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Abstract

There are many applications in which exterior flower a structure is an important source for interio
noise. In order to predict interior “wind noisd”i$ necessary to model both: (i) the spatial grecsal
statistics of the exterior fluctuating surface press (across a broad frequency range) and (ijveyein
which these fluctuating surface pressures arenritesl through a structure and radiated as interiise
(across a broad frequency range). One approdtie tmrmer is to use an unsteady CFD model. Tke us
of compressible CFD to characterize exterior flathg surface pressures for broadband interiorenois
problems is relatively new; the accurate predictof both the convective and acoustic wavenumber
content of the flow can therefore present somelehgds. This paper presents a numerical invegiigat
of the spatial and spectral statistics containeth@anflow downstream of a simplified side-mirrofwo
distinct concentrations of energy are observed avemumber space at the convective and acoustic
wavenumbers. Using wavenumber filtering it is tipessible to describe a complex windnoise source in
terms of the superposition of two simple analytgalirces (that can be fit to CFD data). An exanwple
presented in which the fluctuating surface pressare applied to a side glass and a SEA modekis tas
predict interior noise.

1 Introduction

The term ‘windnoise’ is often used to describerintenoise that is generated by unsteady exteluovd.

In transportation applications, excessive windn@#fects interior comfort and can result in negativ
perceptions of vehicle quality [2]. There is therefsignificant interest in being able to prediatdnoise
upfront in the design process in order to reducecscontent and modify paths (to meet cost, weighit
noise targets). In order to model windnoise inecessary to understand the source (the fluctuating
surface pressures on certain exterior regions sfructure), the paths (which typically involve dire
vibro-acoustic transmission through certain regiafsthe structure, transmission through nearby
leaks/seals and isolation and absorption providgdhle interior sound package) and the receiver (in
particular, the frequency range(s) in which wincegorovides an audible contribution to the intenioise

in the occupant headspaces). While many regioasvehicle can contribute to windnoise, the fluthg
surface pressures on the front sideglass (duertiwe® and separated flow generated by the A-péltadt
mirror) are often an important contributor. Thisppr therefore considers an analysis of the fltictya
surface pressures downstream of a simplified siemas shown in Figure 1. The mirror is mouniied

the floor of a windtunnel and was used in a redSAE benchmark study that compared (exterior) aero-
acoustic predictions from various commercial CFde=[3] (additional details about the flow condigo
and geometry can be found in the reference). gresious publication, the authors have investigated

1D wavenumber content of the fluctuating surfaasgures in the flow and cross-flow directions fais t
example [1]. Some sections of the previous papesammarized here for completeness and the work is
then extended to include predictions of transmrstwough a simplified sideglass.
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Figure 1: Simplified side-mirror located in thedt of an (anechoic) windtunnel

Before discussing the fluctuating surface presstoeshe mirror example in detail, it is useful fiost
investigate how different loads are transmittedulgh a typical sideglass. In particular, it iseoffound
that the glass acts as a spatial filter and prefiadly transmits certain wavenumbers in the flatiog
surface pressure [4]. The spatial filtering of eliéint exterior fluctuating surface pressures can be
demonstrated using a simple numerical exampleur&ig shows two glass panels of dimension 1 m x 1
m x 4 mm. Each has a constant damping loss fa€t6% and is placed in contact with a 1 m3 acoustic
cavity. A Diffuse Acoustic Field excitation is djga to the first panel and a Turbulent Boundarydra
(with a 50 m/s free stream velocity) is appliedthe second panel. The magnitude of the exterior
fluctuating surface pressure of each load has beemalized to have unit amplitude. An SEA model is
then used to predict the interior sound pressureldeof each cavity [5]. It can be seen in FigRrdhat
even though both loads have the same exteriorufiticiy surface pressure level, the interior sound
pressure level due to the Turbulent Boundary Lageapproximately 30dB lower than that due to the
diffuse acoustic field (it is noted in passing thia peak in the interior SPL around 3kHz is asged
with the glass coincidence frequency).
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Figure 2: Glass panel of dimension 1x1x4e-3m inacrwith a 1m3 acoustic cavity and excited by (a)
Turbulent Boundary Layer (with a 50 m/s mean flan)l (b) Diffuse Acoustic Field. Prediction of
interior SPL when each exterior load is normaliteiave a unit exterior fluctuating surface pressur
Note large differences in interior SPL due to tiféecent spatial correlation characteristics of eémad.

The reason for the difference in interior SPL i® da differences in the “spatial correlation” ogttwo
loads. The cross-spectra Spp between two locations spatially homogenous fluctuating surface
pressure can be written as



S, (X, X') = F (@) R(x, X", ) (1)

Where F is a function of frequency (that does nepehd on location) and R represents a spatial
correlation function. A diffuse acoustic field hespatial correlation function R of the form [6]

R(x,x) =sin(kr)/kr; =[x - x| (2)

where k is the acoustic wavenumber and r is thamtie between two locations x and x’ on the surfake
Turbulent Boundary Layer (modeled using a Corcpe tyiodel) has a spatial correlation function Rhef t
form [7]

R(Dx, Ay) = expl- a,|ax - ay\Ay\)exp(— ik AX) (3)

whereAXx is the separation between two points in the flingation, Ay is the separation in the cross flow
direction, ax and ay are decay coefficients in the flow and cross-fidivections and; is the convection
wavenumber.

For the sideglass problem, the acoustic wavenunibedgypically much lower than the convection
wavenumber across much of the frequency rangetefeist (the diffuse acoustic field has a much longe
spatial correlation length than the Turbulent BamdLayer). The two different excitations therefor
result in very different distributions of energy wavenumber space, and this preferentially excites
different structural mode shapes of the glass.e diffuse acoustic field has a concentration ofrgnat

low wavenumbers (wavenumbers that are containddmiibe ‘acoustic circle’). Below coincidence,ghi
typically excites the ‘non-resonant’ (mass con&d)l modes of the glass. Since these modes are also
efficient acoustic radiators, the mass controllexties are typically the dominant transmission patbv
coincidence. Above coincidence, the resonant mbdesme the dominant transmission path but these
modes are also well excited by the wavenumber oorté a diffuse acoustic field. In contrast, a
Turbulent Boundary Layer typically has a concemdrabf energy at the convective wavenumber of the
flow and has much smaller concentrations of enatghe wavenumbers associated with the resonant and
mass controlled modes of the panel. The net réstitat a diffuse acoustic field is transmittecotigh

the glass much more efficiently than a Turbulenumtary Layer for the same RMS fluctuating surface
pressure.

In summary, in order to characterize an exterioctfiating surface pressure it is necessary to leetab
characterize not only the magnitude of the fluétupsurface pressure but also the wavenumber conten
One approach to characterizing the wavenumber obitt¢o use a CFD model to predict the fluctuating
surface pressures. If an incompressible simulasigrerformed, the acoustic component of the fluatga
surface pressure field can be computed using staralzro-acoustic analogies. If a compressible CFD
simulation is performed, various signal processauiniques can be used to characterize the wavestumb
content of the fluctuating surface pressures. apisroach is discussed in more detail in the fdhgw
sections.

2 Flow past simplified mirror

An unsteady CFD analysis was performed for flowt plaes simplified side mirror described in [3]. Hig

3 shows examples of the unsteady flow due to admeam velocity of 50 m/s (computed using the
commercial code in [12]). Additional details abtle CFD model and boundary conditions can be found
in [3]. The fluctuating wall pressures were reaedefor a rectangular region of dimension 0.45 B

m downstream of the side mirror as shown in FiglireA time segment of length 0.05 seconds was
recorded using an average time step size of appaigly 10 seconds. The pressure time history data
was then imported into the commercial vibro-acasssoftware in [5]. The time domain data was
converted to the frequency domain and averaged ®segments with 50% overlap (the resulting cross-
spectral data was then integrated onto a™H@ave frequency domain). The magnitude of the-au
spectra in the 100 Hz and 1000 Hz 1)igctave bands are plotted in Figure 4. The shapatial
structures in the flow at higher frequencies aeaidy visible.
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Figure 3: Visualization of flow predicted by CFDdw (a) Cp distribution and (b) velocity vectors.
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Figure 4: Magnitude of Fluctuating Surface pressaréa) 100 Hz and (b) 1000 Hz. Region of interes
(of dimension 0.45m x 0.2m) used for analysis ofcklating Surface Pressures is shown with black
rectangle. Note the shorter spatial structurelerflow at higher frequencies

3 Characterization of Fluctuating Surface Pressures

3.1 Spatial correlation

The auto-spectra of the flow is useful for underdiag the flow characteristics, however, as disedss
the opening section it does not provide any infdromaabout the spatial correlation or wavenumber
content of the fluctuating surface pressures. #altil signal processing was therefore performadgus
the Aero-Vibro-Acoustics module in [5]. In partlay the full cross-spectral matrix was calculafeda
(dense) grid of points across the surface regiomntdrest. This surface region was divided into a



(coarser) orthogonal grid and a reduced cross+senntrix obtained by averaging the auto-speatich a
cross-spectra within each cell of the coarse gfghatial correlation functionR were then obtained by
averaging overall all pairs of cells with the sasaparation distance in the flow and cross-flowdioms.

The resulting space averaged correlation functresr® used to fit the parameters of a Corcos TBLehod
using the algorithms implemented in [5]. A Corc¢tBL model with a convection velocity of 30 m/s
provided a good fit to the spatial correlation e tCFD data. This convection velocity is physicall
plausible and represents a convection velocity ithapproximately 60% of the free stream velocitihe
decay coefficientsd,, in Eq. (3)) were found to be approximately indegestt of frequency with values
of 0.7 and 0.8 in the flow and cross-flow direcgon

3.2 Wavenumber content

The wavenumber content in the flow and cross-floveadions can be obtained by calculating the 2D
wavenumber transform of the spatial correlationcfioms obtained in the previous section (at each
frequency of interest). The magnitude of the 2vevaumber transforms for two frequencies are plotted
in Figure 5 (the scale of the contour plot is agprmately 30 dB). The acoustic circle is shown inite in

the Figure, and the convection wavenumber for en&0flow is plotted as a straight line segmentcalh

be seen that at low frequencies, there are twdistoncentrations of energy in wavenumber spadaeca
convective wavenumber and at acoustic wavenumb@tsiigher frequencies, there is little evidence of
any energy at the convective wavenumber. This lbgaghysical but it may also perhaps be an artdgact
the CFD calculation.
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Figure 5: Wavenumber content of spatial correlatibtwo frequencies.

Comparing Figure 4 and Figure 5, it can be seehdheomplex distribution of energy in the spatial
domain becomes a much simpler distribution of en@rghe wavenumber domain. It is possible tafit
equivalent diffuse acoustic field to the CFD dataibtegrating the energy in the acoustic circle in
wavenumber space. The RMS pressure spectrum dotothl fluctuating surface pressure field and its
acoustic component are shown in Figure 6. Belo@H35there is less than one acoustic half wavelength
across the dimension of the sideglass and so itkenet resolution in the wavenumber transform to
provide a good estimate of the acoustic wavenundoatent. However, for windnoise applications
interest typically lies in higher frequency contand so this is not a significant constraint. dbde seen
that the estimated amplitude of the diffuse acoustid is 5-30dB less than the amplitude of theral
fluctuating surface pressure. However, since thesgis 30dB more sensitive to a diffuse acousgtid f



than to a TBL load (as shown in the initial sectjathe diffuse acoustic field can often be onehd t
dominant contributors to interior noise.
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Figure 6: Space average RMS pressure of the fltiagusurface pressures (FSP) and of the acoustic
component. Gray shaded area is below the resolafitme aperture used in the wavenumber transform.

4 Models of Noise Transmission

The discussion in the previous section can betilitesd by applying the two simplified loads to mgle

flat plate (1 mm thick aluminiufwith 3% damping) with dimension 0.45 m x 0.2 nn 83EA model was
created in which the panel was described with aA Slate subsystem, and the interior space as asemi
infinite fluid. TBL and diffuse acoustic field loadvere applied to the panel and the parameterstof b
loads were fit to the CFD data using the procedatgiined in the previous section.

An analysis of the contribution of different transaion paths to the power radiated to the semuiefi
fluid is shown on the right-hand side of Figure T reveals that (for this flat panel example), the
transmission is dominated by resonant transmisk@aw 600Hz (mainly due to the TBL load). Non-
resonant (mass law) transmission from the acogstieponent of the fluctuating surface pressures then
dominates above 600 Hz. It should be noted thatethmonclusions are specific to the configuration
studied, and in particular to the damping levethi@ panel (since this controls the resonant trasson),

to the radiation efficiencies of the panel (flatcesved) and to the CFD dataset used to descrébkéul.

L A thin aluminum panel was used in the exampldis $ection rather than a glass panel becausefiduis work
was performed while validating different experimr@mheasurement set-ups that included differenttygganel.
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Figure 7: (Left) SEA model of noise transmissiorotigh a flat panel excited by a fluctuating surface
pressure field downstream of a simplified mirrétight) Prediction of the contributions to the sound
power from the various loads.

5 Summary/Conclusions

This paper has provided a numerical investigatibthe spatial and spectral statistics of the flating
wall pressures downstream of a simplified side-onirr The importance of spatial correlation when
characterizing fluctuating surface pressures wgshesized using a simple example. The transmisdion
sound through a glass panel was compared wheredxbit a turbulent boundary layer and a diffuse
acoustic field. For the same exterior pressurel}dlie turbulent boundary layer resulted in irtesound
pressure levels that were 30 dB less than for tfiesd acoustic field. The fluctuating pressureels
downstream of a simplified side-mirror were thewestigated. By performing a number of signal
processing operations it was possible to plot tagemumber content of the spatial correlation (ayeda
across a region of interest). Clear concentratminenergy were seen at the convective and acoustic
wavenumbers. Wavenumber filtering was used tafidlytical turbulent boundary layer and diffuse
acoustic field loads to the CFD data. These lom€ee then applied to an SEA model to analyze the
different transmission paths through the panelr the particular panel and flow conditions examiired
this paper, the radiated acoustic power is domihbtenon-resonant transmission acoustic transnmssio
from 600 Hz to the coincidence frequency of theghan
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