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Abstract: Interior noise of a production car is a total contribution mainly from
engine, tyres and aerodynamics. At high speed, wind noise can dominate the
total interior noise. Wind noise is associated with the unsteadiness of the flow.
For most production cars, A-pillar and side view mirror are the regions where
the highly separated and turbulent flows are observed. This study quantifies the
wind noise contribution from A-pillar and side view mirror with respect to the
interior noise of a generic realistic model, DrivAer. The noise sources are
obtained numerically from the flow-structure interactions based on the
unsteady Reynolds averaged Navier stokes (URANS) while the noise
propagation is estimated using Curle’s equation of Lighthill acoustic analogy.
The sound pressure frequency spectrum of the interior noise is obtained by
considering the sound transmission loss from the side glass by using the mass
law for transmission loss. The study found that the noise from the A-pillar is
higher than the noise from the side view mirror in the whole frequency range.
Near the end of the A-pillar component contributes the highest radiated noise
level with up to 20 dB louder than that at the front part of the A-pillar.
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1 Introduction

Internal noise for most production cars is predominantly due to the noise radiation from
engine (propulsion noise), tyres (rolling noise) and turbulent flow (wind noise). The
sound power for each sound source increases with the car’s speed (v) but at a different
rate. Theoretically, the change in sound power level (L,,) with speed can be estimated as
follows (Bloklanda and Peetersb, 2009; Croaker et al., 2011),

V=YV,
prmp“h.m,, (V3 a) = Apropulsion + Bprapulsion (—wa + Cpropul:ion -a (1)

Vref

v
mey,,,g (V) = Aralling + Brolling : 1OgIO - (2)
Vref
v Y]
Aero (ng j 3)
Ly,,, (v)=10logio Tx0n

where A, B and C are constants that are governed by the condition of the road, car’s type
and geometry and a is the acceleration of the car. n is the type of wind sources, that are
varied between 4 to 8 and C is the speed of sound. The reference speed (v, is taken at
70 km/h, similar to Bloklanda and Peetersb (2009).

Figure 1 shows the relation between the car’s speed with the generated sound power
from propulsion, rolling and wind sources. The relationships are obtained from equation
1, 2 and 3 respectively, by taking A,opuision = 32, Bpropuision = 85 Arotiing = 40, Broting = 35,
Auero =1 x 107 and the car is assumed moving at a constant speed (a = 0). Note that these
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values are just estimation for a typical production car and the values vary between car
types and also between various road and wind conditions. However, the trends of the
sound power levels are the same for most production cars, where the sound power from
the wind noise is increasingly dominant at high speed (> 80 km/h). If the rolling noise is
further reduced by using low rolling noise tyres, wind noise is the major contribution to
the internal noise level. The important for reducing wind noise for vehicle comfort is also
discussed by Wang (2010). Thus, investigation on the noise due to the wind is the focus
of the current study.

Figure 1 A typical sound power level (dB) for most production cars as a function of car’s speed
(see online version for colours)
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At high speed, the flow around the car is fully turbulent. The flow is complex and always
fluctuating. It is the nature of flow over bluff bodies, where flow separations induce free
shear layers that are unsteady. These shear layers may reattach to the body and whirl
downstream as a large scale eddy. It is well known that flow separations and vortex flows
are potential aerodynamic noise sources (Stapleford and Carr, 1970; Stapleford, 1970;
Buchheim et al., 1982). Gloerfelt (2009) divides the aerodynamic noise mechanisms on a
car into four parts:

1 wind noise from fluctuating forces acting on bluff body components (side view
mirror, A-pillar, wipers, etc.)

2 cavity noise from small gaps (sunroof, open glass window, door-body gap, rain
gutter, etc.)

3 boundary layer noise from wall (windshield, glass window, roof, etc.)
4  fan noise and ducting noise (engine cooling system, blowers, axial fans, etc.).

Bluff body components (side view mirror, wipers and aerial) attached to the main body of
the production cars are an efficient vortex generator. The flow separations on the bluff
body components initiate free shear layers that roll downstream and forming von Kérman
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vortices. The periodic formation of the vortices generates fluctuating aecrodynamic forces
acting on the bluff body components. Referring to the Curle’s (1955) analogy, fluctuating
aerodynamic forces is a dipole sound source. Thus, the sound frequency peak
corresponds to the vortex shedding frequency (St = f,,,..D / U, where D is the diameter
of the side view mirror). For turbulent flow over an isolated side view mirror, the
corresponding tonal noise is at a low frequency region (f;,,.s ~ 40 Hz) that gives St ~ 0.2
(Bowes and Hasan, 2015). However, in real driving conditions, the flow over the side
view mirror is more complex predominantly due to the A-pillar vortex interacting with
the side view mirror. The flow not only contains von Karman vortices but also A-pillar
vortices (conical vortex) of various time and length scales. Consequently, the tonal noise
is contaminated by other sound sources that makes the total sound pressure level is
emitted at a broader frequency range.

Figure 2  A-pillar vortex structure. the direction of the free stream flow is out of the page
(see online version for colours)
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The edge between the windshield and the front side window for most production cars is a
blunt shape. This component is known as A-pillar. The flow bypassing the A-pillar is
highly three dimensional where the flow from the windshield is forced to separate. This is
due to the sudden change in the geometry. The flow separations induce free rolling shear
layer along the A-pillar in the form of a conical vortex. Figure 2 shows a cross section for
a typical structure of the A-pillar vortex, suggested by Levy and Brancher (2013). The
A-pillar vortex consists of a primary vortex that is formed from the flow separation on
the A-pillar’s edge which travels downstream and upwards along the side window and
roofline. Spectrum analysis of fluctuating pressure at the A-pillar by Hoarau et al. (2008)
found two peaks that correspond to the size of the primary vortex at a high frequency and
the total length of the conical vortex at a low frequency. Taking these length scales (L)
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for the Strouhal number calculation, St = f,.uL / U, a unity value is obtained for both
frequencies.

The fluctuating pressure on the side view mirror and the A-pillar of a production car
can radiates wind noise. Hamel and Ahuja (1996) compared the fluctuating sound
pressure of a quarter cars with and without the side view mirror. They found that the
noise due to the side view mirror was only significant at a low frequency (<1 kHz).
Additionally, they also found that by changing the A-pillar’s height (measured normal
from the windshield) the generated sound level was also changed. However, the changes
were depended on the installation of the side view mirror. Without the side view mirror,
increasing the A-pillar height by 13 mm had reduced the sound pressure level up to
~8 dB. Contrary, with the side view mirror installed on the car, increasing the height of
the A-pillar made the sound pressure level increased up to ~5 dB especially at the high
frequency region. However, no explanation was given on the fluid flow that was
responsible for these phenomena.

The exact noise contribution from the A-pillar and the side view mirror to the total
cabin noise is still not being discussed widely in open literature. It is the aims of the
current study to discuss the characteristic of noise spectrum due to the side view mirror
and also due to the A-pillar vortex. This paper is structured as follows. The model chosen
for the current study is explained in the next section (Section 2). Then, the methodology
and its validity are presented in Sections 3 and 4, respectively. The results of the current
study are discussed in Section 5 before a conclusions in Section 6.

2 Problem geometry

DrivAer body is a generic model that is purposely designed to have a similar exterior
design feature to most production cars. Thus, the study is reflected to the realistic
production car. The design is based on Audi A4 and BMW 3 series (Shinde et al., 2013).
Figure 3 shows the DrivAer fastback geometry chosen for the current study.

Figure 3 Dimensions of DrivAer model
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DrivAer model has been used by many ([Heft et al., 2012a, 2012b; Strangfeld et al.,
2013; Forbes et al., 2016) as a benchmark case. The original study on DrivAer is done by
Technical University of Munich (TUM) and the CAD design for the geometry is also
made available to the public by the institute. While there are many studies on DrivAer for
the exterior aerodynamics, the study on the wind noise is still not available, at least to the
authors’ knowledge.

3 Methodology

3.1 Flow simulation

The governing equations for the flow are continuity and momentum equations. The flow
is assumed incompressible as the Mach number of the current study is low, i.e.,
Ma = 0.118. Reynolds number based on the height of the car (Re = U, H / v) is 3.78 x 10°
which makes the flow fully turbulent. To complete the simulation within a reasonable
computational time, the turbulent flow is modelled using the unsteady Reynolds averaged
Navier stokes (URANS) equations.

From Menter et al. (2003), the governing equation is reformulated in the form of the
time averaged value:

ou, U, @ U, dU,
—+pU;——=—| —pd + u| —+—=L |- puju’ 4
P T ax,{ Py /{axj Gx[j g ’} @

ouU;,
ax_,-

p 0 (5)

where (—pru}) is the Reynolds stress.

The Reynolds stress is solved by using eddy-viscosity model based on the Boussinesq
assumption,

_pul’u} =u, (%_F_/_ga(]k d“j_ 2

= pkdj; 6
ox; Ox; 3 Ox 3/) ' ©

where the turbulent kinetic energy (k) and the specific dissipation rate (w) are solved
using the two equation models that are based on £k — wSST (Menter, 1994),

ok ok 0 ok
—+U,—= B - f*ko +—|(v+ovr)—
ot J axj pru:zf%tion ditrucllon J |:( ' T)axj:l (7)
diffusion
5_60+Uj6_a): aS? - o’ +i (v+awvf)a—w
ot an prMon de?rz;c—ti‘on axj ox ¥
diffusion (8)
1 0k Ow
+2(1-F)0py ———
( )ow: W Ox; OX;

cross—diffusion
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where vy is turbulence eddy viscosity and it is defined as:

a]k

e max (@, SF; )

)

In the software of OpenFOAM S =./2S,, where S, = |S,-j|2, (source or strain rate of the

mean flow).
The following closure coefficient is used in this study:

F, = tanh Hmax[ 2k -, SOOVH } (10)
B+wy Yo

where y is the distance to the next surface,

P, :min[rij %,IOﬂ*ka)j (11)
J
4
F; = tanh 1< min| max Jk , S00v , 4o,k (12)
Broy y o ) CDi,y*
CDy, = max(2pow2 é%%‘" 1010j (13)
p=hF+¢ (1-F) (14)
where ¢, = o;, f;
5
a =g, 0= 0.4403 (15)
/f—i B> =0.0828 ,/3*—i (16)
BT 100
o1 =0.85034, 64, =1, 6, = 0.85616 (17)

The 2nd-order backward scheme (Jasak, 1996) is used for temporal discretisation, the
convection term is discretised using the 2nd-orderQUICK scheme (Leonard, 1979) and
2nd-order unbounded Gauss linear differencing scheme is used for the viscous term. The
Courant-Fredichs-Lewy (CFL) number (Courant et al., 1967) is kept below 0.8.

3.2 Noise calculation

Lighthill’s acoustic analogy is used in the estimation of the sound propagation to the
observer positions. Lighthill rearranged the Navier-Stokes equations into the form of
inhomogeneous wave equation, where the sound source is due to the unsteadiness of the
flow. Lighthill’s equation is an exact representation of the sound propagation, where no
approximation is made in its derivation.
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The solution for the Lighthill’s equation requires a Green function, so that the effect
of sound sources, boundary condition and the initial condition on the sound field can be
included. In the present study of a rigid body, Curle’s equation provides the solution. For
a compact sound source, Curle’s equation is:

. _ L (x=y)n pl.t)
Pln=g | [P as) (18)

where p’ is the sound pressure fluctuation with time (¢) at the observer position (x). The
. . . . . 15/

sound source is the time gradient of the hydrodynamic pressure fluctuation (6_p) of a
t

small surface element dS measured at the sound source (y) and at the retarded time of

’ _(x_J/)

t'=t . The sound radiation is also affected by the speed of sound C, and the

o
angle between the sound source and the observer, (x — y) - n. See Figure 4 for the sketch
representation of the notations.

Figure 4 The notation of the noise radiation
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4 Comparison and validation

4.1 Aerodynamics

Table 1 compares the mean drag coefficient (Cp, ) between the current study and

‘mean

previous available similar studies. A good agreement with the experimental study by
Guilmineau (2014) with only 2.1% difference is obtained. Note that the current study has
defined slip boundary condition on the ground so that there is no boundary layer
development on the upstream of the model. Similar treatment has been used by
Guilmineau (2014), where the floor under the model is made moving with the freestream
velocity. A higher Cp, ., is obtained when the floor under the model is made as no-slip

condition (Shinde et al., 2013; Ashton et al., 2016), i.e., the boundary layer is allowed to
developed upstream of the model, where up to 7.0% difference in Cp___ is observed.

‘mean
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Table 1 Comparison of mean drag coefficient Cp_ between current study and previous

'mean

available data

Method Coren % Remarks
Current k — o SST (unsteady) 0.248 2.1% 1.99M cells
Shinde et al. (2013) k— o SST (steady) 0.260 7.0% 11M cells
Ashton et al. (2016) k— o SST (steady) 0.260 7.0% 80M cells
Ashton et al. (2016)  Realisable k — € (steady) 0.244 0.4% 80M cells
Shinde et al. (2013) Exp. 0.254 4.5% non-moving wall
Guilmineau (2014) Exp. 0.243 Ref. moving wall

4.2 Wind noise

The method used to calculate the wind noise in the current study is validated with the
experimental measurement of Hartmann et al. (2012). The condition chosen is for
freestream velocity of 140km/h. The validation involves comparisons of the sound
pressure level of the sound source at the side window and the sound pressure level inside
the cabin.

The model chosen for the validation study is a simplified generic car model that is
based on the SAE type 4 body (fullback). The geometry and its dimension are taken
identical to the model investigated by a group of German automotive manufacturers
consortium (Audi, Daimler, Porsche and Volkswagen) ([Islam et al., 2008a, 2008b;
Hartmann et al., 2012). It is intentionally made so that comparisons of results can be
made in a fair and informative manner between the current numerical study and the
experimental measurement made by them. Figure 5 shows the geometry and its
dimension of the model. The CAD design is prepared by using CATIA V5 and the
surface mesh is constructed by using HyperMesh V12.0.

Figure 5 Dimension of generic vehicle model derived from SAE type 4 body (see online version
for colours)
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Source: Taken from Islam et al. (2008a)

The A-pillar is made from a fillet of radius 0.25 m between the side and the front surfaces
and it is inclined at an angle of 30.39° from the longitudinal axis. The range of inclination
angle for most passenger cars is between 29° to 50° with an averaged of 33° (Quigley
et al., 2001). The height and width of the model are 1:20m and 1:60m, respectively that
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give a frontal area of 1.92 m”. The average frontal area for most passenger cars is 2.09 m’
[ecomodder.com]. However, unlike for most passenger cars, no inclination from the
vertical plane is made on the side window of the current model. Table 2 compares some
features of the current model with most production passenger cars.

Table 2 Comparison of geometry between generic model SAE fullback type 4 (Hartmann
et al., 2012) and most passenger cars (Quigley et al., 2001)

Most passenger cars

Model SAE — -
Mean Minimum Maximum
A-pillar length (m) 1.62 0.76 0.60 0.89
A-pillar inclination (°) 30.4° 33.0° 29.0° 50.0°
Side window inclination (°) 0° 25.0° 11.0° 35.0°
Frontal Area (m2) 1.92 2.09 1.41 3.26

4.2.1 Sound source

The time gradient fluctuating pressure (Op / 0f) is used as the sound source. 14
measurement points at the side window have been made and the sound source is
measured individually. For comparison with Hartmann et al. (2012), the averaged SPL is
calculated;

SPLyerage =10-logio (%[10&/10 +100/10 41010 +...+10L~/1°]j (19)

where L; is the noise source level at a measurement point i and N is the number of
measurement point, i.e., 14 points for the current study.

Figure 6 Comparison of sound source pressure level (average) at the window glass between
current simulation and experimental measurement of Hartmann et al. (2012) (see online
version for colours)
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Figure 6 shows the comparisons of sound source at the side window between the current
simulation and the measurement done by Hartmann et al. (2012). A good agreement with
less than 10 dB difference is obtained when /< 6,000 Hz.

At high frequency (f > 6,000 Hz), a large deviation between the two results is
observed. This is most probably due to the assumption made in the current study, where
the sound source is assumed compact. However, at high sound frequency range, the
sound wavelength is much shorter than the sound source length (A << I,.). The sound
wavelength at /= 6,000 Hz is;

a=Se

A
340 (20)

6,000
=0.057 m

and the sound source length for the current study is 0.135 m, thus it is more than two
times larger than the sound wavelength. However, main concern is not given to the noise
at high frequency range because the current study is focusing on the wind noise that is
dominantly high at low frequency range.

4.2.2 Internal noise

The internal noise is calculated using equation 18 where the sound source is measured
along the A-pillar with 14 measurement points. The sound radiation is measured at the
side window with the coordinate of (-2.2, 0.8, 0.3) before it is transmitted inside the
cabin through a glass. The origin of the coordinate is located at the centre of rear surface.
The sound transmission loss (R) is assumed to follow the mass law theoretical rule that
applicable for most material including the glass (Tadeu and Mateus, 2001):

R =20log;o(Mf)—47 dB 1)

where M is the mass per unit area of the glass panel (kg / m%). The mass per unit area is
the product of the material thickness and its density.

The mass law sound transmission loss does not consider the vibration of the glass
panel. At high frequency the sound pressure may induces bending waves. The critical
sound frequency (f;) for the occurrence of the bending wave is;

2 [p(1-v?)
f“_l.glh\/ E @2)

The Young’s modulus for the current study is £ = 70 GPa and the thickness of the glass,
h =3 x 107 m, which gives f. = 3,942 Hz. At low frequency, the resonances of the glass
panel may affect the sound transmission. The natural frequency of the glass panel
depends on the mode of the vibration (n, m):

T /Eh y ? m, ?
Som :E E{[L_xj +[Zj } (23)
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where n, and m,, are the mode index in x and y axes, respectively and L, and L, are the
length of the glass panel in x and y axes, respectively. Taking the vibration modes as 1 for
both axes, the size of the glass panel is 0.4m x 0.6m and the density of 2,500 kg/m’, the
corresponding natural frequency for the current study is 66.32 Hz.

These two frequencies (f. and f,,,) determine the regions where the mass law can be
reasonable applied to predict the sound transmission loss when the noise passes through
the glass window. The resonance frequency region usually extends until 2f,,, while the
coincidence frequency region may start at f. / 2. Thus, the mass law of sound
transmission loss is valid in the range of 132.6 < f(Hz) < 1971. However, a maximum of
14 dB deviation is observed at /= 198.4 (see Figure 7). This frequency is very near to the
region of resonance frequency, at which the deviation may due to the vibration of the
panel that is not considered in the current study.

Figure 7 Comparison of SPL inside the cabin between current simulation and experimental
measurement of Hartmann et al. (2012) (see online version for colours)
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5 Results

5.1 Sound from A-pillar

The current study concerns on the noise contribution from the A-pillar to the internal
noise. As the length of the A-pillar is relatively larger than the size of the sound wave, it
is appropriate to make the A-pillar into various smaller sections. For the current study,
the A-pillar has been divided into 14 sections of similar size. Figure 8 shows the
fluctuating sound pressure measured at the side window (at the position of the driver’s
height) from each of the A-pillar segment.
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Figure 8 Fluctuating sound pressure (p'(pa)) measured at the observer position (near the driver)

radiated from sound sources located at various locations of the A-pillar, (a) base

(b) middle (c) end (see online version for colours)
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Figure 9 Sound pressure frequency spectrum measured at the window for each A-pillar
component, (a) base (b) middle (c) end (see online version for colours)

80 T T A !
——-point 1
|- point 2

70 ——point 3 I
——-point4| /

—point 5| |
- 00

ke )
¥ g

10! 102 107
f (Hz)
(a)
80 T
——-point
———point 7
70 | —point 8
——-point 9
—point 10

80

———point 11
————— point 12
—point 13
———point 14

-~
(=]

dB (20log , ref. 20 x 10°%)

40

30 L L N T R R B | L T S T N S A |



Wind noise from A-pillar and side view mirror 53

Near the base of the A-pillar, the rate of fluctuating sound pressure is high but the
amplitude of the sound pressure is small. At this region, the A-pillar vortex is expected to
develop and as the base of the A-pillar is located upstream of the side view mirror, the
A-pillar vortex does not interacts with the side view mirror wake yet. Therefore, the
amplitude of fluctuating sound pressure is in a regular pattern. Near the middle of the
A-pillar, the fluctuating sound pressure is generally high if compared to the near base of
the A-pillar. At this region, the A-pillar vortex is fully formed and the wake of the side
view mirror interacts with the A-pillar vortex. Therefore, the fluctuating pressure signals
are more random. Near the end of the A-pillar, the A-pillar vortex is expected to
dissipate. Its strength starts to decrease that makes the amplitude fluctuating decreasing
downstream.

Inspections of the sound pressure frequency spectrum on the sound radiated from
each A-pillar segment found three behaviours, according to the location of the A-pillar
segment. Near the base of the A-pillar, the sound pressure level is high at frequency ~100
Hz. If taking the Strouhal number as 0.2 [St for a general bluff body shape (Wang and
Watkins, 2010)], St =fL / U, = 100L / 40, gives the length scale of L ~80 mm. This is the
size of the A-pillar. Thus, the sound generation at this region is mainly due to the A-pillar
vortex. Near the middle of the A-pillar, a frequency peak is observed at 1,500 Hz. A
similar analysis can be done from the Strouhal number calculation. St =fL / U,, = 1,500 L
/ 40, gives L ~5:3 mm. This is the height of the step between the windshield and the
A-pillar. Thus, it can be deduced that the noise generation at these points is mainly due to
the vortex shedding from the step of the A-pillar. Near the end of the A-pillar, the
frequency peak is shifted to a lower frequency, ~500 Hz. However, at this stage, the
reason for the development of frequency peak is still unknown. Inspection of the flow
structure of the A-pillar vortex may help in explaining the behaviour.

Figure 10 Fluctuating sound pressure, p'(Pa), at the observer position (near the driver) radiated

from sound sources located at various locations on the A-pillar (see online version
for colours)
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Figure 10 shows the total noise due to the A-pillar noise sources. The total noise is
dominated mainly by the noise source at point 7 (near the middle of the A-pillar) and also
noise source at point 12 (near the end of the A-pillar). Thus, these areas should be refined
if the total noise into the cabin is to be reduced. However, A-pillar is one of the integral
components that modifying in one area will be impossible without also affecting the flow
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structure of the neighbouring area. Additionally, the sound pressure frequency spectrum
of the total sound from the A-pillar (see Figure 11) shows that the other points also
contribute to the broadband sound level. Therefore, it is important to observe the overall
trend of SPL along the A-pillar. This is plotted in Figure 12, where the trend is well
observed when a regression analysis is applied on the raw SPL data distribution. It is
clearly shown that the end segments of the A-pillar are the major noise source to the
internal noise. Thus, this should be the area of improvement for the internal noise
reduction.

Figure 11 Sound pressure frequency spectrum measured at the window due to the total sound
radiation from the A-pillar
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Figure 12 Sound pressure level, SPL (dB), measured at the observer position (near the driver) for
different sound sources located at various locations on the A-pillar (see online version
for colours)
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Referring to equation 18, there are several parameters that influence the noise level at the
observer points. There are the noise source (Jp / 0f), distance between the noise source
and the observer (x) and also the sound directivity ((x —y) - n). By only considering the
noise source at each segment, Figure 13 shows the distribution of noise source (dp / o¢)
level along the A-pillar. The sound source level near the end of the A-pillar is actually
about the same level as the sound source level near the base of the A-pillar. This indicates
that the distance between the A-pillar and the observer and also the directivity of the
noise are the main reason for the high level of noise from these noise source points.
Increasing the height of the A-pillar, so that its distance is far from the driver position,
may help in reducing the total internal noise.

Figure 13 Sound source level, SPL (dB), measured at various locations on the A-pillar
(see online version for colours)
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5.2 Sound from side view mirror

The fluctuating surface pressure acting on the side view mirror is also efficient sound
source. In this section, the sound generation from the side view mirror is discussed. The
length scale of the side view mirror is relatively smaller than the overall length scale of
the A-pillar. The sound wavelength is initially estimated less than the length scale of the
side view mirror. Taking the height of the side view mirror as the length scale, the sound
frequency under consideration is,
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The estimated sound frequency is greater than the frequency peak observed by Bowes
and Hasan (f,,,,; ~ 40 Hz). Thus, for the noise calculation on the side view mirror, it is
valid to use the compact sound source assumption where the sound wavelength must be
greater than the length of the sound source. In the compact sound source assumption, the

. . . . oF
noise source is fluctuating aecrodynamic force (a—).
t

Figure 14 Fluctuating forces (N), acting on the side view mirror (see online version for colours)
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Note: The resultant force acting at —21.5° from the streamwise direction.

Figure 14 shows time history of the fluctuating aerodynamic forces acting on the side
view mirror. Fluctuating lift acting in the down force while drag acting in the direction of
the free stream. These two forces result in a net force acting —21.5° from the streamwise
direction. The magnitude of the net force is about two times larger than the drag force
and the rate of fluctuation is more severe than fluctuating drag and lift.

Figure 15 Fluctuating sound pressure, p'(Pa), atthe observer position (near the driver) radiated
from the side view mirror (see online version for colours)
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The noise generated by the fluctuating force acting on the side view mirror is plotted in
Figure 15. The noise is measured at the side window near the driver position (similar
position as the previous sound analysis for the A-pillar). Inspection of the sound pressure
frequency spectrum found a frequency peak at frequency 200 Hz and its harmonics at
f =600 and 1200 Hz (see Figure 16). The frequency peak confirms that the sound
generation on the side view mirror is mainly due to the vortex shedding. This can be
further confirmed by the Strouhal number calculation,

si=L
Uowo
02 100L (25)
40
L=0.04m

This length scale corresponds to the half of thickness of the side view mirror (¢ ~ 0.08 m)
with respect to the drag forces fluctuation in the streamwise direction.

Figure 16 Sound pressure frequency spectrum measured at the window due to the sound radiation
from the side view mirror
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5.3 Sound radiation comparison

In this section, the noise contribution from the A-pillar and side view mirror will be
compared. The noise measurement is taken at the side window near the driver position.
The fluctuating sound pressure is plotted in Figure 17. The noise due to the side view
mirror is about 4.4 dB lower relative to the sound pressure level from the A-pillar. The
noise source from the A-pillar dominates the sound pressure level with only 1.4 dB lower
relative to the total sound pressure level.
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Figure 17 Fluctuating total sound pressure, p'(Pa), at the observer position (near the driver). the

sound radiations from the A-pillar and side view mitror are also shown (see online
version for colours)
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Notes: SPLy = 72.79 dB, SPL;j,- = 71.43 dB and SPL,;,,.,, = 67.03 dB.

Figure 18 Sound pressure frequency spectrum comparison measured at the side glass and
considering the sound transmission loss through the side glass (see online version
for colours)
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Figure 18 compares the estimated sound transmission into the cabin between the sound
generated from the A-pillar and the sound generated by the side view mirror. The
transmitted sound due to the side view mirror noise source has a small effect on the total
transmitted sound, especially at the intermediate frequency region (200 < f'Hz < 2,000)
with up to 15 dB lower relative to the total sound. The noise source from the A-pillar
dominates the total sound pressure frequency spectrum for whole frequency range. A
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similar pattern is observed when the sound pressure level is filtered with A-weighting
sound level as shown in Figure 19.

Figure 19 Sound pressure frequency spectrum comparison measured at the side glass and
considering the sound transmission loss through the side glass (see online version

for colours)
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6 Conclusions

The main aims of the current study are to quantify the internal sound contribution from
the noise source of the A-pillar and the side view mirror. The model chosen for this study
is the generic realistic model, DrivAer. The noise source is calculated using URANS and
the sound radiation is calculated using Curle’s equation of Lighthill’s acoustic analogy.
In order to obtain the sound transmission loss inside the cabin, the mass law has been
used in the whole frequency range in estimating the sound transmission loss through the
glass. The study found that the sound pressure frequency spectrum from the A-pillar is
characterised by the broadband noise from the base of the A-pillar and tonal noise from
the end of the A-pillar. Near the end of the A-pillar component contributes the highest
radiated noise level with up to 20 dB louder than at the front part of the A-pillar.
Additionally, the sound from the side view mirror is characterised by a frequency peak
with its harmonics. The sound pressure level due to the side view mirror is about 4.4 dB
lower relative to the sound pressure level from the A-pillar. The total internal noise is
dominated by the sound source from the A-pillar in the whole frequency range.
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Nomenclature
P Pressure of fluid Loy oriion Sound power level
0 Kronecker Delta Re Reynolds number
jin Fluid dynamic viscosity SPL Sound pressure level
vr Turbulence Eddy viscosity SST Shear stress transport
v Kinematic viscosity St Strouhal number
p Density of fluid U, Freestream velocity
o Stress tensor % Speed of car
T Reynolds shear stress Vyes Reference speed

JSronat Tonal frequency




