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Abstract: 

In order to reduce buffeting noise in the cab when a car was driving with the front side 

window is opener, the large eddy simulation method is used to simulate the flow around the 

car. Combined with the solution of buffeting noise of the side window, the influence factors 

of the rear-view mirror wake vortex of the buffeting noise are studied and the influence 

mechanism is analyzed. Then, to reduce the large buffeting noise of the vehicle, the 

corresponding control measures are proposed based on the destruction of the free shear layer 

and its vortex structure. By adding two kinds of deflectors on the triangle window area, the 

level of buffeting noise in the cab is reduced, and the reason of the reduction of buffeting 

noise is analyzed. 

Keywords: Automotive aerodynamics, Buffeting noise, Computational fluid dynamics, Large 

eddy simulation. 

 

I. INTRODUCTION 

 

Most vehicles have the problem of buffeting noise, when, driving with sunroof or side 

window open. Vehicle buffeting noise is a kind of low-frequency (below 20Hz) high-intensity 

(100dB) noise [1], which is hard to be detected by human ear, but it can be obviously felt its 

existence. Buffeting noise seriously affects the quality of vehicle NVH (Noise, Vibration, 

Harshness) and the user experience of drivers and passengers. It is very easy to produce driving 

fatigue under the buffeting noise for a long time. It can cause serious safety risks for the 

low-frequency and high-intensity pressure pulsation even produces on the vehicle structure 

Fatigue damage [2, 3]. When the car is driving with windows open, the fluid inside and outside 

the car will interact. Due to the good sealing performance of the car body, the pressure 

pulsation in the car is intense and causes strong low-frequency noise. The pulsation pressure 

acts on the human ear, causing discomfort to the drivers and passengers in the compartment [4]. 
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According to the research of foreign scholars such as Didyk, the pneumatic pressure pulsation 

with small amplitude will change the shape of the relaxation part of the tympanic membrane, 

resulting in human discomfort [5]. In addition to low-frequency pulsation pressure, some 

vehicles have the problem of high-frequency resonance noise, which will lead to serious roar in 

the passenger compartment. Vehicle buffeting noise is one of the aerodynamic noise problems 

that consumers complain about, which seriously restricts the performance of automobile 

products. Therefore, it is meaningful to study the generation mechanism and influencing factors 

of vehicle buffeting noise and put forward corresponding control strategies. The vehicle 

buffeting noise can be caused when sunroof or side window is opened. Many scholars have 

carried out a detailed study on the vehicle buffeting noise through experiments and numerical 

simulation. 

 

In the 1960s, the engineers of Ford Motor Company, Bodger and Jones, studied the 

buffeting noise of the rear side window of the bus by experiments. They found that at a certain 

speed, there would be an uncomfortable pressure pulse in the car, which was called "wind 

throb". At the same time, they proposed the method of reducing the buffeting noise [6]. In 

2009, Huang Lei of Shanghai Jiaotong University carried out the research on the buffeting 

noise, studied the mechanism of the buffeting noise of sunroof, introduced two control methods 

to reduce buffeting noise [7]. In 2010, Kangning studied the buffeting noise of the simplified 

golf car with sunroof. With the sunroof position moving backward, the sound pressure level at 

the monitoring point gradually decreased, and the ideal sunroof size and installation position 

were determined [8]. In 2010, Wang Yiping of Hunan University simulated the buffeting noise 

of automobile sunroof, revealed that vortex shedding at the opening is the main source of 

buffeting noise, and proposed that reasonable installation of guide plate and reasonable open of 

sunroof can reduce buffeting noise [9]. In 2011, Hu Yatao et al. of Huazhong University of 

science and technology calculated the buffeting noise with a 1:5 simplified model. They 

analyzed the flow field structure and the causes of the buffeting noise. It was found that with 

the increase of the velocity, the broadband noise gradually increased [10]. In 2012, Wang 

Yiping of Hunan University conducted wind-induced vibration simulation analysis on the basis 

of experiments, and found that the buffeting noise of the rear side window was higher than that 

of the front side window, and studied the relationship between buffeting noise and vehicle 

speed, vehicle volume, side window opening position and side window opening number. The 

maximum noise reduction of the rear side window is 9dB through the way of notching in the 

B-pillar area and adding a pillar to the rear side window [11]. In 2013, Chen Zhifu et al. of 

Hunan University used large eddy simulation method to carry out numerical simulation on the 

wind vibration characteristics of sunroof. They found the influence rule of the velocity on the 

buffeting noise, and obtained the conclusion that the buffeting noise in the rear edge of sunroof 

and near the floor is the largest [12]. In 2013, Ganapathi Balasubramanian et al. simulated the 
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buffeting noise and rearview mirror aerodynamic noise in the early stage of vehicle 

development, and compared the impact of different rearview mirrors on the front side window 

buffeting noise [13]. In 2014, Yang Zhendong of Hunan University used large eddy simulation 

to simulate the buffeting noise of vehicle sunroof with guide plate. He optimized the 

installation angle, slot width, slot depth and other parameters of slotted guide plate, and 

achieved good noise reduction effect [14]. In 2015, Nicholas Oettle and others of Jaguar Land 

Rover simulated the wide-band noise under the opening of the sunroof, and concluded that the 

wide-band noise of the sunroof comes from the turbulence in the sunroof area. The impact of 

the free shear layer and the vortex on the rear edge of the sunroof are the causes of the noise 

[15]. In 2016, Farokh Kavarana et al. of Nissan Automotive Technology Center designed an 

airfoil section deflector to control the buffeting noise of the sunroof, proving that this control 

method can make the free shear layer more stable, and can effectively reduce the buffeting 

noise [16].In 2017, Zhang Qidong and Gu Zhengqi of Hunan University studied the influence 

of different opening combinations of side windows of high-speed vehicles on the 

characteristics of buffeting noise, and put forward reasonable opening suggestions [17].In 

2019, Chen Qingbin and others studied the control measures of buffeting noise of passenger 

cars, optimized the spoiler at the front edge of the sunroof, and achieved good noise reduction 

effect [18]. In 2019, Dunai L. et al evaluated the buffeting noise effect in a BMW 530d model 

vehicle in an outdoors highway at different speeds and demonstrated that the buffeting-noise 

effect is independent from the listener position [19]. In 2019, Chen Z. et al proposed a modified 

LRN CLES model and indicated that the modified LRN CLES model simulates the vehicle 

window buffeting noise greater than commonly used models [20]. In 2019, Yin S. et al verified 

that LES method was employed to calculate automobile side-window buffeting noise by wind 

tunnel experiments and studied the influence of driving velocity and window opening degree 

on wind buffeting noise characteristics [21]. In 2020, Zhang Q. et al constructed a sub-cavity 

by attaching an inclined baffle near the leading edge of the sunroof to suppress the buffeting 

SPL at 70 kph and the reduction of sunroof buffeting reached 33.6 dB by optimizing the size of 

the sub-cavity [22]. In 2020, Kim H. et al studied the flow features and noise contribution of 

two types of noise reduction treatments rounded and chamfered edges of a rectangular cavity 

and investigated the effects of the rounded cavity edges on the flow and noise of a simplified 

high-speed train pantograph [23]. In 2021, Wang Q. et al reviewed the classification, evaluation 

and research methods of wind noise, as well as the characteristics and control methods of wind 

buffeting vibration noise [24]. In 2021, Tang R. et al analyzed the characteristics of the sunroof 

buffeting noise of a commercial vehicle model and the SPL of the sunroof buffeting noise was 

reduced by 6.7 dB and the wind resistance coefficient was reduced by 1.55% by optimizing the 

sun visors and roof domes [25]. In 2021, Li S. et al reduced the aerodynamic resistance 

coefficient of the commercial vehicle by 2.07% and the SPL of sunroof buffeting noise by 18.3 

dB by optimizing the sun visor installation angle and roof dome shape [26]. In 2021, Yu A. et 
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al proposed two improved models, called ILRN k-epsilon and DES-ILRN, and the accuracy of 

ILRN and DES-ILRN in calculating wind buffeting noise of a real vehicle is validated by 

experiment [27]. In 2021, Zhang Y. et al studied the effects of incoming boundary layer 

thickness and shapes on cavity buffeting noise characteristics based on Omega vortex 

identification method and WMLES turbulence model [28]. 

 

In summary, the sunroof buffeting noise has been effectively controlled by adding 

deflectors and other devices, and has been applied in automotive products. The flow 

characteristics of the side window area are more complex. At present, the research on the 

suppression of the buffeting noise on the side window area is most about the combination of 

window opening and adding additional devices at the B-pillar to reduce the buffeting noise of 

the rear side window. In this paper, the numerical simulation method is used to study the flow 

characteristics inside and outside the passenger compartment of the whole vehicle and its 

influence mechanism on the buffeting noise. Furthermore, the control method of buffeting 

noise of front side window is put forward, which provides theoretical basis for subsequent 

research and engineering application. 

 

II. NUMERICAL COMPUTATION SCHEME 

 

2.1 Large Eddy Simulation 

 

The LES method is a high-precision, high-efficiency numerical simulation method, which 

is one of the main methods currently used in the CFD field between direct numerical simulation 

and Reynolds time-average method. The results show that LES can better capture the 

aerodynamic noise characteristics compared to the two other techniques [29]. First, 

incompressible Navier–Stokes (N–S) equation is filtered before the large-scale vortexes are 

preserved and solved by the transient N–S equation according to the theory of LES. Second, the 

sublattice model is used to determine the effect of small-scale vortex on the large-scale one and 

modify the filtered N–S equations in the form of additional stress terms [30]. 

 

2.2 Lighthill Acoustic Wave Equation 

 

Accurate understanding of the fluid sound generation mechanism has important theoretical 

significance for the analysis of the characteristics of wind vibration noise of automobile side 

windows. Lighthill acoustic wave equation is a widely used basic theoretical model in 

aeroacoustics, the expression is [31]: 
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where Tij  is Lighthill stress tensor; (p-p0) is pressure pulsation; (ρ-ρ0)is fluctuation of fluid 

density; δij  is unit tensor; c0 is the speed of sound. 

 

Large eddy simulation can be used to solve compressible fluid to capture both flow 

disturbance and pressure wave disturbance.The sound pressure signal of the monitoring point in 

time domain is transformed into the sound pressure level spectrum curve by fast Fourier 

transform (FFT). 
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where p' is the pulsating pressure; pref is the reference pressure value ;and pref=2×10−5 Pa. 

 

III. CALCULATION SETTINGS 

 

3.1 Computation Model and Domains 

 

The numerical simulation model is a sedan, there is a driver dummy model in the cab, and 

the base of the rearview mirror is installed on the door. Details such as door handle, wiper and 

smooth chassis are ignored and the interior decoration is simplified accordingly. The model is 

shown in figure 1 and figure 2 is the three views of the interior decoration structure. In this 

part, the wind vibration noise simulation of the side window selects the fully open condition of 

the driver's left front window. 

 

 

 

Fig 1: geometry model 
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Fig 2: interior structure of the model 

 

The computational domain setting is shown in Figure 3, where the vehicle height (H), 

length (L), and width (W) are 1400, 4620, and 2040 mm, respectively. The size of the whole 

calculation field is set to be 11 times the model length L in the length direction, 3 times the 

model length L in the distance from the entrance of the calculation field to the front of the 

model, 7 times the model length L in the distance from the back of the model to the exit of the 

calculation field, 5 times the height of the model H in the height of the calculation field, and 7 

times the width of the model W in the width of the calculation field. 

 

 

 

Fig 3: computational domain of flow field 

 

3.2 Grid Division 

 

The face mesh uses a triangular mesh to accurately capture the shape and improve the 

quality of the mesh. The critical flow areas, such as A-pillars, rear-view mirrors, window areas, 

large area of the front curvature, and wake area, use small-grid scales. In other areas, the 

surface grid scale increases gradually to ensure that the surface mesh changes smoothly. The 

volume mesh uses unstructured tetrahedral mesh. Three volume grid encryption areas are set in 

the computational domain to accurately simulate the external flow field of the car. The 

encryption area is set separately in the wake area of the mirror and in the opening area of the 
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side window to accurately capture the side window flow information. An independent 

encryption zone is set inside the cavity to capture the flow within the cavity. For the volume 

grid, a smooth transition of the grid size should be ensured. The surface grid is presented in 

Figure 4, and the volume grid and encryption area are shown in Figure 5. 

 

The airflow generates a boundary layer attached to the surface of the car due to viscosity. 

Ten layers of boundary layer grid, combined with the low Reynolds number turbulence model, 

are set to accurately capture the flow on the wall surface, as shown in Figure 5. Finally, the 

volume mesh of the model is approximately 36 million. 

 

 

 

Fig 4: surface grid 

 

  

 

Fig 5: the mesh distribution and boundary layer 

 

3.3 Boundary Condition Settings 

 

The boundary conditions used in this section are shown in Table I. 

 

TABLE I. Boundary condition setting 

 

BOUNDARY CONDITION OF 

COMPUTATIONAL DOMAIN 
SETTING OF BOUNDARY DOMAIN 

INLET 

Inlet speed Vx=22.22m/s, Vy=0, Vz=0 

Turbulence characteristic speed=0.07 m; 

 turbulence intensity=0.027 
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OUTLET Pressure outlet=101325 Pa 

GROUND OF 

COMPUTATIONAL DOMAIN 
Slip wall 

SIDE AND TOP Symmetrical wall 

 

The steady-state simulation is the initial condition for transient simulation, and its solver 

settings are shown in Table II. 

 

TABLE II. The steady-state solver settings 

 

SETTING ITEMS SETTING 

SOLVER Pressure Based 

TIME Steady 

AIR Ideal-gas 

TURBULENCE MODEL SST k   

PRESSURE-VELOCITY COUPLING SIMPLE 

PRESSURE DISCRETIZATION Second Order 

MOMENTUM DISCRETIZATION Second Order Upwind 

 
TURBULENT KINETIC ENERGY 

DISCRETIZATION 

Second Order Upwind 

 
TURBULENT DISSIPATION RATE 

DISCRETIZATION 

Second Order Upwind 

 
ENERGY DISSIPATION Second Order Upwind 

 
 

The setting of the transient simulation solver is shown in Table III. 

 

TABLE III. The setting of the transient simulation solver 

 

SETTING ITEMS SETTING 

SOLVER Pressure Based 

TIME Unsteady,2nd order 
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△T 0.002s 

AIR Ideal-gas 

TURBULENCE MODEL LES 

PRESSURE-VELOCITY COUPLING SIMPLE 

PRESSURE DISCRETIZATION Second Order 

MOMENTUM DISCRETIZATION Second Order Upwind 

 
ENERGY DISSIPATION Second Order Upwind 

 
 

The transient state is calculated for a total of 3 seconds, and the time-domain pressure 

pulsation curve is obtained. After taking the stable data for a period of 2 seconds, FFT is 

performed to obtain the spectrum diagram of the sound pressure level curve. 

 

3.4 Monitoring point setting 

 

A total of four monitoring points are arranged in the crew cabin, as shown in Figure 6, 

which are located on the outer ear side of the four crew positions, respectively, the left front 

monitoring point (1.4799, -0.4335, 0.7719); right front monitoring point (1.4799, 0.4335, 

0.772); left rear monitoring point (2.4799, -0.4335, 0.7719); right rear monitoring point 

(2.4799, 0.4335, 0.772), the unit of the above data is m. 

 

 

 

Figure 6: schematic diagram of monitoring point location 

 

IV. COMPUTATIONAL RESULT ANALYSIS 
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4.1 Analysis of wind vibration characteristics of front side window 

 

 
 

Figure 7: SPL at each monitoring point 

 

It can be seen from Figure 7 that the maximum value of the first-order peak value of the 

sound pressure level spectrum diagram of this model is 112dB, which indicates the occurrence 

of side window buffeting, and the frequency is 15Hz. Except for the accident at the window 

opening side (the front left monitoring point), the monitoring data at other locations is almost 

the same. 

 

The characteristics of wind vibration are analyzed through the flow state of airflow near the 

front side window .The Q-criterion is used to define the vortex isosurface, and the Q>0 area 

can be used to determine the presence of a vortex. The envelope area defines the distribution of 

the vortex cores. The Q value in Figure 8 is 104 s−2. The color rendering is in the form of a 

pressure cloud diagram, and the vortex isosurface can reflect the form of a vortex structure in 

space. 
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Figure 8: Q isosurface cloud image with front window open 

 

It can be found from Figure 8 that there is a strong vortex structure in the front window 

area.The trailing vortex of the rearview mirror is located at a lower position, and the overlap 

area of the vortex formed with the free shear layer is relatively small, which has little influence 

on the free shear layer. Therefore, an obvious free shear layer shedding vortex can be observed 

in the lower part of the front window. 

 

 

 
 

Figure 9: evolution process of free shear layer vortex in front window 

 

As can be seen from Figure 9, the trailing vortex of the rear-view mirror has a certain 

influence on the movement and development of the free shear layer and its vortex. (a) The tail 

of the free shear layer is obviously oscillating, causing disturbance at the front of the front side 

window and starting to form vortices. (b) As the vortex structure continues to develop, the 

wake vortex of the rear-view mirror sways to the passenger compartment side. And the wake 

vortex of the rear-view mirror interferes with the free shear layer and its vortex. (c)The vortex 

structure continues to develop and the interference effect of the rear-view mirror wake vortex is 

strengthened. (d)The vortex structure moves backward and increases continuously. With the 

movement of the trailing vortex in the rear-view mirror, the distance gradually increases and 

the influence gradually weakens. (e) The vortex structure continues to move backward and 

develops continuously, while the wake vortex gradually moves backward and the influence is 
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further weakened. (f)The vortex invades into the cavity, and the tail vortex of the rear-view 

mirror separates from the B-pillar. 

 

In the evolution process, because the rear-view mirror tail vortex is relatively far away from 

the free shear layer, the free shear layer is less affected by the negative pressure region of the 

rear-view mirror tail vortex, and the overall deviation is not obvious. The rear-view mirror tail 

vortex has a certain restraining effect on the development of the free shear layer and its vortex, 

but its influence is relatively weak. 

 

V. CONTROL SCHEME 

 

5.1 Addition of Vertical Diversion Slice 

 

 

 

Fig 10: a vertical backflow slice to the position of the triangular window 

 

In the position of the triangular window, adding vertical diversion slice as shown in Figure 

10. It can be found from the previous simulation results that, at the simulation speed of this 

model, the buffeting noise data of all the monitoring points in the crew cabin except the opened 

side are basically the same. Therefore, the sound pressure level spectrum curves of the 

monitoring points in the crew cabin at the left rear side and the monitoring points at the left 

front window side are selected in this part for analysis. 
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Figure 11: SPL of left rear monitoring point 

 

0 50 100 150 200 250
30

40

50

60

70

80

90

100

110

S
P

L
(d

B
)

Frequency(Hz)

 Baseline

 Spoiler1

 

 

Figure 12: SPL of Left front monitoring point 

 

Figures 11 and 12 indicate that adding a vertical diversion slice has a significant restraining 

effect on the buffeting noise in the vehicle when the front left window is opened. The left rear 

monitoring point can reduce noise by 4.8 dB, whereas the left front monitoring point reduces 

noise by 3.75 dB. These values show evident noise reduction. 
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Fig 13: comparison of scalar plots of Z=0.7m plane velocity 

 

The formation of the shear layer is caused by the velocity difference of the fluid. In Figure. 

13, it can be found that the velocity in the cavity of the left basic model is significantly lower, 

which leads to the increase of the velocity difference inside and outside the passenger 

compartment and the increase of the shear force; In the figure on the right, due to the 

interference of the deflector and the rear-view mirror tail vortex on the free shear layer in the 

side window area, the shear layer is disturbed, resulting in higher speed in the vehicle. 

Therefore, the speed difference inside and outside the vehicle becomes smaller and the 

corresponding shear force becomes weaker. 

 

Figure 13 shows that when the model of the diversion slice is added on the right figure, the 

distance between the free shear layer and the wake vortex of the mirror is obviously small. The 

rear view mirror tail vortex area has a stronger influence on the free shear layer.In addition to 

the rear-view mirror tail edge vortex area impact free shear layer and its vortex structure, the 

low-pressure region of the rear-view mirror tail vortex induces deflection in the free-shear 

layer, and the deflection-induced rear-view mirror tail vortex region is transient pulsation, this 

additional external influence has a greater disturbance on the trajectory of the free shear layer, 

which directly affects the development and movement of the free shear layer vortex.The free 

shear layer further deviates from the opening area of the side window. And the shear layer is 

"lifted up". The unstable vortex formed by the shear layer is away from the outside of the 

B-pillar or hits the B-pillar. Thus, that part of the vortex energy does not enter the cavity. This 

phenomenon is an important reason for buffeting noise reduction. 
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Fig 14: comparison of Z=0.7m plane kinetic energy cloud 

 

The intensity of velocity pulsation in the flow field determines the size of aerodynamic 

noise. The magnitude of the turbulent kinetic energy can be used to measure the magnitude of 

the pulsation in the flow field, which in turn can determine the strength of the sound source. 

The right side of Figure 14 is the model with an added spoiler . The turbulent kinetic energy 

cloud shows that the model has a strong turbulent kinetic energy at the B-pillar. As the shear 

layer is lifted, the vortex strongly hits the B-pillar region, which is the main area where the 

broadband noise is generated. This phenomenon causes the left-side monitoring point to have a 

higher SPL (within 250 Hz) in the SPL curve (Figure 12). 

 

5.2 Addition of Oblique Diversion Slice 

 

 

Fig 15: a oblique backflow slice to the position of the triangular window 

 

In the position of the triangular window, adding oblique diversion slice as shown in Figure 

15, the simulation results are as follows. 
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Figure 16: SPL of left rear monitoring point 
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Figure 17: SPL of Left front monitoring point 

 

In the case of the opening of the left front window (Figures 16 and 17), the addition of an 

oblique diversion slice has a significant restraining effect on the buffeting noise in the vehicle. 

The maximum noise reduction on the left rear side window can reach 4.7 dB, and the left front 

monitoring point can reduce the noise by 3.7 dB. These values show evident noise reduction. 

By comparing Figure 12 and Figure 17, it can be found that the broadband noise (within 250 

Hz) at the left front monitoring point of the oblique diversion slice is lower than that of the 

vertical diversion slice. 
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Fig 18: comparison of scalar plots of Z=0.7m plane velocity 

 

Figure 18 shows that the principle of noise reduction using the oblique deflector is the same 

as that using a vertical deflector. However, the degree of deflection of the free shear layer 

toward the rear-view mirror is smaller than that of the vertical deflector. This phenomenon 

indicates that the effect of the mirror wake vortex on the free shear layer is reduced. However, 

the effects of the two control methods are equivalent. The oblique deflector guides part of the 

airflow upward along the A-pillar, thereby weakening the airflow energy in the triangular 

window region and simultaneously affecting the free shear layer in the A-pillar region. 

 

VI. CONCLUSION 

 

When the front side window is opened, there is serious buffeting noise in the cab. The large 

eddy simulation method can accurately solve the wind-induced vibration noise of automobile 

side window with high accuracy. 

 

The self-excited oscillation of the shear layer, the periodic shedding and impact of the 

vortex, and the exchange of gas inside and outside the cavity eventually lead to complex 

pressure pulsation in the cavity. This is the main cause of wind vibration noise. It is found that 

the rear-view mirror tail vortex interacts with the free shear layer in the side window area, 

which has a greater impact on the buffeting noise level in the cab. 

 

For the buffeting noise of the front side window, installing a vertical diversion slice with 

less influence on the external shape on the side of the triangular window results in the 

maximum drop of buffeting noise in the side window by 4.8 dB. The oblique deflectors 

produce a maximum noise reduction of 4.7 dB and effectively suppress broadband noise. 
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