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A Study on the Sound Noise Emission of Movi
Vehicle by Using Proudman Model
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the engineeringfields which the CB and CAA have
Abstrach This paper aims at predicting the sound noise successfullyadopted even though théd rchallengingin

generatedby a moving vehicleusing the steady state Proudman developing numerical method. The CFD and CAA can be
volume ntegral broadband noise source (BNS) modehsidering  ggjocteq and used in substitution of wind tunnelstést
road ground surface in midfield. The steady and unsteady state . .

CFD were performed to get the SSTirbulent RANS and LES Pre-design process of developing new body shapeafor

simulations for Proudman BNS and unsteady pressureVehicle. There are @poximate broadband noise source
fluctuations respectively usg commercial CFD code (BNS) models for dipole amguadruplenoise sources in CAA

STAR-CCM+. The approximate sound pressure levels in volumewithin combination ofReynolds Averaged NaviStokes

term were obtained and that information is compared with the(RANS) equationsurbulent model. The steady and unsteady
point sound pressure level in frequency spectral range in +fiédd RANS equations ' are available

region. After evaluating the Proudman voluméntegral, the . .
applicability and accuracy of it is discussed. These dipole anquaduple models are attributed for surface

and volumetric sound noise sourcespectively anthey can
Index  Term$) computational — aeroacoustic, vehicle, be used in vehicle design processcessfullyln new vehicle
Broadband noise source model, Proudman volume integral, design process, the aerodynamic characteristics and resulting
CAA. aeroacoustic propagations amin design objective.
| INTRODUCTION In this study, e chargcteristics and applicability of
approximate broadband noise sounf¢he Proudman model
Sound noise problem in a high speed vehicle is §d3] is demonstrated by comparirige results with points
important pollutiom near the highway resident environmentgq;ng pressure leveSPL, dB obtained from the unsteady
The tonal and broadband noises are harmful to the humapshsient CAA analysisThe point pressure fluctuation was
ear heath condition. The highway fence is an easy way j#g:orded and transformed to the spectral frequency ddmain
reduce the highway noise. The main noise sources of vehiglgcyate the acoust®PLto be used for reference value using
are tireroad interaction [#], powertrain mechanical parts, e large eddy simulation LES) simulation with the
and aerodynamics. The acoustic sound noise from t@‘?nagorinskgsubgrid Sale (SSGS)sub gridscalesnodel i
aerodynamic of solid body is defined as aacoustic noise unsteady CAA analysis The commercial CFD code

[5-10]. Regarding the reduction of traffigehicle noise, gsiarccM+ was used for CED and CAA simulation in this
significant progress has been achieved with respect to thgqy.

sourd radiation of the powdrain of vehiclesAs a result, lie
tire and aereacoustic sources are more importémn the II. AERODYNAMIC NOISE: NUMERICAL
engine and powetrain mechanical souragith theincreasing METHOD, CFD AND CAA
vehiclespeedand results in very complicated noise sources
The tire-road interaction noise can be reduced by usin
flexible and soft pavement material for road surfdc4]. It is
well known that the pressure fluctuations on the front si
window surface of a road vehicle are a major sound source
both the external and igior wind noisesThe front side
window aereacoustic noise from Aillar flow separation and
reattachment was regardedtsmain source of aerodynamic
turbulent flow and rotating vortex {B]. The aereacoustic

In the frequency domain, the sound can be understood as
%he irtensity of air pressure propagation. The time dependent
requency of air pressure fluctuation must be obtained from
Ciwe unsteady transient simulation using LES, unsteady RANS
RANS), or detached eddy simulation (DES).
Computational aro-acoustics (CAA) investigates the
aerodynamic generation of soumyglusing numerical method.
Sir Jamed.ight hill derived a theory for the estimation of the
R ! intensity of sound that radiates from a turbulent flow [11]. He
soupd noise 1s dlriectly related to thergig/namlf: Ofthe. establis?/hed the theoretical background generallyrm[jeo]
vehl_cle body. Thusit can be reduced_py Innovative Veh'_dewhen investigating aerodynanmioiseandfirst introducedhe
design Process. The wind tqnnel facility for. aerqdynam|c 0croncept of aer@coustic analogy which consists of replacing
aercacoustic noise wagquipped well to identify that.

H this study | i able in poBsianst it the actuaflow field responsible for generating noise with an
owevel t!ssu yEr:jo avale:j € In presigns agetan h equivalent system ofoise sources. The noise sources act on a
requires me. sche ol and  expensive  cost.  'N€, hiform stagnant fluid that igoverned using standard
computational fluid dynamics (CFD) and computatlonaz

: ) . coustic propagation equations. The aerodynamic
aeroacoustics (CAA) [1118] are widely usd for various cgaracterization of the sources then becomes the main issue in

engineering problems. The aerodynamic application is ON€ Rise prediction. Before this, flowgenerated noise studies

30



IJEIT

ISSN: 2277-3754

ISO 9001:2008 Certified
International Journal of Engineering and Innovative Technology(IJEIT )
Volume 5, Issue2, August 2015
were focused on the relationebveen the frequency of the
fluid fluctuations andhe emitted sound.

Thus, the CAA can be classified into two types, which are
aeroacoustic analogwhichmodels the propagation of sound
waves by using integration techniques F18] and direct
numerical simulation (DNS) for neafield propagation,
according to the numerical method and process. Actually,
DNS type aereacoustic propagation can be simulated using
unsteady CFD method including DNS, LES (Large Eddy
Simulation), unsteady RANS (Reynolds Averaged
NavierStokes equations),or DES (Detached Eddy
Simulation) with the advantage of accuracy. LES can use the
central differencing in spatial discretizatiom general,
URANS is not guaranteed to account the broadband content
arising from turbulent in voeix shedding. DES uses RANS
only in the boundary layeDES and LES perform similarly in
terms of pressure spectra using bounded central differencing,
where boundary layer structures do not directly affecaéne
acoustics When the hybrid BCD discretizah scheme is
used in DES, some key regionsych as an #illar or
separated shear layers, suffer from numedeahping of the
pressure fluctuations.

The integral method (IM) [118], which uses the
aeraacoustic analogy, is fundamentally limited to néeld
accuracy. It relies on the nefield flow data from CFD
solution. The steady or unsteady strategies can be used
according to the problems. For mtid far-field noise
prediction, he Ffowcs WilliamsHawkings (FWH) acoustics
integral formulation isthe preferred strategyl6-18] to
predict smallamplitude acoustic pressure fluctuations at the
locations of each receivéor the sound signal thatiadiated
from nearfield flow.

The results of steady or unsteady CFD analysis involving
Reynolds Averagd NavierStokes (RANS) equations can be
utilized to find the turbulence quantities. Consequently, these
guantities can be used in conjunction with sempirical
correlations and Li gl8jttdhconel 6 s
up with some measures of theuste of broadband noise.
Thus, hese models are based on &ssumptions implicit to
RANS turbulence modeling. They are termBdoadband
Noise Sourcg BNS) Models which are strictly applied to
turbulencegenerated flownoiseandcan be attributed to the
classical aermcous?ic categorizatiqn of dipole{$2]-and Fig.2 Grid definition of fluid domain
quadruples[13-15] in shear and jet flowsespectively. ‘ 25m ‘
Although such analogical methods make it possible to |
estimate sound at a low computational cost, its accuracy doe
not seem to be so high, seisound sources are assumed to be
incompressible or the analogical model itself does not haye
enough reliability. Thus, the more accurate and directive to
the sound sources and wave propagation direct simulation
are preferred. But they need comprehensiemputational
efforts and cost and make the analysis to be impossible in.l.he Aereaco
performing in current hardware.
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Fig.3 Point probesdefinition

ustic noissource, the surface and volumetric
terms, which were defined as dipole agdadruple are
noticed. The volumetric term is usually omitted in-fiztd
hybrid integral method ithelow Mach number problem. And

[Am|  3m 3m Jim| 2m | 2m | 2m |
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the road ground surface interactismlso anitted in farfield  continuously distributed over a broad range of frequencies.
propagation prediction because of the grid model complexityhe higher quality grid resolution must be used for
Actually, the vortex shedding interaction to the road grounguadrupole BNS model or unsteady CAA analysis. However,
surface is not negligible but important in ni@ far-field from the limitation of computation resource of this study, the
sound noise propagation. To account the road groutfacsu limited numbers of gds were considered. More numbers of
contribution in aereacoustic, the midield fluid domain grid models for higher quality resolution will be adopted in
should be considered. Howeyiiis also not easy to simulate, the following studies.
butmorenumbesof grid arenecessary. An approximate BNS The noise source is emitted from the vehicle body to the air
Proudman model [13] can be used for volumetric source tefltow. The sound energy is contained into the turbulent flow
in steadystate analysis which can drastically reduce thand highly infuenced by the complex flow behaviors. To
simulation cost within acceptable accuracy. The trial to usecount the turbulent flow for the Proudman BNS model,
the Proudman model is worth of consideration for design aoffhich calculate the volumetric noise source term using
the vehicle and environmental quick solution. Theaercacoustic analogy, the shear stress transport (SST)
characteristics and applicability opproximate broadband turbulent model was selected for steady RAN Stamh. After
noise source Proudman model is demonstrated by comparoigaining steady state turbulent flow results in CFD, the
with SPL (dB) obtained from the unsteady transient CAAquadrupolenoise sourcevascalculated usinghe Proudman
analysis. The point pressure fluctuation was recorded aBiNS model.
transformed to the spectral frequency domain to evaluate the

sourd noise quantities in mifield region. IV. PROUDMAN BROADBAND NOISE SOURCE
MODEL
lll.  GEOMETRY AND METHODOLOGY The turbulent flow emitted from a solid vehicle body is

To account the effects of vortex shedding interactionften interest for gesrating fasfield region. The Proudman's
between road ground surfaces, the grid model should extgntegral, based on acoustic analogy, can be used to
to micdtto far areaThe effects of volumetric grid resolution approximate the location and intensity of noise source term in
for the Proudran BNS model are critical in mig farfield air volume to the total acoustic power from turbulent flow. In
area. The preliminary parametric studies for grid resolutioribis paper, e Proudman modelas used for quadruple
were studies to determine the grid model. As a rethdt, sources of noise This Lighthill Stress Tensorfeature
geometry, grid models of vehicle and fluid domain aréterrogates the flow field and compiles veloaigrivatives
illustrated as in Fig.1 and Fig.Ruistrate for CFD and CAA. which make up the Lighthill Stress Tensor. It is a scalar with
Fig.3 explains the locations of point probes in fluid domain teector components. By observing Lighthill results, it is
record the point pressure fluctuation. After recording thpossible to identify the location of flowgenerated
pressure history, the Fourier transform will be performed. Agereacoustics sourcesL i ght hi | | 6s i nhomo
shown in Fig.1, e length, heightand widh of vehicle are equation governing the sound propagation is derived from
5.13m, 1.8m and 1.17m respectivelJhe aereacoustic conservation of mass and momentum:

characteristics were studied for car type vehitlee fluid K+l(rv)=o (1)
domain size was defined in Fig.2 as 25m, 6.5m and 14m for yt  px :

length, height and width respectively. The grid unit length of

suiface of vehicle is defined as 25mm for trimmed grid model. —(f\4)+L(f\4Vj B )= 0 ()
The resulting total number of grids and nodesl&&60,000 }

and18540,000respectively where, 7 :density; v, , v,: the velocity components

The effects of grid resolutiasf the Curle surface integral is p, : the stress tensor.
not significant wherthe proper grid modeks used because it _
is not time dependent to the time or frequency domain but Py =5 +(p- pO)aili (3)
surface pressure distribution to calculate in an overall surfacewhere, p: the thermal dynamic pressure of the flow field

interest. However, the Proudman model needs higher qual'wy; the Kronecker deltas, : the viscous stress tensor.
volumetric grid to identify the broadband noise souirce

mid-to far-field. Thus in general, more numbers of grids and ¢ — v W Eﬁd 8 (4)
computational cost are needed to perform quadruple ' & . 3px 2

Proudman BNS model than dipole Curle surface BNS model.g ; p g Einstein notation, Ligh
This is the reason why many CAA research works arg.

interested in trying to adopt thetegral method ofFfowcs W Yar

Williams-Hawkings (FWH) acoustics integral formulation — - cj(Dzr): ! (5)

for mid-to farfield problem. Thefluid domain grid should Mt HX A,

account the sound wave length of required frequency range ilWhereT, is the "Lighthill turbulence stress tensor” for the
unsteady transient analysis because shend energyis  acoustic field, and it is denoted by substituting stress tensor
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p,iInT, approximately 13. I n Puoand d man
e can be written as:
Tij :rvivj+_sij+dij[(p_ po)' Cg(/'- ro)] (6) - - .
where d, : the Kronecker deltas; : the viscous stress = /ge%kg , 9:1'5u (10)
i . 3 = I
tensor; r, : far field density. ¢ )
. L ) In terms of the turbulence velocity scale and of the
In laminar flow, the stress tensor is given by: .
turbulence length scale, the local acoustic power due to the

S, =5, un= n%éﬂJrﬁ_ Eﬂoj § (7)  unit volume of isotropic turbulence (W/m’) becomes:
SEFJX; o 3 2 AP=ar usu’® (11)
In turbulent fow, the stress tensor is given by: TS

ayv 2w @ _ _

S, =SiamTSium = ngﬁaéﬁ+ﬁ— —ﬁagg (8) with: U :L, a,=0629 , where r, : the farfield
gijxj P 3px 9 _ T _

where the effective viscosity, = 7+ mis , the sum of the density U : the turbulence velo'cny L: the turb.ulence

length scale T : the tubulence time scale and, is the

far-field sound speedThe rescaled constant is based on

] ) _ Direct Numerical Simulation for isotropic turbulence done by
Each of the acoustsource terms from the Lighthill stressggrkar and Hussaini§].

tensor inT; may describe a significant role in the generation The total acoustic power per unit volume can be repimted
of sound as:rvyv, : describe unsteady convection of flow(ordimensional units\V/m") and in dB:

laminar and turbulent viscosities.
In inviscid flow, the stress tensor & =0.

Reynold's stress)s, : descrite sound sheard [(p)- ¢(r): AP(dB) =1010 &APg (12)
describe nonlinear acoustic generation processes gq?ef 9

The Proudman noise source model evaluatesustic Where P,
power per unit volume and the sound is frgoedruples 712 .
Specifically, this model computes the acoustic power t&e =10E (\N/m)
evduate the locatontribution to the total acoustic power per
unit volume from the turbulerfftow. The Proudman model V. NOISE SOURCEOF HIGH SPEEDVEHICLE

assumes isotropic turbulencéhis modelcan be used for  The noise source of aeazoustic ibased on aerodynamic
quadruplesources of noise, such #se areas arountear flow, Flow separation and induced turbulent flow is the
C-pillar or blunted bodyL ike the Curle model, this model cangource of flow fluctuation which can be visible in vortex
be used in steady anshsteady (transient) analyses. It isshedding. The strong flow impinging will make higher noise
compatible with all ReynoldAveraged NavierStokes emjssion. There are several noise souvdgish produce the
(RANS) models that can provide turbulence time and lengthorticity in boundary layer near the body. The vortex
scalesHowever, it ispreferable for steadgtee solutions.  shedding or emitted air flow makes the Vorticity, flow, and
The analytical result of Proudmarg]lestimated the local pressure fluctuation. The intensity of pressure fluctuation is
acoustic powergenerated by unit volume of isotropicspl for human ear. Thus, the higher pressure of flow
turbulence having no mean flowroudman considered the produces higher noise. Théorticity of air flow will be
generation of noise by isotropic turbulence amsing jstributed into the air and contains the sound energy in
statistical modelf various twepoint moments, using the frequency spectra as low frequency tonal noise and high
Lighthil anal ogy . I n -Reymolddmodeh fors fredhénGyl'broadband noise.
isotropic turbulence imear incompressible flow, Lillefi4] The vortex shedding impinging produces secondary
added the effects of retarded time in thealuation of the v/orticity from the road ground swate. Thus, the existence of
two-p oi nt covar i anceasor ddn efledt goad shirfade lcdh e not ignorable but must be considered in
previously neglected by Proudman), and obtained thgid-field region. Flow is generally divided into different
following expressiofior acoustic power, AP per unit volume: groups depending on the properties of the fluid particles in the
AP=a rou_3 u’ ©) flow as lamina or turbulenfhere isalso atransitionalfl ow,

is the reference acoustic power.

I a which describes the case when lamiflaw is becoming

where a : a constant related to the shape of th&urbulent but is not yet fully turbulent. Both laminar and
longitudinalvelocity correlation u : the root mean square of turbulent flows aregenerdy unsteady, meaning that the
one of the velocity componentd : the longitudinal integral velocity at a given point in space varieith time. Aflow is

. . , . . steady if there is no change in the velodigld throughtime.
Ienqth scale of the velocityr , : the farfield density; a, : the Therefore it is not possible to have a steady turbulibot,
far-field sound speed.

R o The noise source is directly related in pressure fluctuation in
I'n Proudmands or iHyi aaib itb&bniail, Bhdi itRans the unsteadiness fundamentally.
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The stedy noise source can be highly different from unsteac___ Q-criterion: 200
noise source because of unsteadiness. e

| Steady state volumetric vorticity: SST, 100 (/sec) |

Pressure (Pa)
-360.00 -120.00 120.00 360.00 600.00

]
(a) Steadystate RANS) Heration 1501
| Usteady volumetric vorticity: LES, 100 (/sec) |
(a) steady state(RANS)
p—— |Q-criterion: 200, LES

(b) unsteady state(LES)
Fig.4 Volumetric Vorticity for s teady and unsteady state
100(/sec)

From Fig4, Fig.5, the turbulent flow can be recognized b ,
using Vorticity or Qcriterion to visualize the vortex. (b) unsteady state(LES)
Q-criterion isthe secondnvariant of thevelocity gradient Fig.5 Q-criterion for steady and unsteady state200, 1000
tensor often used for the detection of vortic&&rticity is
defined as theurl of the velocityand it is equal tdwice the  There are not specific quantities of turbulent flow in
rotation of thefluid at (x t). As a result of this, th¥orticity  velocity field. But it can be assumed that higher gradient or
can be used directly to identify vorticeshich are often cyr| of velocity may contain the higher turbulent flow on
thought of as regions of high Vorticity But there is no them. From Fig.4, and Fig.5, even though same values for
universal theshold over which VortiCity is to be ConSideredsteady state, the isurface of @riterion and Vort|c|ty in
high. Aproblem associated with this methodhiatVorticity  steady state are highly diffemt from unsteady LES solution
cannot distinguish betweeswirling motions andshearing in rear vehicle or wake which related fald. From those
motions.Nevertheless of their similarity and difference, bothegylts, the large scale of vortex shedding is expected in
of them represent the ity field of flow. unsteady flow rather than steady, and also similar pattern in

sound noise propagation.

Pressure (Pa)
600,00 -360.00 -12000 12000
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(a) Steadystate(RANS)

Fig.6 illustrates the turbulent fluctuation and acoustic
fluctuation in the near and far field respectively. There a
higher unsteady turbulent fluctuations at the bottom of t
front windshield and rear vehicle than the sidedew or
A-pillar. And the acoustical fluctuation has large spheric
volume than small turbulent fluctuation.

Fig.7 and Fig.8 show the comparative demonstrations for
surface wall shear stress and pressure. The mean pressure was
selected for the unstead§S case. The surface wall shear ag explained before, Fig.8 shows the surface pressure in
stress can explain the flow separation or turbulent flow igteady and unsteady case. To take into account the similar
boundary layer. The overall results of wall shear are similaheaning of steadstate, the mean pressure is considered for
both of steady and unsteady cases except the road groypdieady stat&hick contour lines are located onpillar and
surface. The interacting flow of vortex sfting to the road the rear vehicle on specially rear trunk edge in unsteady case.
ground surface makes the turbulent on the road surface. Theg high negative suction pressure is caused by higher flow
are considerable quantities on the road ground surface {Rjocity. That surface aa can be dipole noise source, which
potential noise source. When the steady BNS models g&8nore important in the low Mach numieoblem andhey

used, those effects can be ignorable. In generdifarCAA  produce strong rotating vortex to vehicle wake and vortex
case, the mid field area is usually not considered, but ordyeqding interaction.

near field of vehicle body is the main interest. Thus, if the
road surface under the vehicle is omitted, the importance
noise source also can be ignored.

(b) Unsteadystate LES)
Fig.7 Wall shear stressfor steady and unsteady state
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| Steady state surface pressure: SST| as to find the vortex. However, the vortex is difficult to define
, = clearly. In this study, the Vorticity iselected in visualizing
the vortex rather than -Qiterion because the Vorticity is
more clear and direct in velocity field. The level of intensity
of Vorticity is not certain but trial. The SPL of volumetric
Proudman is valuated in comparison with Votgici
When consideng the acoustic fluctuation which is time
w derivative of pressure, there are many potential small parts of
¢ S e g Vorticity which contain the sound energy in broadband
« it T . frequency region. The SPL is distributed along the low to high
frequency speéca. Even though low spegdruising vehicle
produces vortex flow around the body into the @imere are
more aerodynamic Vorticityf ithe turbulent flow which is
caused by the flow separation in higher spesists.Among
the Vorticity, the higher pssure fluctuating particles can be
emitted from the vehicle body to high frequency. And there
are complex vortical structures impinging in local and global
—  pressure fluctuations on the body part and road ground

{ e m‘;-\,;,ngw,é;;{m"' A surface either which feed the acoustic higleqtiency
£ . ‘ - turbulencestructure interaction. The buffeting noise, due to
(a) Steadystate RANS) the open sunroof or side window, can be caused by an

| usteady surface mean pressure: LES | unsteady shear flow which was result in the periodic

= convection of largescale vortices over the cavities. The time
varying vortex hedding on the vehicle body also can produce
a low frequency sound nois€&he tailing edge noise can
occur d u e to t he i nteraction o
instabilities with the surfacedges.This is attributed to
time-varying flow separations and the elaking of large
vortical structuresinto fine turbulent structuresThe
flow-induced aercacoustic noise has broadband spectral
content ranging frortens of Hertz at low frequencies to a few
hundreds or thousands of Hertz at ftoehigh frequencies
nearto farfield domain

The BNS model can calculate the approximate SPL in
volumetric turbulent flow forquadruple The Proudman
model can baised forBNS. As long as the turbulent flow is
accurate or acceptable, the converted volumetric SPL shows
the soundhoise information of location and intensity. Thus
fundamentally, the applicability and accuracy of Proudman

Lo . mw‘\-xm;,,m;,%% j T BNS model deeply can rely on the steady or unsteady RANS
il , ‘ . solution, not the aeracoustic analogy itself. If the data for
(b) Unsteadystate (LES) ~ the Proudman model is cl$o that of time varying flow, the
Fig.8 Surface pressurefor steady and unsteady stat¢mean resulting information of sound noise by the Proudman BNS
pressure) model can be more accurate.

But the fundamental solution of steady RANS solution,
VI. VOLUMETRIC PROUDMAN NOISE SOURCE which uses the turbulent model, can not be related to unsteady
The turbulent flow of steady state has constant velociyNS, or similar.Even though URANS is used, the turbulent
field. Thus, the vortex of steady state does not contain tilew of vortex is highly different from the others. The reason
pressurdluctuation. To analyze the SPL in frequency spectraf approximation of BNS model is not dependent to the
the unsteady DNS or similar numerical technique should leeory but the turbulent flow prediction which obtained from
used. In this study, the RANS S&0rbulent model and LES the approximate CFD analysis.
with SmagorinskySubgrid Scale ($GS)sub grid scales
were used in steady and unstgaimulation respectively. As
long as the volumetric sound energy can be contained in
volumetric vortex, the sound noise analysis can be understood
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p—— |VOIumetric vorticity: 30 (/sec) |

|VOIumetric SPL: 20dB

Volumetric SPL: 30dB

_— S Volumetric vorticity: 50 (/sec) Volumetric SPL: 40dB

Volumetric vorticity: 100 (/sec) Volumetric SPL: 50dB

Volumetric vorticity: 200 (/sec)| - Volumetric SPL: 60dB

Vorficity: Magnifude (/s)
15.201 17185. 34356, 51526. BIE06, 5866.
T
(a) Volumetric Vorticity (b) Volumetric sound pressure level

Fig.9 Volumetric quadrupole noise source: Proudman model
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