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*e outside rear-view mirror (OSRVM) is installed on the vehicle’s surface, which causes unwanted aerodynamic noise and wind
drag during driving. It is important to use simulation methods to predict the performance of aerodynamic noise and wind drag of
commercial vehicles due to the OSRVM. Considering the wind drag of the OSRVM, a combinational simulation strategy is
employed to calculate external flow and interior acoustic fields of commercial vehicles, respectively. *e flow field is computed a
priori with an incompressible flow solver.*e acoustic field was then computed based on the information extracted from the CFD
solver. To obtain the interior noise level at the driver’s ears, a vibroacoustic model is used to calculate the response of the window
glass structure and interior cavities, where the unsteady aerodynamic pressure loading on the two side windows’ surface is treated
as the acoustic source field. *e paper provides flow field and acoustic simulations for three OSRVM configuration models. *e
results are compared to data obtained in road sliding test measurement on the commercial vehicle. *e accuracy of the hybrid
simulation method is proved, and the comparative analyses verify that the OSRVM B model dramatically reduces the interior
noise and wind drag of commercial vehicles.

1. Introduction

*e importance of commercial vehicles as medium and
long-distance transportation tools has been increasing with
the rapid development of the logistics industry. Noise, vi-
bration, and harshness (NVH) are now significant in
commercial vehicles, and automotive companies are inter-
ested in levels of NVH as a component of the development of
comfortable vehicles [1]. *e commercial vehicle test proves
that when the driving speed is greater than 90m/s, the
impact of aerodynamic noise on the interior vehicle is most
prominent in broadband frequency noise, directly affecting
interior sound quality and driver comfort.

Meanwhile, aerodynamic noise and wind drag are im-
portant parameters for the aerodynamic performance of
commercial vehicles. In general, the outside rear-view

mirror is also known to increase the total amount of wind
drag by 2∼7% [2]. *e selection of the outside rear-view (or
side-view) mirror (OSRVM) and design modification are
needed for the reduction of aerodynamic noise and wind
drag. *e OSRVM is installed on the vehicle’s surface to
guarantee the driver sees the areas behind and to the sides of
the vehicle. During driving, the high-speed airflow flows
through the outer surface of the vehicle are more prominent,
resulting in a serious separation of the airflow flowing
through the mirror area, and the turbulent pressure gen-
erated pulsates against the window, causing strong aero-
dynamic noise inside the vehicle. It is of great significance to
study the transient flow field and sound field propagation for
the drag and noise reduction of the whole vehicle.

At present, researchers have made considerable research
on the unsteady flow field and sound field of automobile
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rear-view mirrors. Kucukcoskun et al. [3] reported the
distribution of sound source on the surface of the rear-view
mirror. *e computational fluid dynamics (CFD) combined
with the acoustic finite element method (FEM) is used to
calculate the distribution of the sound field outside the
vehicle. A method for predicting the noise outside the ve-
hicle is obtained by comparing the wind tunnel experiment.
However, it did not predict the aerodynamic noise inside the
cab. Schell and Cotoni [4] combined CFD with the acoustic
wave equation to propose the air-vibration-acoustic simu-
lation method to predict the sound pressure level in the cab,
and the sound pressure level near the driver’s ear was ob-
tained by incompressible unsteady flow excitation. However,
it did not consider the effects of different rear-view mirrors
on the interior noise and the effects of wind drag for the
whole vehicle.

Chu et al. [5] compared the aerodynamic characteristics
of the OSRVM with the inner ducts and original mirror
models. *e modified mirror models can enhance the
aerodynamic flow and noise around the mirror. *is study
did not achieve the goal of reducing the sound pressure level
in the cab. Mutnuri et al [6] combined CFD with statistical
energy analysis (SEA) to evaluate the design of the rear-view
mirror aerodynamic noise.*e conclusion was obtained that
the aerodynamic noise of the rear-view mirror mounted on
the glass is larger than the aerodynamic noise of the rear-
view mirror mounted on the door from quantitative and
qualitative analysis, which indicated the installation position
of the rear-view mirror has a great influence on the interior
noise and helped to guide the design of the rear-view mirror
installation. Gu et al. [7] verified the feasibility of the large-
eddy simulation method contrasted the test result and used
this method to calculate the buffeting noise data of the car.
*e interior acoustics were analyzed combined with the
weak vibration radiation of the window with the partially
open window. However, they did not study the effect of fully
enclosed windows on the interior noise. Iida K et al. and
Yamade Y et al. [8, 9] employed the finite element method to
calculate the hydrodynamic pressure fluctuation of the ve-
hicle surface as the unsteady load and predicted the internal
sound field of the test vehicle by solving the Helmholtz
acoustic propagation equation. *e contribution from the
external acoustical field to the interior noise was estimated
based on the acoustic analogy and was confirmed to be
negligibly small compared with that from the hydrodynamic
loading in the present case. Moreover, aerodynamic sources
and noise generation generated by the rear-view mirror have
been investigated by numerous experimental and simulation
measures [10–13].

Some typical prediction strategies for the interior noise
to commercial vehicles are needed in order to reduce the
aerodynamic noise. Besides, more studies have employed
aerodynamic optimization techniques to reduce the strength
of the intrinsic shedding vortex and suppress the generation
of the aerodynamic noise by changing the geometric shape of
the rear-view mirror, such as its bracket position, the
housing modeling and height and size, the elimination of
sharp edges on the housing surface, and increasing the
microwind guide structure [14, 15]. However, there are

limitations to reducing the geometry of the side mirror for
aerodynamic noise in commercial vehicles, and these
measures apply merely to passenger vehicles.

Very little study has been undertaken to investigate the
aerodynamic noise of the rear-view mirror under consid-
ering the effect of wind drag in commercial vehicles, and the
rear-view mirror has a considerable effect on the wind drag
of commercial vehicles. *ere is little research on reducing
the aerodynamic noise and wind drag by studying the
modeling factors of the rear-view mirror for commercial
vehicles. Accordingly, the object of this study is to consider
the aerodynamic flow field and sound field radiation by
external shape design of three OSRVMs. *e commercial
program STAR-CCM+ was used to analyze the wind drag
coefficient variation according to the shape of the OSRVM.
Based on computational fluid dynamics (CFD) analysis, this
study investigates aerodynamic flow characteristics at three
major points around the mirror housing and sound pressure
levels in the commercial vehicles’ cab.

2. Numerical Calculation of the Outside
Rear-View Mirror with the Cab and Vehicle

2.1.DESGoverning Equations. *ewind drag of the external
flow field and the steady-state calculation of the cab model
are based on the realizable k − ε model. Realizable k − ε
which is a standard k − ε-improved extended model per-
forms well in solving the flow field in the rear-view mirror
area. Transport equation for k turbulent kinetic energy is
given [16] as
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where ρ is the air density, ui is the velocity component in the
xi direction, μ and μt are laminar viscous coefficient and
turbulent viscous coefficient, σk and σε are the Prandtl
number corresponding to the turbulent kinetic energy kand
dissipation rate ε(the values are 1.0 and 1.2), Gk is the
turbulent kinetic energy k produced by the average velocity
gradient, C1 and C2 are experience constants (the values are
1.42 and 1.68), and E is the user defined number and
provided by STAR-CCM+. *e model ensures the conti-
nuity of turbulence in Reynolds pressure. It has a more
accurate prediction of cylindrical spoiler and has good
convergence and accuracy.

Detached eddy simulation (DES) combines the advan-
tages of Reynolds-averaged Navier–Stokes (RANS) and large
eddy simulation (LES). It is solved by RANS in the near-wall
area, which makes the calculation in the boundary layer
small. *e far wall area is solved by LES, which better
simulates the state of large-scale separation turbulent flow.
Combining them organically improves computational
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efficiency and accuracy. *e dissipation rate of the kinetic
energy equation in DES based on the realizable k − ε model
[17] is

Yk �
ρk
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where CDES is for the calibration of the DES model, where
Δ � max(Δx,Δy,Δz). When k(3/2)/ε<CDESΔ, d � k(3/2)/ε,
realizable k − ε model plays the role of RANS. Conversely,
when d � CDESΔ, the equation shows the characteristics of
the LES subgrid-scale.

2.2. ComputationalModel. A simple commercial vehicle cab
model is chosen to predict the aerodynamic noise for saving
computing resources and calculation time. As shown in
Figure 1, the real model is extracted from the whole com-
mercial vehicle, which was represented as a type of com-
mercial vehicle. *e left and right rear-view mirrors, the
right lower-view mirror, the sun visor, and the front lower
mirror are externally highlighted to ensure that they are in
accordance with the experimental result. *e length, width,
and height of the commercial vehicle cab model are 2.0m,
2.5m, and 2.1m, respectively. *e OSVRMs are mounted on
a simplified commercial vehicle cab. OSRVM A shown in
Figure 1(a) is the original reference mode, which is com-
monly used in commercial vehicles for observing the
aerodynamic flow. It has rear-view mirror cover of 15 cm
and can be seen in its cross section. OSRVM B displayed in
Figure 1(b) is the dislodging rear-mirror cover. *e airflow
passes from the windward side to the trailing edge of the
mirror housing, whose rear-view mirror cover has vital
influence for wind drag and aerodynamic noise. While
comparing OSRVM C, its windward side was changed that
the edge of regression on the windward side was moved
toward the left. OSVRM A with the simplified cab is shown
in Figure 1(d). *e real commercial vehicle cab is shown in
Figure 1(e). It is the same as the geometric model. *e
commercial vehicle model with the trailer is seen in
Figure 1(f) and is used to study the aerodynamic drag
performance analysis under full-cargo conditions.

2.3.Numerical SimulationCondition Setting. To improve the
accuracy of the CFD analysis results and reduce the number
of calculations, the surface mesh size of the vehicle is set to
10–150mm for the aerodynamic analyses. *e OSRVM, side
window, and A-pillar surface mesh are approximately 2mm.
*e volume mesh is generated based on the created surface
mesh. *e calculated domains are all four-layer encryption,
and the encryption area of the rear-view mirror area is 2mm
(simulations can be obtained within 2500Hz sound pressure
level). In the DES analysis, the required Y+ wall value is less
than 5.*e DES boundary layer is shown in Table 1 based on
the first boundary layer thickness and the total thickness

formula to obtain the corresponding boundary layer
structure and determine a reasonable boundary layer and
grid growth rate. *e number of trim meshes used in the
calculations reached 65 million. *e simulation adopts the
high-speed working condition of the CV at 100 km/h, and
the inlet is the turbulence intensity (calculated as I = 0.06)
and the characteristic length, which is taken as the length of
the rear-view mirror. *e pressure and velocity sub-
relaxation factors of the separation flow are set to 0.3 and 0.7,
respectively. Table 2 describes the boundary conditions for
the total computational domain. A cuboid domain was used
to perform the CFD simulations, as illustrated in Figure 2,
which considers the airflow rate and field, where the di-
mensions of the computational domain are 20L× 5W× 6H.

*e transient calculations use the steady-state results as
the initial values to solve the incompressible flow. *e result
of steady-state computational convergence is shown in
Figure 3. Before the transient calculations, the side windows
are defined as the sound source surface, and the CGNS
sound source data code is the output. *e acoustic analogue
method is then used to solve the sound pressure level of the
window surface. Realizable k − ε is applied to calculate the
steady-state behaviour, and the parameters used for the
calculations are presented in Table 3. *e DES model is
applied to calculate the transient-state behaviour, and the set
for the transient-state solver is given in Table 4. *e total
time duration is set to 0.5 s, and the time step for the cal-
culation is 0.0002 s. As the computational solution gradually
tends to be stable, the results between 0.2 and 0.5 s are
selected for the analysis.

2.4. Aerodynamic Drag Performance Analysis. As there are
few wind tunnels suitable for commercial vehicles and they
have high associated costs, the calculations for the aero-
dynamics of commercial vehicles with three OSRVMs are
from the CFD method based on variations of the drag
coefficient or the rate of velocity and transient pressure. Any
vehicles that travel through a fluid experience drag forces in
the direction of the flow due to the pressure and shear forces
that act on the surface of an object. *e aerodynamic drag
coefficient can be expressed as

Cd �
Fd

(1/2)ρAv
2. (4)

Here, Fd is the aerodynamic drag force (N), ρ is the fluid
density, A is the characteristic frontal area of the commercial
vehicle with the rear-view mirror (m2), and v is the velocity
of the operational vehicle (m/s).

All models are simulated under the commercial vehicle
driving speed of 100 km/h (27.8m/s). *e wind drag coef-
ficient for the three rear-view mirrors is shown in Table 5.
OSRVM B cancels the aerofoil of the rear-view mirror
relative to OSRVMA.*e table shows that the aerofoil of the
rear-view mirror does not influence the aerodynamic drag
for the entire commercial vehicle model. From OSRVM C,
the windward side of the rear-viewmirror is blunted, and the
corresponding drag coefficient is higher than that for
OSRVM A. Z � C d × A is the power consumption factor,
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which is used to illustrate the aerodynamic drag related to
the front projection area of the car cab. *e table indicates
that the rear-view mirror with passivation at the windward
surface does not appreciably reduce the wind resistance
comparing the values of mirror B and mirror A. Compared
with cancelling of the rear-view mirror, the drag coefficient
is the highest, up to 0.6349, although the corresponding
orthographic projection area is the smallest, and the power

consumption factor is indeed the largest.*erefore, the rear-
view mirror helps reduce the wind drag and improve the
aerodynamic performance of the commercial vehicles.

*e aerodynamic drag coefficient (Cd) for the four cases
in the commercial vehicles with a trailer (Figure 4) changes
for the rear-view mirrors and trailer. Figures 4(a)–4(c) il-
lustrate the vehicle aerodynamic drag development curve for
the three rear-view mirror cases of vehicles with trailers.
Rear-view mirrors A, B, and C relative to the original car
resistance development curve do not significantly differ. For
example, when the rear-view mirror resistance slightly in-
creased, no obvious difference was observed in Cd. *e
aerodynamic drag for rear-view mirrors of different shapes
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Figure 1: OSRVM cab mode and commercial vehicle cab: (a) OSRVM A with its cross section; (b) OSRVM B with its cross section; (c)
OSRVMCwith its cross section; (d) cabmode with the characteristic object; (e) the commercial vehicle with a special figure in real status; (f )
the commercial vehicle with the trailer.

Table 1: DES boundary layer.

Item Data
First layer thickness (mm) 0.2
Rate of rise 1.12
Total layer number 10
Total thickness (mm) 3

Table 2: Set of the boundary condition.

Boundary of the domain Set
Inlet Velocity inlet: vx � 100 km/h
Outlet Pressure outlet
Rear-view mirror; cab; floor Wall (no slip)
Top; side face Wall (free slip)

20L 5W

6H
16L3L

1H

Figure 2: Computational domain around the commercial vehicle
cab and its dimension.
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also shows negligible effects on commercial vehicles with a
trailer. In contrast with the case without a rear-view mirror,
Cd showed obvious changes in the rear-view mirror and
trailer regions with increasedCd. *is is consistent with the
results in Table 5. A preliminary assessment of the presence
of the rear-viewmirror can improve the flow field behind the
mirror and reduce the aerodynamic drag.

*e steady-state velocity flow field with or without the
rear-view mirror is shown in Figure 5. *e elliptical dashed
circle in the A pillar leads to the separation of air flow on the
side. *e rear-view mirror can guide the air flow back and
reduce the eddy current in the side area. *e rear-view
mirror can reduce the negative pressure area of the side of
the cab and avoid the airflow directly shocking the trailer.
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Figure 3: Residual convergence curve of the realizable k − ε model.

Table 3: Set of steady parameters.

Item Set
Air property Ideal gas
Pressure-velocity coupling Simple
Pressure spatial discretization Second order
Momentum spatial discretization Second-order upwind
Turbulent kinetic energy Second-order upwind

Table 4: Set of the transient parameter.

Item Set
Pressure-velocity coupling Piso
Momentum spatial discretization Bounded central differencing
Density spatial discretization Second-order upwind

Table 5: Comparison of the aerodynamic performance of four rear-view mirrors.

OSRVM plan Orthographic projected area (A/m2) Wind drag coefficient (Cd) Cd × A Z discrepancy

OSRVM A 10.227 0.5809 5.9409 Base
OSRVM B 10.227 0.5809 5.9409 0%
OSRVM C 10.204 0.5891 6.0112 1.2%
NO OSRVM 9.912 0.6349 6.2931 5.9%
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For commercial vehicles with the trailer, the wind drag
without the rear-view mirror status is higher.

2.5. Unsteady Flow Analysis. *e Z-section is created to
study the airflow field and aerodynamic characteristics of the
rear-view mirror tail region, which is parallel to the XOY
plane, and is shown in Figure 6 (top). Figures 6(a)–6(d) show
the transient velocity contour for the three OSVRMs and the
NO OSRVM, respectively. *e velocity magnitudes at the
side window, windward side, and trailing of the mirror are
displayed in the graphs, which symbolize three represen-
tative velocity directions andmagnitude.*e airflow velocity
of OSRVMA is relatively larger than the other model around
the windward side and side window. In particular, the

airflow velocity increases significantly at the windward side
to 50m/s at a vehicle speed of 30m/s. However, OSVRM C
shows a lower airflow velocity in the place of side window
and windward side, which is a moderate change in the area
around the rear-view mirror. Compared with NO OSRVM,
there is little airflow on rushes at the side window, and the
airflow velocity is significantly reduced. *erefore, the NO
OSRVM case is a promising way to reduce the influence of
airflow shocks against the side window, that is, the high-
pressure fluctuations around the mirror housing that
propagate the vibrations to the window are accordingly
reduced [18].

Figures 7(a)–7(d) show the transient pressure contours
for the four models at typical driving speeds. Overall,
airflow through the mirror has a pressure gradient from the
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Figure 4: Wind drag development curve of four status commercial vehicles. (a) OSRVMA. (b) OSRVM B. (c) OSRVMC. (d) NOOSRVM.
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Figure 5: Flow velocity field contour of commercial vehicles with the trailer: (a) with the rear-viewmirror; (b) without the rear-viewmirror.
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Figure 6:*e transient velocity cloud for the three OSRVM and NO SORVM cases with three labeled velocities. (a) OSVRMA. (b) OSRVM
B. (c) OSRVM C. (d) NO OSRVM.
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negative to the positive pressure zones and forms a pressure
vortex with a periodic direction of rotation that is opposite
to its rotation [19, 20]. *e various airflow vortices sig-
nificantly affect the flow field outside the vehicle, which can
reduce or increase the aerodynamic drag and noise for
commercial vehicles. OSVRM A shows that a circular
pressure contour appears at the junction of the lens and the
frame and periodically changes over time. *e transient
pressure flow field in OSRVM A is more disordered
compared to OSRVM B, which forms a large low-pressure
vortex in the rear-view mirror tailing region. *e airflow
vortices of OSRVM C are relatively small. *e first three
rear-view mirror modes cause each eddy current to im-
pinge on the window glass and generate a vortex that
becomes squeezed, enlarged, and broken in the rear-view
mirror tailing area. *ere is a strong pressure pulsation in
the wake field, which is accompanied by the generation of
aerodynamic noise [21–23]. A small low-pressure vortex is
formed in the rear-view mirror tailing region for the NO
OSRVM case, and the low-pressure vortex develops
backwards with time and gradually evolves into a large low-
pressure vortex. *e formed low-pressure cavity in the

space increases the air resistance of the vehicle, which is not
conducive to reduce the drag of the commercial vehicles.

3. Dynamic Analysis of the Window Structure

*e vibration of the window can be excited from a fluctuating
pressure, which affects the flow field in two ways: the
boundary condition of the flow field and the elastic waves
caused by the vibrations. *e influence of the vibrations on
the fluid is ignored, and those caused by other excitations are
omitted as the magnitude of the displacement caused neg-
ligible vibrations and a Mach number which is less than 1.

3.1. Governing Equations. *e differential equations of
motion for a damped n-degree-of-freedom system can be
expressed in the matrix form as

M€δ + C _δ + Kδ � P(t), (5)

where M is the mass matrix, K is the stiffness matrix, C is
the damping matrix, and P is the vector of generalized
nonconservative forces.
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Figure 7: *e transient pressure contour at different times for (a) OSRVM, (b) OSRVM B, (c) OSRVM C, and (d) NO OSRVM.
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For preliminary application of modal analysis, we must
solve the eigenvalue problem, which is given by

Kφr � ω2
rMφr. (6)

Equation (6) has the solutionsω2
r and φr(r � 1, 2, 3 · · · n),

where ωr are the natural frequencies and φr are the natural
modes (modal vectors). *e eigenvalues and eigenvectors
can be arranged in the n × n matrix form:

Ω � diag ω2
1ω

2
2ω

2
3 · · · ·ω2

n ,

Φ � φ1φ2 · · ·φn 
T
,

⎧⎪⎨

⎪⎩
(7)

where Φ is the modal matrix. Moreover, it is convenient to
normalize the modal matrix so as to satisfy the ortho-
normality relations:

ΦT
MΦ � I,

ΦT
KΦ � Ω.

⎧⎨

⎩ (8)

*e damping matrix can be expressed as a linear
combination of the mass and stiffness matrices of the form

C � αM + βK, (9)

where α and β are known scalar constants. Multiplying
equation (9) on the left byΦT and on the right by Φ and
considering equation (8) give the diagonal matrix:

ΦT
CΦ � αI + βΩ. (10)

*e solution of equation (5) can be expressed as a linear
combination of the modal vectors as

δ(t) � 

n

r�1
qr(t)φr � Φq(t), (11)

where qr(t)represents the modal coordinates and q(t) is the
corresponding vector.

Next, equation (11) is substituted into equation (5), and
the results are left-multiplied by ΦT. *en, considering
equations (8) and (10) gives

€q (t) +(αI + βΩ) _q(t) +Ωq(t) � ΦT
P(t) � N(t). (12)

*is has the notation of

α + βω2
r � 2ζrωr (r � 1, 2, 3 · · · n), (13)

where ζr(r � 1, 2, 3 · · · n) are modal viscous damping factors.
Equation (12) can be rewritten in the form of the inde-
pendent modal:

€qr (t) + 2ζrωr _qr(t) + ω2
rqr(t) � Nr(t) (r � 1, 2, 3 · · · n),

(14)

where Nr(t) are modal forces having the form given as
Nr(t) � φT

r P(t)(r � 1, 2, 3 · · · n).

3.2. Computational Details. HyperMesh software is applied
to calculate the glass-constrained modes of the side win-
dows, and HyperWork shell 63 is chosen as the element type.

*e elastic connection unit was employed to simulate the
window seal knot, and glass is used as the medium for data
transmission between solids and gases. *e acoustic har-
monic FEM in the LMS Virtual.Lab uses interpolation to
map the CFD time-domain data onto a structural grid for the
glass. *e modal superposition method is adopted as it has a
rapid calculation speed, a high solution precision, and a
relatively small required disk space. *ere are 100 modals,
and the sound pressure level within 2500Hz is calculated
using Fourier transform with a calculation step of 5Hz.
Young’s modulus, Poison’s ratio, the tempered glass density
and thickness are 7.2E10 Pa, 0.21, 2520 kg/m3, and 3.5mm,
respectively.

Figure 8 describes the change processes for displace-
ments at the two side windows. *e order of displacement
magnitude is between 10E− 3 and 10E− 8m, and the dis-
placement in the y direction is greater than for the other
directions. As shown in Figure 8, the displacement mag-
nitude at the two side windows forms peaks and valleys,
which increase in number at higher frequencies. *ere are
separated flows and vortices around the two side windows,
and the turbulent kinetic energy and pressure around the left
front side-window are greater than those around the right
front side-window, which is sometimes opposite. *us, the
displacement gradients along for left and right side-windows
are considered.

4. Acoustic Simulation

4.1. Governing Equations. *e acoustic pressure is governed
by the classical wave equation, expressed by

∇2p′ −
1
c
2

z
2
p′

zt
2 � −ρ0

zp′
zt

, (15)

where ∇2 is the Laplacian operator, p′ is the acoustic
pressure, c is the speed of sound in the acoustic medium,
and q′ is the added mass caused from unit volume ac-
celeration. When only the harmonic steady-state case is
considered, the classical wave equation reduces to the
Helmholtz equation as

∇2p − k
2
p � −jρ0ω′q, (16)

where k � ω′/c is the acoustic wave number, ω′ � 2πf is the
angular frequency, f is the frequency (Hz), j �

���
−1

√
,

p′ � p · exp(jωt), and q′ � q · exp(jωt). *e solution for
equation (16) satisfies the boundary condition as follows:

n∇p � ω′2ρ0nUs, (17)

where n denotes the unit normal pointing into the boundary
and Us denotes the displacement vector. *e solution can be
derived by the indirect boundary element method, given as

p � A
T
σ · σ + A

T
μ · μ, (18)

where σ is the single-layer potential vector, μ is the double-
layer potential vector, and AT

σ and AT
μ are coefficient vectors

corresponding to σ and μ, respectively.

Shock and Vibration 9



*e sound pressure at an arbitrary point, says, in the field
can be expressed as the summation of all the panels’ noise
contributions at the point:

ps � 
n

i�1
pi,s, (19)

where ps is the total sound pressure at point s and pi,s is the
sound pressure contribution at point s from panel i, which is
given by

pi,s � 
m

j�1
pi,j, (20)

where pi,j denotes the sound pressure for panel i frommodal
j.

For illustrating the meaning of pi,j more distinctly, the
normalized factor is introduced as follows:

Rp �
p
∗
s

∣ps ∣
2, (21)

where p∗s is the complex conjugate; then, the modal par-
ticipation factor of modal j from panel i can be written as

pc � Real p
∗
i,j · Rp , (22)

where Real denotes the real part of the complex. Positive pc

indicates that the sound pressure ps increases with the el-
evation of the response of panel i from modal j. Negative pc

means that the sound pressure ps decreases as the response
of panel i from modal j increases.

4.2. Results and Discussion. *e boundary conditions of the
acoustic finite element method include the following: the
two side-window elements are set as the displacement
boundary condition, the seat elements are removed, the roof
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Figure 8: Responses of the two side windows of the fluctuating pressure.
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elements are set as the automatically matched layer
boundary condition (no reflection boundary), and the car
door and interior trim were dismantled, which were
substituted by the outermost surface of a car [24, 25]. Other
elements are set as the simple panel, which is also set as the
automatically matched layer boundary condition.

*e cab sound cavity is set as the computational field and
is created to analyze the distribution of the sound pressure
level (SPL) on the surface of the cab. As shown in Figure 9,
the SPL contour gradually decreases from the side window to
the other locations of the passenger cab compartment at
frequencies of 80, 100, 125Hz, etc. At some selected fre-
quencies, the cloud maps indicate that the maximum SPL of
the noise is distributed around the side window, and the SPL
gradually increases with frequency in the range of
20–400Hz. *e SPL then gradually reduces when over
400Hz, but the sound pressure area near the side window is
still the largest. *erefore, the side-window area of the rear-
view mirror is the primary source of noise while driving and
is also the main noise source for the passenger.

*e two vertical and horizontal planes through the
points of the driver’s left and right ear were set as the
computational field. As shown in Figure 10, the SPL contour
of the acoustic space inside the cab can be seen such that the
influence of the aerodynamic noise on the interior of the
vehicle is mainly concentrated on the place around the
driver’s left ear. *e noise in the driver’s head area is greater
than other spaces when the frequency is 125Hz and 250Hz.

*e SPL contour images in Figure 11 for different
OSRVMs at 400 and 500Hz show that the SPL distributions
around the side-window surface are higher than the other
regions at the same frequency. Comparing the SPL con-
tours for OSRVM A and B, the side-window surface

emerges as the largest SPL region that exceeds 90 dB. *is
suggests that the rear-view mirror cover between the lens
and the frame reduces the aerodynamic noise to some
extent. *is is limited to reducing the noise near the
window as the overall change is not large. *e SPL of
OSRVM C is lower than for B, which means that the
windward side of the rear-viewmirror influences the SPL of
the rear-view mirror area. Appropriately changing the
parameters for both mirrors reduces the aerodynamic noise
that propagates to the vehicle. *erefore, a proper rear-
view mirror cross section is beneficial to reduce the
aerodynamic noise and drag. *e SPL distributions of the
sound cavity without the mirror are the smallest. Com-
bined with the transient speed and pressure contour, the
NO OSRVM reduces the turbulent pressure pulsation at
the mirror area and reduces the aerodynamic noise, which
is derived primarily from the pressure fluctuations of the
A-pillar airflow separation [14, 23, 26–28]. Compared with
the sound pressure distribution at 500Hz, the SPL tends to
decrease with frequency, and the SPL of the window surface
becomes increasingly important.

Figure 12 shows the SPL distribution of the interior
vehicle acoustic space for the 1/3 octave centre frequency of
the three OSRVMs and the NO OSRVM case. *e 400 and
500Hz SPL contours show that OSRVM A has the highest
SPL in the cab.*is indicates that the influence of OSRVMA
on the wind noise inside the vehicle is large, while OSRVMB
and C reduce the noise inside the vehicle. However, the SPL
for the NO OSRVM in the car is the lowest, which is 45 dB
near the left ear of the driver. It is seen that the gap between
the lens and the frame influences the aerodynamic noise
inside the vehicle.*e windward side of the rear-viewmirror
affects the SPL in the car and is lower in the centre of the

200Hz 250Hz160Hz

100Hz 125Hz80Hz

Side window
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1.00e  + 002
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6.00e  + 001

5.00e  + 001

4.00e  + 001

3.00e  + 001

2.00e  + 001

1.00e  + 001

0.00e  + 000

Figure 9: *e distribution of the OSRVM A sound pressure level in the cab cavity.
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rear-view mirror than on its side. *e SPL in the car changes
at 500Hz and gradually decreases.

Figure 13 summarizes the spectrum of the 1/3 octave
centre frequency at the driver’s right ear for the three
OSRVMs and for NO OSRVM. And the 1/3 octave was
considered to be a frequency band division method that is
more in line with the characteristics of the human ear. *e
rate of change corresponding to the 1/3 octave centre fre-
quency based on the vehicle speed is similar among the three
OSRVM and NO OSRVMmodes, where the maximum SPL
of the exterior mirrors occurs at approximately 400Hz.
Multiple peaks appear in the 20–2500Hz band, which also

confirms that the aerodynamic noise is broadband [12, 29,
30]. As the frequency increases, the SPL shows a downward
trend, indicating that the aerodynamic noise energy is re-
flected primarily in the middle- and low-frequency bands.
*e amplitude of the noise is approximately 60 dB, which
easily fatigues the driver’s auditory nerve and significantly
affects the driving comfort.*e SPL spectrum for OSRVMA
is the largest and OSRVM C is the lowest (thus, optimal) at
approximately 10 dB lower. *is echoes the SPL cloud map
for the vehicle interior. Similarly, the curve of the 1/3 octave
centre frequency SPL under NO OSRVM is significantly
lower.

�ree OSRVM mode and NO OSRVM in 500Hz

OSRVM BOSRVM A NO OSRVMOSRVM C

�ree OSRVM mode and NO OSRVM in 400Hz
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Figure 11: *e distribution of the sound pressure level of four statuses in the cab cavity.
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Figure 10: *e distribution of the OSRVM A sound pressure level at the field point in the cab.
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5. Comparison between Simulation
and Experiment

Using acoustic wind tunnels for actual vehicle aerodynamic
noise tests is expensive, which limits its practical use.
*erefore, this paper performs road tests using an actual
commercial at the high-speed flat asphalt road in the
Xiangzhou state of Liuzhou.*ere were no other vehicles on
the road surface, and the conditions were closer to the
operations of high-speed CVs. *e temperature was 24
degrees with a 1m/s breeze. *e lab noise test equipment

from LMS (Belgium) was used, and the Lab 17 A experi-
mental analysis software system was integrated with a 16-
channel SCADAS portable data acquisition front end.
Prepolarized microphones and preamplifiers from GRAS
(Denmark, shown in Figure 14) were used, and the total
sound pressure level at 100mph was measured using a
handheld sound level meter. Figure 14(b) shows the test
points and instruments for the road tests.

*e sound pressure level (SPL) tests in the commercial
measure the noise for the entire vehicle, and differences
between the low-frequency band simulation and the test

�ree OSRVM modes and NO OSRVM in 500Hz

OSRVM BOSRVM A NO OSRVMOSRVM C

�ree OSRVM modes and NO OSRVM in 400Hz
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3.00e  + 001

2.00e  + 001

1.00e  + 001
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Figure 12: *e distribution of the sound pressure level of four statuses at the field point in the cab.
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Figure 13: Comparison of sound pressure levels in the driver’s left ear of three OSRVMs and NO OSRVM.
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values are as much as 20 dB, as shown in Figure 15. As the
frequency increases, the differences between the simulations
and experiments gradually decrease. In the middle-and
high-frequency bands, they are in good agreement and show
that the aerodynamic noise plays an important role. *e
simulated total SPL level is 85.56 dB and the experimental is
74.84 dB, giving an error of nearly 11 dB. *e main causes of
this error are the low-frequency structural vibration and
noise caused by the engine and road surface excitation
during the experiment, which amplifies the test values.
During the simulation, the pressure pulsation of the window
is considered, and the aerodynamic noise generated from the
sun visor and other parts of the cab is ignored. In addition,
the whistling sound caused by the hole on the surface of the
car body and the aerodynamic noise caused by the sepa-
ration of the airflow of the local step (such as the roof bump)
are ignored.

6. Conclusions

A simulationmethodology is presented in order to predict the
interior acoustic field in the commercial vehicle cab generated
by the outside rear-view mirror. *e methodology relies on a
hybrid aeroacoustic strategy, where the sound source field is
obtained from unsteady surface pressure extracted on two
side windows from an incompressible CFD solution by
STAR-CCM+. *e acoustic field is then solved with the
surface dipole approach in the FEMAO framework of LMS
Virtual.Lab. Based on hybrid simulation strategy analysis, the
aerodynamic flow characteristics and interior acoustic field
sound pressure levels for commercial vehicles with the trailer
of the proposed three outside rear-view mirror models were
compared. *e comparative studies at none mirror status
showed that the velocity/pressure profiles and sound pressure
levels were dramatically improved for commercial vehicles
with the trailer. And the following conclusions are made:

(1) It was showed that the proposed methodology is
applicable to predict the aerodynamic noise inside
the cab of commercial vehicles comparing the data of
actual road test of the taxiing road. It is very ben-
eficial to optimize the outside rear-viewmirror based
on the analysis of the wind drag and then to in-
vestigate the propagation of the aerodynamic noise
into the cab interior.

(2) Various rear-view mirrors have different wind drags
for commercial vehicles with the trailer. *e greatest
impact was approximately 1.2%. *e presence of the
rear-viewmirror can effectively reduce the wind drag
for commercial vehicles with the trailer, comparing
the data (4.9%) from the state of commercial vehicles
without the rear-view mirror.

(3) *e guide cover of the rear-view mirror frame, the
thickness of the rear-view mirror housing, and
passivation affect different degrees of aerodynamic
interior noise of the cab. Optimizing these param-
eters can reduce the aerodynamic noise inside the car
as well as the wind drag.

Measuring Instrument

(a)

Test Point of Driver's Right Ear

(b)

Figure 14: Noise testing equipment and arrangement of microphones. (a) Measuring instrument. (b) Test point of the driver’s right ear.
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