulation approach and by road tests, and the consequences evidently indicated that the major peak was at the first mode of automobile tire cavity resonance in the circumferential direction. In order to understand the frequency characteristics of TACRN, Thompson [10] developed a closed form solution to forecast the tire cavity resonance frequencies of the deflected tire and performed experimental verification, and it was also indicated that the cavity resonance of deflected tire generated forces acting at the chassis axle spindle simultaneously along vertical and fore-aft directions at slightly different frequencies.



Some researchers focused on the simulation analysis to understand TACRN. Mohamed and Wang et al. [11,12] paid attention to the influences of the coupling of tire, cavity and rim on the TACRN, and verified the simulation models by using different analysis approaches. It was found that the helium gas in place of the air inside the tire cavity was valid. Peng et al. [13] explored the mechanism of TACRN by using simulation and experimental methods. The analytical model revealed the critical mode inducing TACRN, and the numerical model revealed why the noise existed in two frequencies. At last, a countermeasure was provided to suppress TACRN. Since TACRN comes from the interaction between road and automobile tire, the road roughness should be introduced. Yi et al. [14] simulated the sound field of the automobile tire cavity because of the roughness of the road. Furthermore, some influence factors of automobile tire load and inflation pressure were also researched. The consequences showed that the inner sound pressure’s peak rose obviously when the inflation pressure increased and inner sound pressure’s peak increased slightly when the tire load went up.



Aiming at exploring the mechanism of TACRN by experiment, Tanaka et al. [15] used a multi-microphone system to measure the SPL and mode shapes of TACRN, and the test consequences indicated that SPL of the special tire with polyurethane foam was lower than that of the baseline tire. Feng et al. [16,17] proposed an analytical tire model, and presented test verifications of forecast on the peak frequency and the consequences showed that analytical tire model can be used to forecast TACRN for a rolling automobile tire in the early design stage. Hu et al. [18] performed the test and research of the sound pressure distribution in a rotating tire, and obtained the correlative characteristics of sound pressure in the tire. These achievements lay a good foundation to understand TACRN. In fact, the tire and inside air medium are rotating, so to understand the effect of the rotation on TACRN is very crucial to predict and weaken the TACRN, resulting in the reduced interior noise of a car. However up to now, there is no articles indicating how to simulate TACRN since for the simulation of the rotating tire cavity the flow-solid coupling and the convergence of the simulation calculation and the rotating effect need to be taken into account. However, the current simulation software has certain limitations in dealing with the rotating effect of the tire and cavity.



Aiming at these problems, the finite element model (FEM) of a tire coupling with the inside acoustic medium is established in terms of the real tire firstly. Then, the rotation of tire is introduced through the establishment of the equivalent model, and the cavity sound pressure distributions of a rotating tire are emulated. Besides, the test of sound field in a rotating tire is performed to validate the proposed simulation method. Furthermore, the influence factors of the tire rotational speed, the tire inflation pressure and the tire load on the sound field are analyzed. However, the influence of tire compound, the tread pattern, wear and usage time on noise is not considered, since the influence of these factors on tire acoustic cavity resonance noise is more complex and the simulation analysis is more difficult. These works are helpful to understand accurately the characteristics of TACRN.




2. Construction of FEM of a Rotating Tire


A tire of 185/60R15 is studied where the material properties are obtained from the tire manufacturer. Since the stiffness of the wheel is much greater than that of a tire, the automobile wheel is assumed as a rigid body in the simulation process. The tread pattern features are ignored while the cross-section characteristics of the tire are retained. Beside, a tire is very complex structure and it is formed by layers of parallel string reinforcements and rubber parts. In modeling of the tire, a two-dimensional (2D) FEM of automobile tire is built first, and then revolved into a three-dimensional (3D) FEM of automobile tire. The 2D FEM of tire with the size of 185/60R15 is built in Abaqus software, as show in Figure 1. In 3D FEM of tire, the sidewall, tread, apex, belt and bead are modeled according to the real automobile tire in Figure 2a. However, the inner liner is ignored because of its insignificant effect on TACRN. The acoustic medium (air) which fits the inner surface of the tire is modelled as displayed in Figure 2b, and there are a total of 97,440 elements in 3D FEM of tire. Considering that the large deformation of the tire and the non-linear contact behavior may occur in the simulation, the C3D8R and C3D6 elements are adopted to discretize the rubber parts, and the AC3D8R and AC3D6 elements are adopted to discretize the air part. The rubber is a typical nearly incompressible hyperelastic material, and the non-linear behavior of each rubber component in tire is described by Yeoh constitutive model. The hyperelastic properties of the rubber components determined from uniaxial test results are shown in Table 1 [19]. In the tire model, the component of tire bead is simplified as an isotropic structure with steel material property. The validation of acoustic-structural model is performed by the tire structural modal and acoustic modal experiment and shown in our previous researches [14,20,21]. Yi et al. [14] had simulated and tested the structural modal characteristics of the tire in inflated states and loaded states, and the simulation and test results showed that a good agreement and indicated the accuracy of the constructed model. Dong et al. [20,21] simulated the acoustic mode of tire cavity by sweep-frequency speed excitation, and the sweep-frequency speed excitation tests were performed in order to verify above simulation results as well as the validity of the FE model, and the simulation and test results showed that a good consistency. However, their research did not introduce the rotation of tire.



According to the actual test equipment [18], a simplified but full scale three-dimensional drum model of the tire-test machine for TACRN is built in Abaqus software. The structural parameters of the finite element model are the same as those of the actual test tire with the test drum machine equipment. The wheel rim type is 5.5 J × 15, and the diameter of the drum is 1.7 m. The wheel rim and drum are presumed to be rigid bodies, as indicated in Figure 3. The boundary conditions are that the surface of tire contacts the surface of the drum in order to simulate the load, and the constraint type of tire and air is tie, and same for the constraint type of tire and wheel rim. In inflation and load analysis step, the DOFs of drum and tire-wheel assembly model are all limited, but in rotating analysis step, the rotation DOF around axis of the drum model is released. The compound, tread pattern, the wear, and the type of road are very important, these factors are not the research goal and core content of this paper, so these factors are not considered.



In the rolling tire test, the automobile tire is loaded against the roller drum through a hydraulic actuation system and a rail. The roller drum drives the tire-wheel assembly to rotate, so that the correlative load is able to be measured. Besides, the air in the cavity rotates clockwise with the tire-wheel assembly. In order to accurately simulate the effect of tire rotation on the TACRN, the tire needs to be driven to rotate. However, the simulation in the software cannot be performed because of the non-convergence of the simulation calculation arising from the acoustic mesh element of the air not rotating with the automobile tire.



In order to simulate the sound field of TACRN, some equivalent processes are required. For example, the acoustic element in the air cavity and tire-wheel assembly are assumed to be non-rotational, but the roller drum is assumed to rotate anticlockwise around the center axis of the spindle axle of the tire-wheel assembly to demonstrate the interaction between the tire and roller drum. The stimulation excitation in the simulation comes from the extrusion deformation and the fold bending between the roller drum and the tire.



To model the rotating tire coupled with inside acoustic medium and simulate the sound field of TACRN, three simulation steps are required and shown as follows. The first step is to fix the tire-wheel assembly and inflate the tire. The second step is to impose radial force to the surface of the tire by changing the contact displacement between the drum and the tire to simulate the load. Finally, the third step is that the drum rotates anticlockwise around the center axis of the spindle axle of the tire-wheel assembly, and the simulated rotation duration is set to be 2 s at a constant rotational speed. Figure 4 is a schematic diagram of simulated rotational tire, and the rotational roller drum in the anticlockwise direction around the center axis of the spindle axle of the tire-wheel assembly. In the experiment, the vehicle speeds are set as 40, 50 and 60 km/h respectively, while the rotational angular speeds of the roller drum are set as the equivalent ones and the tire remains to be stationary. This process can ensure the same contact relation between the tire and drum as the real experiment for setting the static tire and the static air acoustic element of tire cavity.



The simulation is implemented by explicit algorithm in Abaqus. The operational conditions of the tire and drum are shown in Table 2. The angular speed of the roller drum corresponding to the vehicle speed is also shown in Table 2. The operational conditions in the simulation are the combination of different tire inflation pressures, vehicle speeds and loads in Table 2.




3. Simulation Analysis and Experimental Validation of Sound Pressure Distribution in the Acoustic Cavity of a Rotating Tire


In the experiment, the tire-wheel assembly is pushed to the drum of the tire-testing machine by a controllable oil cylinder through rail and is driven to revolve by the drum, so its angular velocity and the load on the tire can be determined. The wireless telemetering device collects the sound pressure signal in the tire acoustic cavity real-timely. For each experiment, the tire rotates clockwise, and the customized sound pressure sensor starts from the farthest away from the contact surface of the tire with the drum of the tire-testing machine. Ultimately, the sound pressure distributions in different conditions of the tire are obtained by changing the tire inflation pressure, the angular velocity and the load on the tire respectively. Figure 5a is a position diagram of the particular sensor that is attached to the internal face of the automobile tire.



Taking the case of the tire rotational velocity equivalent to the vehicle speed of 60 km/h, the tire load of 4500 N and the inflation pressure of 2.2 bar as an example, the simulation is performed. Since the midpoints on the outer surface of the tire cavity which corresponding to the position of the customized sensor have similar time domain characteristics of sound pressure, any midpoint on the external surface of the tire FEM is selected, as shown in Figure 5b. The time-domain diagram of sound pressure at the midpoint on the outer face of the automobile tire cavity is shown in Figure 6a, and the frequency spectrum of its amplitude are displayed in Figure 6b.



From Figure 6b, a crest value appears at 232 Hz that is around the tire acoustic cavity resonance frequencies of 237 Hz and 239.5 Hz [18], so the sound pressure and its spectrum of the tire cavity at the first-order acoustic resonance are captured.



3.1. Maximum Acoustic Pressure Amplitude in the TACRN


The noise emission is due to rolling and the air that expands behind the tire and is radiated noise outside the tire, and the research of this paper is the acoustic cavity resonance noise enclosed by the tire and wheel rim. The TACRN is transmitted into the car through the suspension and comes from the tire surface curvature change arising from the contact between the tire and road, road roughness and tread pattern. When the tire cavity resonance takes place, automobile tire resonates with the acoustic cavity, the acoustic pressure amplitude at each point of the acoustic cavity is different. For the first-order cavity resonance, the amplitudes of the sound pressure at two positions are largest. Theoretically, the amplitudes of the sound pressure spectrum at these two positions are same. Of course, the amplitudes of sound pressure at these two positions are slightly different due to element division. The position of the maximum sound pressure changes with the rotational speeds of the tire, but the maximum acoustic pressure amplitude changes slightly and is actually the maximum sound pressure which is extracted by software at a certain moment. The maximum sound pressure and distributions contour of the acoustic pressure amplitude are displayed in Figure 7 according to the operational conditions as displayed in Figure 5b. Besides, the maximum sound pressure in the TACRN is about 156 Pa.



By using the same simulation means, the maximum acoustic pressure amplitudes under the factors of various loads, inflation pressures and running speeds are also calculated, and are shown in Table 3.



Base on Table 3, the effects of corresponding factors on the TACRN can be analyzed as follows.




3.2. Effects of Load and Experimental Validation


For the various running speeds, based on Table 3, the variations of maximum acoustic pressure amplitudes with loads are demonstrated in Figure 8.



Maximum acoustic pressure amplitude raises with the load from Figure 8. The main reason is that the increment of load leads to add of the area importing the energy, besides, the energy imported raises.



Figure 7 demonstrates the acoustic pressure distributions contour (modal shape) according to the previous operational conditions and Figure 9 is the acoustic pressure amplitude distributions in the polar coordinate. From Figure 9, the acoustic pressure amplitude decreases with the angle of rotation at first, then increases to maximum, and decreases again.



Figure 10a,b show the acoustic pressure distributions with various loads in Cartesian coordinate. There are twelve points with interval of 30 degrees in the polar coordinate, and the angular coordinates stand for various locations (0° means the centre of tire contact patch and 180° means the opposite location). The radius coordinates stand for the acoustic pressure amplitudes. Moreover, the abscissa stands for various locations (0° and 360° mean the center of tire contact patch) in the Cartesian coordinate, and the vertical coordinate stands for transient sound pressure in Figure 10a by reading the transient sound pressure value of corresponding position in the distribution contour while the vertical coordinate represents the acoustic pressure amplitudes in Figure 10b. The influence of the phase is introduced and causes the values in Figure 10a to appear positive or negative. If taking the value of Figure 10a in absolute terms, we get Figure 10b.



Figure 10a indicates that there are one peak and one trough in the acoustic cavity and Figure 10b demonstrates that there are two troughs and two crest values. Based on the literature [18,19], the crest values are supposed to arise the positions of 0 degrees and 180 degrees, and the trough values should emerge the locations of 90 degrees and 270 degrees if the automobile tire does not rotate. In fact, since the anticlockwise rotation of the drum causes the velocity of the forward traveling wave (rotating in the same direction of the drum) in the cavity to be larger than the velocity of the backward traveling wave (rotating in the opposite direction), the peak appears near the position of 0 degree and 150 degree in Figure 10b.



From Figure 10b, acoustic pressure amplitude distribution for various loads have the analogical trend that the acoustic pressure amplitude reduces firstly, then raises to maximum, and reduces again.



In the previous literature [18], the authors have carried out an experimental study on TACRN under the same operating conditions as before are indicated in Figure 11. The sound pressure distribution was shown in Figure 11a,b, and the sound pressure distribution of Figure 9 is also shown in Figure 11a. Moreover, the RMS values between Figure 10b and Figure 11b are shown in Table 4.



The tendency of the above simulation consequences as shown in Figure 11a,b is consistently same as that in Figure 9 and Figure 10b, respectively. Besides, the relative errors of RMS values between Figure 10b and Figure 11b are acceptable. Therefore, the simulation method has been validated by experiment.




3.3. Effects of Automobile Tire Inflation Pressure and Experimental Validation


For various loads undertaken by tire, based on Table 3, the maximum acoustic pressure amplitudes change with the automobile tire inflation pressures, which are displayed in Figure 12.



From Figure 12, the maximum acoustic pressure amplitude at 2.5 bar is the largest compared with that at 2.2 bar and 1.9 bar for the identical load and running speed. The cause is that the increase in the automobile tire inflation pressure leads to an increase in tire stiffness.



Figure 13a shows distributions contour of acoustic pressure amplitude when the load is 3500 N and the running speed is 50 km/h for the automobile tire inflation pressure of 2.5 bar and Figure 13b is the corresponding distributions of the acoustic pressure amplitude in the polar coordinate. From Figure 13b, the acoustic pressure amplitude decreases with the angle of rotation at first, then increases to maximum, and decreases again.



Figure 14a,b display the acoustic pressure amplitudes distributions when the load is 3500 N and the running speed is 50 km/h with various automobile tire inflation pressures in the Cartesian coordinate. The influence of the phase is introduced, which causes the values in Figure 14a to appear to be either positive or negative. If the values of Figure 14a are taken in absolute values, Figure 14b is developed.



From Figure 14a, there is one crest value and one trough, and Figure 14b indicates that there are two crest values and two troughs. In fact, the crest values arise near the positions of 0 degree and 150 degree, for the reason given in the previous section.



From Figure 14b, the acoustic pressure amplitude distributions for various automobile tire inflation pressures have the analogical trend.



In the previous literature [18], the authors carried out an experimental study on TACRN where the acoustic pressure amplitudes distributions under the identical operating conditions of Figure 13 are displayed in Figure 15a,b, and the sound pressure distribution of Figure 13b is also shown in Figure 15a. Moreover, the RMS values between Figure 14b and Figure 15b are shown in Table 5.



The trend of the simulation consequences from Figure 15a,b, is consistent with that from Figure 13b and Figure 14b, respectively. Besides, the relative errors of RMS values between Figure 14b and Figure 15b are acceptable. Therefore, the simulation method has once again been validated by experiment.



In short, the maximum acoustic pressure amplitude of simulation is generally lower than the maximum acoustic pressure amplitude in the experiment for two reasons: firstly, the tire in the experiment has patterns, which can cause the additional excitation input, resulting in larger input energy. On the contrary, the tire in the simulation is set as smooth for convenience, so the effect of pattern is not introduced. Secondly, there exists the friction between the tire and the drum in the experiment, but not in the simulation.





4. Analysis of Effects of Running Speed on TACRN Based on Simulation


Through the previous simulation and experimental verification, it is shown that the proposed method is feasible. Therefore, the method can be applied to predict the characteristics of TACRN, especially it is applicable for the high-speed rotating tire which is difficult to be tested in the test rig.



For various tire inflation pressures, based on Table 3, the variations of maximum acoustic pressure amplitudes with the running speeds are indicated in Figure 16.



The maximum acoustic pressure amplitude at the speed of 60 km/h is larger than those at the speed of 40 km/h and 50 km/h from Figure 16. The reason is that the rolling automobile tire could move the mass center of the cross section of acoustic cavity outward with the raised centrifugal force, furthermore, the energy simultaneously raises with the running speed.



Figure 17a presents distributions contour of acoustic pressure amplitudes when the tire inflation pressure is 2.2 bar and the load is 3000 N for the running velocity of 60 km/h, and Figure 17b indicates the corresponding distributions of the acoustic pressure amplitude in the polar coordinate. From Figure 17b, the acoustic pressure amplitude decreases with the angle of rotation at first, then increases to maximum, and decreases again.



Figure 18a,b presents acoustic pressure amplitude distribution when the automobile tire inflation pressure is 2.2 bar and the load is 3000 N with various running speeds in the Cartesian coordinate. The influence of the phase is introduced, which causes the values in Figure 18a to appear to be either positive or negative. If the value of Figure 18a is taken in the absolute value, Figure 18b is then obtained.



It can be seen from Figure 18a that there are one crest value and one trough, and Figure 18b displays that there are two crest values and two troughs. In fact, the crest values arise near the positions of 0 degree and 150 degree, for the reasons given in the previous section.



From Figure 18b, the acoustic pressure amplitude distributions for various tire inflation pressures have the analogical trend.



According to operational conditions of Figure 17a, Figure 19 shows the acoustic pressure amplitude distribution where the drum excitation is located on tire at different positions. (The black arrow represents the excitation of the drum) From Figure 19, it is seen that although the loading position changes, but the distribution of sound pressure field with respect to the loading position is not changed. Therefore, the stability of the sound pressure field in the tire produces a stable vibration transmitted to the suspension system.



In order to further study the relationship between the location of the peaks and rotation direction of the tire, the roller drum is driven to rotate clockwise around the center axis of the spindle axle of the tire-wheel assembly. Figure 20a shows the distribution contour according to the operational conditions of Figure 17a, while Figure 20b indicates the corresponding distributions of the acoustic pressure amplitude in the polar coordinate.



From Figure 20a, there is one peak and one trough, and Figure 20b demonstrates that there are two crest values and two troughs. In fact, since the clockwise rotation of the drum causes the velocity of the forward traveling wave (rotating in the same direction of the drum) in the cavity to be much larger than the velocity of the backward traveling wave (rotating in the opposite direction), the crest value appears near the locations of 0 degree and 210 degree in Figure 20b.



Due to the complicated experimental conditions, the experiment equipment cannot meet the requirements under certain operational conditions. For example, the sensor is difficult to accurately measure the sound pressure at a high rotating speed since the effect of a great centrifugal force. However, the simulation can effectively make up for this shortcoming. So based on the simulation, the sound pressure under the test condition difficult to be implemented can be analyzed.



Figure 21 shows the acoustic pressure amplitude distributions when the load is 3000 N and the running speeds is 80 km/h and 100 km/h for the automobile tire inflation pressure of 2.2 bar. From Figure 21, the maximum acoustic pressure amplitude is about 137.6 Pa and 171.6 Pa, respectively. It is also seen that the acoustic pressure amplitude distribution for higher running speeds have the analogical trend.




5. Conclusions


In this paper, a simulation method introducing the equivalent rotating condition is proposed to evaluate the sound field in rotating automobile tire cavity. The simulation consequences under different operational conditions are verified by experiments, and the comparison between the test and simulation consequences demonstrate that the simulation means provide a valid and correct tool for forecasting the sound field in the rotating tire. Furthermore, the influences of the running speed, the inflation pressure and the load on the sound field are analyzed according to the simulation consequences. In particular, the simulation of the operational condition difficult to be implemented and the mechanism of peak asymmetry effect based on the simulation are further studied. The related conclusions are as follows:




	(1)

	
The running speed of vehicle has an important influence on the acoustic field. Besides, the counterclockwise revolution of drum which arouses the velocity of the forward traveling wave in the cavity to be higher than the velocity of the backward traveling wave give rise to that the crest values of acoustic pressure amplitude arise around the positions of 0 degrees and 150 degrees.




	(2)

	
The inflation pressure, load and running speed of vehicle have various influence on the maximum acoustic pressure amplitude. The maximum acoustic pressure amplitude raises with the increase of the load and the running speed from the analysis of simulation and test. Besides, the maximum acoustic pressure amplitude raises with the increment of automobile tire inflation pressure from the analysis of simulation. However, the maximum acoustic pressure amplitude raises firstly and reduces again with the increment of automobile tire inflation pressure from the analysis of test.




	(3)

	
The maximum acoustic pressure amplitude of simulation is generally lower than the maximum acoustic pressure amplitude of test.
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Figure 1. 2D FEM of tire. 
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Figure 2. Tire FEM: (a) 3D FEM of tire; (b) Tire model coupling with acoustic medium. 
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Figure 3. FEM of a rotating tire and driving drum. 
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Figure 4. Schematic diagram of simulated rotational tire. 
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Figure 5. Position of the sensor in the test and selected point on the tire cavity finite element model: (a) Position of the customized sensor; (b) Position of the selected point. 
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Figure 6. Primary signal of the time-domain and the corresponding frequency spectrum of sound pressure: (a) Primary signal of the time-domain; (b) The corresponding frequency spectrum. 
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Figure 7. Distributions contour of the acoustic pressure amplitude. 
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Figure 8. Variation of maximum acoustic pressure amplitudes with the various loads: (a) For the running speed of 40 km/h; (b) For the running speed of 50 km/h; (c) For the running speed of 60 km/h. 
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Figure 9. The distributions of the acoustic pressure amplitude in the polar coordinate system for the load of 4500 N. 
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Figure 10. The acoustic pressure distributions: (a) The transient sound pressure distributions; (b) The acoustic pressure amplitudes distributions. 
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Figure 11. The acoustic pressure amplitude distributions: (a) For the load of 4500 N; (b) For all these loads. 
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Figure 12. Variation of maximum acoustic pressure amplitudes with inflation pressures: (a) For the load of 3000 N; (b) For the load of 3500 N; (c) For the load of 4000 N; (d) For the load of 4500 N. 
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Figure 13. The acoustic pressure distribution for the inflation pressure of 2.5 bar: (a) Distributions contour of the acoustic pressure amplitude; (b) Distributions of the acoustic pressure amplitude in the polar coordinate. 
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Figure 14. The sound pressure distributions: (a) The transient acoustic pressure distributions; (b) The acoustic pressure amplitudes distributions. 
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Figure 15. The acoustic pressure amplitude distributions: (a) For the inflation pressure of 2.5 bar; (b) For all these inflation pressures. 
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Figure 16. Variation of maximum acoustic pressure amplitudes with running speeds: (a) For the inflation pressure of 1.9 bar; (b) For the inflation pressure of 2.2 bar; (c) For the inflation pressure of 2.5 bar. 
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Figure 17. Distribution of the acoustic pressure amplitude for the running speed of 60 km/h: (a) Distributions contour of the acoustic pressure amplitude; (b) Distributions of the acoustic pressure amplitude in the polar coordinate system. 
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Figure 18. The acoustic pressure amplitude distributions: (a) The transient sound pressure distributions; (b) The acoustic pressure amplitudes distributions. 
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Figure 19. Distribution contours of the sound pressure at different positions. 
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Figure 20. The acoustic pressure amplitude distribution for the running speed of 60 km/h: (a) Distributions contour of the acoustic pressure amplitude; (b) The acoustic pressure amplitude distributions in the polar coordinate. 
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Figure 21. The acoustic pressure amplitude distribution for the running speeds of 80 km/h and 100 km/h. 
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Table 1. Rubber material parameters in tire.






Table 1. Rubber material parameters in tire.





	Parts
	Density (t/mm3)
	C10
	C20
	C30





	Tread
	1.18 × 10−9
	0.585
	−0.194
	0.077



	Belt
	1.18 × 10−9
	0.947
	−0.282
	0.118



	Sidewall
	1.10 × 10−9
	0.465
	−0.153
	0.045



	Apex
	1.17 × 10−9
	1.614
	−0.563
	0.282
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Table 2. Different operational conditions of the tire and drum.






Table 2. Different operational conditions of the tire and drum.





	Inflation Pressure (bar)
	Rotational Angular Speed of Drum (rpm)
	Vehicle Speed (km/h)
	The Load (N)





	1.9
	123
	40
	3000



	2.2
	155
	50
	3500



	2.5
	187
	60
	4000

4500
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Table 3. Maximum acoustic pressure amplitudes (Pa).






Table 3. Maximum acoustic pressure amplitudes (Pa).





	
Inflation Pressure (bar)

The Equivalent Vehicle

Running Speed (km/h)

The Load (N)

	
2.5

	
2.2

	
1.9






	
40

	
3000

	
51.2

	
50.0

	
45.4




	
3500

	
63.7

	
63.3

	
52.0




	
4000

	
75.4

	
71.9

	
68.3




	
4500

	
84.9

	
80.1

	
75.6




	
50

	
3000

	
66.2

	
58.6

	
57.1




	
3500

	
79.4

	
65.3

	
66.9




	
4000

	
86.4

	
80.0

	
78.1




	
4500

	
112.9

	
103.7

	
94.0




	
60

	
3000

	
119.6

	
92.5

	
82.6




	
3500

	
128.1

	
97.9

	
101.0




	
4000

	
144.8

	
127.0

	
111.8




	
4500

	
161.3

	
156.0

	
133.7
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Table 4. The RMS values between Figure 10b and Figure 11b.
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	The

Load (N)
	RMS Valuesin Simulation (R1)
	RMS Values

in Experiment (R2)
	Relative Errors

    E 1  =     R 1 − R 2     R 1     ( % )   





	3000
	66.44
	66.84
	0.60



	3500
	75.91
	85.59
	12.75



	4000
	88.34
	90.85
	2.84



	4500
	102.56
	103.82
	1.23
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Table 5. The RMS values between Figure 14b and Figure 15b.






Table 5. The RMS values between Figure 14b and Figure 15b.





	The Inflation

Pressure (bar)
	RMS Values

in Simulation (R3)
	RMS Values

in Experiment (R4)
	Relative Errors

    E 1  =     R 3 − R 4     R 3     ( % )   





	1.9
	44.55
	42.18
	5.32



	2.2
	47.48
	50.56
	6.48



	2.5
	57.83
	54.59
	5.60
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