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I. I~TRODUCTION

n.eilUIOmOtiW (:OIWIII1C:I1'IDW hn . ",ide choitt ofpol:eDIiai
vehic~ and the ....00 Mqll.llityM of w whidc plzys an
;OCfg.. in¥1y imporunl role m whick .dccuol\. Recall'le of
this. vehicle ITWIIlfacnm:n Il(M' place ronsidt-nblc emphui.
onthenruomc:rpert:qllionor~hry. Incareompa.nies,the
INjl.riy p( -n if pn10rmcd fur in<Jobin mund quality and

.. t" lsl llus un e>.tcndto the opmi"l and closing DDiscsof
QOOl~uSUl:hasp..itdles and doon, the O'"enU IOUnd
quality undetrypicaIdminll (Ol'I(\iliMs is I lliGunportanC. ~

IOtbe dforu oftile r-:ngn vehKk IIWIUf~~I~or
ooiw , vibrarion and Iw*1nlI CIOYH) bave been~ for
car mcdunical ronlpOllCflb (eng;no, drivetrains and exhausts

forcurnplc),ilUfhthal:ilCfOO)'lWlliuJlylto:no:ralCdnoiseand
vibr.l tiO!l i........ . ery.i~i rlCaJll. A goodO\'l:fVicw can be
found in CXorgeand Calli~cr I IJ

In Ausualia. car lIWluf~ Uve dedJnled noi"C.......

vibmion I~ and~ are can.idmlhlc e-.pmrn.-nul and
_ly1al lIlrengltn: in Univenlh~ Tho:J'Ufl'05eof !his paper
is 10 l ive a broad overviC"A' o f .crodyrwnically geeceatednoillC
rt levant 10 cars, dct.oihng MKne of the m«hanislOll lhat
Ilcncrate noise, and 10 give in~i ghl inl0 the work !hal is oosui ng
I I RM IT Univen ily.

2_ ,\l l::C IIANIS) IS TIIAT GENERATE WI f\r; O

:\OISE
Acrodyrwnicallygcncratedooiweanbc prodllCCdbya lange
of difTCTC'IlI Ifl<X'hanisms , For the rela li" e1y low s~cd.

incompr essi ble flows around road vehicles the main
mechanisms arc:

• Asp irat ion noi sc, c~ u"4.'d by the leakagc ofai r inor outoflhe

cabin

• Scparatcd nO:Jlnth3li lllpingeo ns urfll;cs,examplcsof which
indude the reattach ing flow around the A· P,U:lB and Ihe

wak" of milTOA

· C.-1ly_induccd no,sc, w'lh cOllpl ing~lhe o;avi'Y nuid

01: structure and the "atmor now (HelmhollllnOlWlCe for

e:u mpk )
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• VOOC'll Ulcdding fnxn bluff boo:hes, attxbN 10 lbe
Crdalrvely sueamlined) body of w vehicle

Tho:resulting noiMS depmd IlOIonly on w medunisms..
but~ also very dependenl on the rcbtiw air velociry. .. iUch.
(:IlllllCludetbc:cffCC10fya>oo'anck(thc&l1llkbc!...~ lbe

;apparmt ...md,aspcrcencdbylhcrnovingvcllide,and lhc
vehickcnltrdinc). SUICClhocrcl.llvevelocilycxpcricnccdhy
a rooving ,-chick is the 'cc1or dlfTcrmce of tbe wind~
lrclati,e to !be pound surfacr) and the road~ of the:
vdIicle_lbcgustsinlhratmosphcrchclpgnlCn1Cwindnoi~

t"allOUOdinlcrmincnllfordcWls,seeWalkinsl11J

1.1 Aspint iooNe h.to

A,;piratioollOlSC:isll5Uallyinsipf"tCaJ\tforl_ell_sc.alcdcar.
HlJWl:\c:r, due to Ibc:JlR'S5L1t'C difTtmlCn lhat exist &roIIndthe
moving vehio::le l ...f1ielt. in strong cross...;. can Vllty

considerably with lime) and dYIWll K:body llc~ (duo:to road
i npu~), ITIO'o'C1llCll1 ofd",or 1lC1I1'C<ln still OIXur and in some
cascs can penni! JI ICJlb gf; throu gh a .ca l. "i ben this cccws,
significant, ,hart-term noise a n be geeerate d. CJlr
companies now place coo~kIcnIbIc cmpha.f.ison lNi nlllininlJ
effective sc.alingofthrOOdy \In\krthr .. iIk "J'C'Clfum of
opcntingoonditioos

I.I St'panlf'd FlO'" Nnkr

Much of the lerodynamically gencrated noisc that ~achocs !he

cars of vehicle oc<:upanls comes from the surface p~ssurc

fluctuation s aris ing from I sepa rated vertica l now that
orig inates from eithct , ide of the base of the A-pilllU1i (nute'
thc A-pillars arc thc inclincd j oining members between the
edgcsofthcwind....:rccn and thc side willdowa). Fol many car
shapcs, the locl lfiowbreaka awayfrom lhesurfaceuittrics
10 turn around tile A-pillars and the inlenn illency and
rea1ta(:hmenl of tbe now to the side willdow cl n generate JI

broadba nd wind noise. For a given relative velocity, the
strength of these vortices (and hence the nnise) de:pcnds on
the yaw angle, which in itselrdcl""'dsun the strength and
orientati on of lhc almosp heric wind (Ke Fil!ure I fur &ample
noise spectra, from within a car, al positive and ncvativcyaw
angles). When y... 'C'd, !be leeward aide Vortcll is of ,lrea tCf
size and strength than Ihr wtndward aide vortex andtho;rcfore,
lhc ooise Ollthe l«tidri,gmcraliygrcatc:rtball the windward
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idcnti fitd N.-'Ogeoenl types of ooi"Ca-,."oc ialcd with cavilics·
a broadband noise thai m1ulls from both the leaJilli and
trailing edges oflhe cavity;. and tonal noise . The types of
tonal cavil)' noise produced by diffen:ntconfigunlions and
!he varW ion in frrquency of thc noioo:hn~ hem diaaDscd in
I. remw by Rod_ IIand ,,"I.uda..cher (4). l oon can be due
101. numberoff~k IhI:Clwlimu. Tbevlt1C'l:bmisms can
~oonfincdlOthe cavll)'shcaria)U .. -hileotheniJMllvet:hc
cavil)'yolumc:iUldIorstrueltlR losmeratelOlla1noisn. Tonal
noise mechanisms confi ned 10 the shear layer han I.

~frequmcythatisa fwo;tion of~nlocil)'

lJ\Ifft!leca'o"ity,whiletMiTampliludelkpeudsOllcavityedge
8rometfyandsbearlaya-propertin.f«dba<;k ~and

shc:ar1ayertOOCSalt'an eurnplc of this type of mechanisrn.
M<"Ch.anNtn. lhat mvoh..: the ClIV ii)' volume or strurnIrC ha\<e
~fmp.ornr.:ie5 lhalare indqtmdcnlo f~

velocity bul dcpo:ndentonCllY Il)' goomctry. Thcamrt ,tude of
tbese rnedwti\offls i . dqro:ndmlon lbe shear Iaye!"rroper1ta.
fRcstrnm vclco;ity and U VIl)'g~. A goodexample of
th is type: of lt1C'l:hanism is Helmhol17resonaoce .

Much tneal'Ch has been published on a."PCCls ofton~ 1

noise production mechanisms but most studies have been
focused en cavity end flewscales pc:r1inCTI t toaircrafl; thcreis
a shortage ofpubli ~hed data rclevant t<l automoti ve cav itY ilnd

flow sca les . Experime ntal and theoretical rc. earch is
continuing i ntothc paramc lcrs t hal alT~t!iOmc lype. "fcav i ty

noise (Ahuja and Memkll.8 (5), Milbank el lJ/ 16jll1 d Howe
(71). wilh a view It> better unllcn;LlfIding 11M:mechanisms and
ways of reduci ng lonal noi-;e

2..l \"or1e~ :'f;obe

Two and threc--dilTtC'nSion.lIl bluff badin Imd 10 periooJCal1y
shcdYOr1ica.~e,tbevdlide itsclfshC'dsvorticn; YOr1Kn

ar.:shedfromthe~end oflhe \'dUclc...bcre tbel1ow
scparatefo.andfrom aroundIhe A-J"I~ \brI~ areal!lO

$hcdfroll'l~on tbe \'ehicle.Tkse illClude Krials..

roof~l'I.("k bars. and exlerna l rrar- vino mirrors and a
con.sideratMlot ofthe>.candthe_iatNfIowflddbubcttl
gn.:nin Watl:ios andfmI....ld (8].

\'orlell. 5hcddtn,gnnriK ~l1ucruatmg forces on the
bodies in both along and n-ouw md direttions.and thus
generates aerod ynam icall y indt.>CCd noise. The primary
f'RqUCTlCY of lbe ooise generatedis at the vortek shedd ing
fr~uo:ncy. with some minor harmo nics. For very kw..
frC'ljucncies. the vonices tend 10 modulate highcT frrqucncy
noise thaI may be presen t. The Stroulla l mallber, S, ddincl
Ihe frequency of vorICli. sheddi ng and henee not!le; S • jDlU
where f is the VOr1ClI. shedd ing fmt uency (Hz), U i. the
frecslTeam velocity (mla) and D il the body diameter 1m). For
the range of flows encountered by add ana 10 the elf (both
circ ular and prismalic, such as aer ial. and roo f racks
res pectivc ly), the Strouha l number can be con side red
es~tial1y«>n8llllnlwith velocil)'-(ypicalvatuesarefrom

0.20 to 0.28,dcpend ing on the body shape . h ll'1her deta ils
QlI be found. in Inllodedicll ed 10 flow_induced noise and
vlbntion.such U Blake (9) and Blevins (10). Vonnshcddiog
from I. vehicle body is more comp lex and not complctc:ly
undentood. However, tewardw:n have tended 10 U!IC the

Fi...... 2: Fk- Ofllhc fidcwi:ndlM.+ U· .,., l fruoaIll....
8lIdo-.ld rl n

FiJllR' }; F..... on \be ,ide ....indow at - IS· yaw (fiom W;Ukins
and 0Il .... 1dIIJ)

2.J <,·.v!lyNo!w

Caviliel. come in many shapes and sizes and exiSlin many areas
of a produc tion ~hide. Examp les include door and pane l
pps. open awuoofl., open windows and wheel an:hes . For
applica lions that are specific to vdlicies., Geoqe (I) has

FiMW"C' I: Samplcnoi... spc<:lra at 100 kmlh. t-6· yaw

side ~C3ll5C of th is effect. Many studi n o f the A·pil1~r n.­
have~ made lW~tma~ l't ..1 (3) for eumpk) and much
eomrnm:i.al woR is carried out in !he early dcvelopmmt SUoge'l

of new car models. Figures 2 and J .haw !he diffrRoce in
n"," for yaw angles of J:15 degrees. For lbc windward side
(+15 degrfts)!he voncx has disappcarN and. thus the n........ is
alUCbcdand Slea<Jy, .....!left'as fOC" die I«>wrd side (-15dtptts)
the flow is ICpABICd and very UfL-;tcady, U iIOOwn by lhe
-..mC'\IlMl random dim;tion of the .. tlOI rulU
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1. lhpe rinlt nlal Flt llitits

Figure7: Plan viewof lhc RMIT University Vl ind Tunncl

1.2 Curre nt Rn u l'l'h Programs

As well as conune rcial developmen l programs lhat arc
undenak en by lhe /car and com ponent companies,lhere are
severa l bas ic researc h prog ram s sponso red by the ea r

Acoustic
hming

AeoL/$lie
tilrring_..~~~~: .-t-."oc-+-.+--'VIln.,

Tn t
,eetion

There are I" " relat ively 'l uiet Ilmncls in Atu;lral ia lhal can
aeeepl full-si/ e ca rs- the Monash University I MW tunnel
and the RMIT University Tum,e!. The Munash 1\mnel is an
open·je t lunnel (i.e. il d" es nol have s" hd bnundaric'1ic10:sc10

the vehicle, inslead Ihe vehicle is immcn ed in aje t thaI issucs
into a plenum cha mher). In con trast, the RMIT Tunnel is of
the lradilional type.where me tes t section is enclosed by walls
and a roof. As pan of a recent refurbis hment, acoustic ally
treate d turning vanes were installed. A plan view of the RMIT
tunnel is shown in Figure 7. Car and component companies
use both of these wind tunnels for commercial and research
work, oftc n in co nj unct ion with postgra dua te research
stude nts.

In add ition 10 the major infras tructure, instrumentation
includes: a Head Acoustics Aachcn binaural head system
(which can be seen in the car in Figures 3 and H); SPLmeters;
multi-channel DAT recorders: and an el lipsoidal, dish-type ,
highly directional microph one of lm diametcr.

J . CURRE~T RESEARCH PROGRAMS A:'\D
l'i\ CI U TI ES AT RMIT UNIVERSITY

Despile producing leSli dum W. of the worlds vehicles,
Australill is well served in reslleClof facilities and undc'Ttakes
researeh that is. of intematilH'al significance. Austra li.ll's
largest vehicle aerodynam ics and acroacoustics research
group is loc med al RM IT. An overview of Ihe major
in frast ruc tuTc.' and research p~rams a l RMlT is given here.

figuteS:Noisc.~trurnfrorna$WIdardlClescopieaenal

(fromCzydel [t2)l

Figure 6: Noi.., spectrum from I ""ira illround aerial (from
Czydcl [12))

vehicle width as the characteristic dia meter, as this typically
prod llCes Slrouhal numbe1"iin lltc l'ame range a~ quotcdabuve

(seeNguy~ [ IJ J forfurt ltcr de1ai lsJ

An uample of vortex shedding noise iS lhat emanat ing
from circular, tclescopic aerials. Shown in Figure 4 is a
stand ardleJescopic aeria l.adjacenltoanaerial lhal haslxt:n
man ufactured from a tapered stalllJess slce l blank inlO which
has b«n grou nd an optimisedspiral grind . Changing Ihe
ctrcula r secdons into a shape that surrresscs co herent ve rtex
shedd ing alunglheuis leads tu a lallle reduction in the
rildialcd Illli§c. Figures S and (, <kpi<,:l thc I"Csu lting n" ise
. pectru m alld lhe rcduction in the peaks in tltc sped l1lm can be
clearly seen

Acoostics Austrat~ Vol.29 (2001) No. 3- 113



com pani es and by t~ Austra lian Govern ment ( via the
Au,lrahan Re~archCOlincil). illC ludinganin' cstigation of lllc

iMcrmill ency of in.cabin wind noise. As vehielcoccupaIlls
noliee noise SO\lf"CCS that fluctua te in amplilude more than
noisn of constani amplitude. u is importa nl 1001 wurccs of
fluetuatingnoiscbe ill\"eSl:i gatedduring a Vt:hielc~lopmenl

progra m. Howcver. aeroaoollSlie noi~ sourccs often fluetuate

in amplill": because of Ilectuatioes in tbeatmosphcric wind.
bIIt the wind Iuilllels used 10 evaluate wind noise geecrally
feature very slTIOOIh airllOVo·. Hence , noise fluctuations
gC'fI('Bllydn not occur and cannol be evaluated in thcse wmd
tmnels. To ao:Idn:s5 Ibis. a program 10 better undenUnd Ute
ooiscfluetuationsiabeingundcrtakCfl. ...ilh lhochopc that
mull> from thillprogramcan be used to dl:velop a ayUem that
allows fluetuatlOm lo be 'addcd' to noise mea.sured in a wind
lunncl. The ma in aim is 10 be able 10synthci ist on-road noise
from noi..: mea.<UrCdin a wind tunnel 50 that it includes some
of the fllJl:!uations tha i are expen enced on-rea d. II is also
eJlpectal that lyre noise and me<:hanical noise could be added
to the wind noise measured ina wind tunn el.grving engineers
a more realistie prediclion of the noiscsthat will be present
when a new vehicle is driven on the road Ihmugh " real"
almospheriewinds

To investigate the links between fluctu atio ns in the
almosp herie wind and modulation ofs ounds heardwithin the
vehicle cabin, veloc ities around the pa......cnller· side A-pillar
were meaSlJred sim ultaneously with the noise in. ide the cabin
duringacomprehensiveo;erics of lo;>;bpct"formc:d on-ruad aruJ
in the: wind tunnel . Veloc ily measuremen ts were performed
with 4-OOle, 'Cobn' ~ure prom that allow dctcnni l14tion
of lhcvelocilyinl-compoocn~ andfluetualionsofvelocityof

up 10 1500 H...to be rneas....ro(which is ...-ell in c>;ccuof lbe

fmIuency of the major fluetuariom in thc 8IInO>pherc. which
ar-ctypically less than 10Hz). The noi se mcuumnenl$ 'M:I'e

p-crfonned wllh an ~chcn binaural hea4 $)"SlmI. which is
sho-.s-n in Figure 8 along with two Cobra probn (one upsreem
of the A-pillarand one1loCI;I IO the sid-c window).

Figw-c9show's a umpkscctionofdiIta lhal illw.tratcs a
linkbct~ ",~ndwelocity fllJC1uariOlUandintmorooiloe

fluctua lions. n.ctop time trace s.......-s the ...~nd veloc ily. with
the mean 1'l:'II'IO'o-cd.while the cmlre time treee shoIv's lhe local
yaw angle, also with the mean removed, Thocbonom lime trace

shOYo·san.l""sentatiOllof interiornoise flucluation, which has
unde rgone signal proce~sing to emphasise the fluctua lions
Strong com: lation between the velocity and noise signals is
ob'erved, and the eohcrenee for low ~ucney ( l e!lS than 8 I1z)

fluctuatio ns is foundto be above 0,8. This, and oIher similar,
data hove been used to synthes ise noise in windy conditions
from wind tunncl data with encou raging result s.

Data from on-road testing are also heing processed 10

separa te end provide information about wind noi:<e, mcchanical
(mainly lransmis.sion) noise and t)TCnoi se -in pract ice this
prOS'CSdifficult. as all three noisc:sourcc s OS'erlap in tcmu of
frt'l ucn<:ycon1enl anUwhile lhe me<:hanica l noi-e is relati, 'cly
COn.SWlI. both the wind ecce and the lyre noise fluctuate with
h~
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f iguR' 8: Set-up r", "tO'inr;l nmnel and.....-oad~ing. "'-ing
nmCobraptobnand .,Mchcnhead

Figw e II: Sample link bct"'CCll \'Clocity and y_ anile
nucnwiom ond moduLoliono f the $OUJIdpressure~t

In add ilion to the provams that involve direct measurement of
soundand vcJocity• .....,nis oogoi ng oothcm:luctionof
surfac-cpressure fluctuations near the A-pillar. \\ 'hilsl !he
hydrodyna mic pressure fluetuatiooscan be I dim:! eeusecf
noise ,anoIbcrway lhat sound is gonerated m the car cabin is
by the SUrfl CCpres$ure lluctua lions excil ing the car strueture.
part icularly the side ....indow glass.. In order to r-cduc-cthi5, an
increa se of the A-pillar radiu s is required . To lISSC5S the
influence Of5i7.'C and shape o f curvature, and to ascertai n huw
use ful scale models are in the very ear ly stab'e of car
developmcnl.,a comprehensive program of tests measuring the
surface pressure Iluctustio ns in tile A-pillar region are being
carried out (Alam [13]). In Figure 10. two very different
geometri es of A-pillar can be seen and the influence on the
surface flow is depict ed using wool tufts. Addil ionall y,
microphoneshavc bc~nflush-mountedatvariouslocations on

the surfa ce in order to measure fluctua tions in surface
prcssure. ~pres:;ur-c fl uclualionsarenofl-d imensionalised

by lhocreference dynami~ pressu re, to give CP....The vana tioll
in Cp.... for varicus radii or A-pillar can be:seen ill Figure I I.
It is seen that radii tighler than O.3m kad 10 a signi ficant
increase ill thocsurface press ure: fluctuat ions. par1iculatly on



the l«WaJd(negative )aw) s idc. All of these measurements
ate a lso co mpa red w ith s im ilar wo rk carried o ut on production

C3n1. in bot h the wind tunnels d escribed above and on -road,

with. viC'" 10 determi nin g sca hn g la"'s for aerody n amic ooise
betwee n mode l scal e and ful1-M:l1letcst in g.

Figure 10: c ompu;"ll the inll""""e of A-Pillar radiI" on the
l\ow andPfC"'lUIClIlICtUiltiom(bolh from Alam [ll])

.. ... _ ........ _ _ 1.... "" .. . _·· .. ...... · " ,

.... ... ... ... ... ......

"
"

... ... ... ... ...
......... < .

~ ..._---

figure' 11: Fll1C.... tinll Cp rrns V,n ation with l ou l A· Piliar
Radii. Y... _ · 1~·.O'and "' l~·

FUTURF.DIR[ CT IONS
The pre«ding discus sion has g ive n an crverview o f a utomOl ivc

acroacou <tic no isesou n:cs a nd thc:l«l:ntn:scan:h llrUti

cen ductcd a r RMIT 10 bette r undersllfld th ese noi se """rce s

Woti i songoi ng inall ofthe an:asdiscussedandnew a~asare
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sta rting lobe investigated, with lhe a im of provid ing vehic le

man ufac tu rers with mo re pow<:rfll l des ign a nd analysis tools

fOT the prototype and development stages of a new motor

vehic le
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