Technical
Review

No.1-1995

Spatial Transformation of Sound Fields in the Automotive Industry
Pass-by Noise Measurements




Previoudy issued numbersd
Briid & Kjaer Technica Revien

(Continued from cover page 2)

4- 1985 \Aidty of Intensity Measurementsin Partially Diffuse Sound Field
Influenced Tri pods and MicrophoneClipson the Frequency Response
o Microphones

3-1985 The Modulation Transfer Function in Room Acoustics
RASTT: A Tool for Evaluating Auditoria

2- 1985 Heat Stress
A New Thermal Anemometer Probefor Indoor Air Veocity
Measurements

1-1985 Locd Thermal Discomfort

4- 1984 Methodsfor the Calculationd Contrast
Proper Used Weighting Functionsfor Impact Testing
Computer Data Acquisitionfrom Briiel & Kjaer Digital Frequency
Analyzers213112134 Using their Memory asa Buffer

3-1984 The Hilbert Transform
Microphone System for Extremely Low Sound Levels
AveragingTimesd Level Recorder 2317

2- 1984 Dua Channel FFT Anaysis(PartII)

1-1984 Dua Channel FFT Andysis(Part 1)

4- 1983 Sound Leve Meters — TheAtlantic Divide
Design Principlesfor Integrating Sound Level Meters

3- 1983 Fourier Anaysisof Surface Roughness

2-1983 System Analysisand Time Delay Spectrometry (Part 1I)

1-1983 System Analysisand Time Delay Spectrometry (Partl)

Specid technical literature

Briiel & Kjeer publishesa variety of technical literature which can be obtained
fromyour local Briiel & Kjeer representative.
Thefollowingliterature is presently available:

O Moda Anadysisd Large Structures—M ultiple Exciter Systems(English)

O Acoustic Noise M easurements (English),5th. Edition

O NoiseControl (English, French)

O Frequency Analysis(English),3rd. Edition

O Catalogues(several languages)

O Product Data Sheets (English, German, French, Russian) _
Furthermore, back copiesd the Technical Review can be suppliedas shownin the
list above. Older issues may beaobtained provided they arestill in stock.



Technical
Review




Contents

Used Spatial Transformation of Sound Fields{(STSF) Techniques

iNthe AULOMOLIVE INAUSEIY ..ovoviriiiricis i 1
by J.Hald
Pass-by NOISE MEASUrEMENTS .......ccviiiiiiiiiiiie ettt 25

by Per Rasmussen

Copyright @ 1995, Briiel & Kj=r A/S

All rightsreserved. No part of this publication may be reproduced or distributed in any form, or
by any means, without prior written permission o the publishers. For details, contact:
Briel & Kjeer M S, DK-2850 Naerum, Denmark.

Editor: K. Zaveri Photographer: Peder Dalmo
Layout: Judith Sarup Printed by Nzrum Offset



Used Spatial Transformation o
Sound Fields (ST SF) Techniques
Inthe Automotive I ndustry

by J.Hald

Abstract

Ever stricter legislation and competition compel vehicle manufacturers to
reduce external vehicle noise. In order to simulate the actual working con-
ditions of vehicles, acoustic testing must be performed not only under sta-
tionary but also under non-stationary conditions, e.g. run-up. This article
deals with the use of Briiel & Kjer’s Spatial Transformation o Sound
Fields (STSF) technique as a tool for assessing and understanding the
noise radiation phenomena, both qualitatively and quantitatively. Two dif-
ferent implementations o STSF will be described: the well known Cross
spectral approach enabling a scan measurement to be applied on a station-
ary sound source and a new Time domain approach requiring all measure-
ment positions to be acquired simultaneously. While the Cross-spectral
STSF is a well established commercially available technique, the Time
domain method is still under development.

Résumé

Une legislation de plus en plus sévare, alaguelle sajoutent desimperatifs
de concurrence, pousse les constructeurs de vehicules automobilesareduire
le bruit que leurs produits imposent a |'environnement. Or, pour pouvoir
simuler les conditions réelles de fonctionnement d'un vehicule, des essais
acoustiques doivent non seulement é&tre realises dans des conditions sta-
tionnaires, mais aussi dans des conditions non-stationnaires, de montee en
regime, notamment. La présente communication decrit I'exploitation dela
technique STSF Briiel & Kjzr de transformation spatiale de champ sonore
pour comprendre et evaluer, quantitativement et qualitativement, le phéno-



méne d'émission sonore. Deux différentes approches sont ici traitees. Liune
intégrant | atechnique connue del'Interspectre pour la mesure par balayage
d'une source stationnaire, I'autre une nouvelle technique, dansle Domaine
temporel, necessitant I'acquisition simultanée desdonnées atous |es points
de mesure. La premiere méthode par interspectre STSF est bien etablie et
disponible sur lemarché, tandis que la seconde est encore en cours de déve-
|loppement.

Zusammenfassung

Zunehmend strengere Gesetzgebung sowie der Wettbewerb zwingen die
Fahrzeughersteller, externe Fahrzeuggerausche zu reduzieren. Um die tat-
sachlichen Betriebsbedingungen von Fahrzeugen simulieren zu konnen,
sind akustische Priifungen nicht nur unter stationaren, sondern auch
unter nichtstationaren Bedingungen (z.B. beim Beschleunigen) durchzu-
fithren, Dieser Artikel beschéftigt sich mit der raumlichen Transformation
von Schallfeldern (STSF), einer von Briiel & Kj=r verwendeten Technik,
die Erscheinungen der Schallabstrahlung qualitativ und quantitativ zu
beurteilen gestattet. Es werden zwei Varianten der ST SF beschrieben: das
bekannte Kreuzspektrum-Verfahren, bei dem eine Abtastmessung auf eine
stationare Schallquelle angewendet wird, und ein neues Zeitbereich-Ver-
fahren, bei dem alle Mefipositionen gleichzeitig erfalit werden. Wihrend
Kreuzspektrum-STSF eine bewahrte, auf dem Markt erhaltliche Technik
darstellt, befindet sich die Zeitbereich-Methode nochin der Entwicklung.

Stationary noise: Cross-spectral STSF
The Cross-spectral STSF technique has been developed in close collabora-
tion with research and development groups in the automotive industry.
Basically, this STSF technique involves a two dimensional acoustical scan
measurement in a plane close to a noise source and then transformation o
the scan planedatato any other plane either closer to or further away from
the noise source under test. By measurement o the Cross-spectra between
a set of references and the Cross-spectra from each scan position to each of
the references, a principal component representation of the sound field is
extracted which can be employed for both near field acoustical holography
and the Helmholtz integral equation.

Since the sound field representation is based on only Auto- and Cross-
spectra, the stationarity assumption can be given the following practical



formulation. The sound source must be sufficiently stationary during the
measurement period such that all the necessary Auto- and Cross-spectral
measurements are repeatabl e to a sufficiently high degree of accuracy.

The Cross-spectral sound field representation includes only parts of the
sound field coherent with the references. This can be an advantage because
uncorrelated background noise can be suppressed, and because sound fields
from uncorrelated partial sources can be analyzed. But if the total sound
field from a complicated sound source with many independent source mech-
anismsisto beinvestigated, then it may be a problem to select a proper set
of referencesignals.

Completedescriptionof the sound field inthree dimensions
Development engineers usethe STSFtechniqueto provide afar-field radia-
tion pattern from a near-field measurement. Thisis particularly important
when the noise source isin a laboratory or test cell and cannot be moved
outdoors or to a very large anechoic chamber. Additionally, ST SF can calcu-
late the acoustic field closer to the noise source than the measurement
plane. This can beimportant in those cases whereit isnot possibleto make
measurements physically closeto the noise source because of rotating parts
or very high temperatures. The near-field calculations can provide pres-
sure, intensity or velocity maps which are very useful in locating noise gen-
eratingregions.

The ability of the STSF technique to provide any near-field and far-field
information isjust a consequence of the fact that the measured Cross-spec-
tral sound field data provide a complete mathematical model o the sound
field over a region extending from the source surface to infinite distance[3].
Thusit is possibleto determine which parts of the noise sourcearethe most
significant contributorsto the far-field radiation pattern.

The Simulation of Source Attenuation capability enables the near-field
particle velocity map to be modified and for example the far-field radiation
pattern to be recal culated based on the modified data. Thus, "what if' sce-
narios can be enacted which enables the design engineer to decide how
efforts are best applied in order to lower thefar-field levels.

Measurement technique

I n theory, an STSF measurement could be performed using a minimum of
instrumentation consisting o a reference transducer, a scan microphone, a
Cross-spectrum analyzer and a computer. Due to the quantity of data
involved, such a measurement would be unacceptably dow. A practical sys-
tem includes a set of reference transducers, an array of scan microphones,
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an automated positioning system (i.e. a robot), a Cross-spectrum analyzer
and a computer. A multichannel system is preferable not only because d
theincreased speed but also because the exclusion o references facility can
be employed. This requires simultaneous acquisition of all reference chan-
nels.

Suitableinstrumentation can be based on the Multichannel Analysis Sys
tem Type 3550 or Type 3551 which will support the use o up to 16 channels.
The software packages WT 9260 and WT 9263, for 3550 and 3551 respec-
tively, support the use o a single-column array only.

As opposed to that, the software package Type 7688 for the Intelligent
Data Acquisition (IDA) system supports the use d a general two-dimen-
sional microphone array. The user just specifiesthe scan area size and the
frequency range, and the computer will then automatically control the posi-
tioning of the array to cover the specifiedareawith a sufficiently small spac-
ing between the measurement positions. Fig.1 (see Front Cover) showsthe
IDA based ST SF system and Fig. 2 gives a schematic overview o the data
acquisition hardware.

( \ Array-based STSF System
\,ﬂ“’/
Cluster n
Reference HP 9000/700
microphones Alal A
m:pJ \ alninintn t )
mme I 11011 11 1
Scan .
microphones . Cluster 0
Intelligent
Microphecne Data Acquisition STSF Software
4196 System 3561 7688
947894

Fig.2. Hardware cverview for STSF system based on Intelligent Data Acquisition System
Type 3561
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The IDA system consists of a number o 6 channel modules, each with its
own digital signal processor and on-board RAM for direct storage o raw time
data. The6 channel input modulesare controlled by a SynchronizationModule
for recording data in up to 3066 channels simultaneously with full fre-
quency range. The IDA system is connected to a workstation via a LAN
interface (Ethernet). The STSF software controls the data acquisition, the
positioning of the microphone array and the post-processing o the data.

Thereferencetransducerscan in principle be any kind o transducers but
are most often either microphones or accelerometers. The absolute values d
the reference signals are not important, as they only provide phase and
coherence information. The reference microphones are used to distinguish
between the different mutually uncorrelated partial fields in the sound
field. Thus, the number o reference transducers must be at least equal to
the number d significant, independent virtual noise sources present in the
sound field.

Once a measurement has been completed, various types d calculations
can be performed using Near-field Acoustic Holography (NAH ) or the Helm-
holtz Integral Equation (HIE). Based on the measurement result in the
scan plane, Fig. 3, the NAH can calcul ate the sound pressure, particle veloc-
ity and sound intensity in any plane parallel to the measurement plane.
This aso enables the 3-dimensional intensity vectors to be calculated. The
acoustic far-field parameters such as SPL along aline or the radiation pat-
tern can be calculated with the HIE.

The STSF system includes functions for Simulation o Source Attenua-
tion. With this technique, the consequences d different noise reduction
strategies can be predicted before actual implementation. The simulations
are performed by mathematically adding different attenuati on functions to
the"vibration" velocities(i.e. the particle velocities) o the different surface
areas of the noise source. Thisresultsin anew set of input datafor the NAH
and HIE calculations, enabling all the near-field aswell asfar-field parame-
ters to be calculated for the new sound field. It is thereby possibleto calcu-
late, for example, the resulting sound pressure 7.5 m away from the source
if the noise radiation of a part d the source is reduced. By comparing the
effect of reducing the noise radiation from different parts, the optimum
noise reduction strategy can be predicted before making the actual changes
to the source.
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Fig.3. Calculation of near-field and far-field, based on measurements made in the scan
plane

Applicationexamples

The STSF measurement technique has been applied to solve noise prob-
lemsfor a widerange o products. Here we will concentrate on afew appli-
cation examples from the automotive industry, namely the application o
STSF to measurements of whole vehicle exterior noise, measurements in
wind tunnel s and tyre noise measurements.

In thefirst example, the objective was to reduce the exterior noise level
from a passenger car (described in detail in [4], by Nigel Taylor, Rover
Group, UK, et al.). Traditional pass-by noise measuring techniques sug-
gested that the main noise source was the exhaust orifice. Detailed analysis
o the sound field using ST SF showed that the engineair intake system was
dominant. As a result the overall sound pressure level was reduced by
minor adjustmentsto the intake system as opposed to major modifications
to the exhaust system.

The noise field on the right side of a Rover 220 GSi was scanned with a
microphone array The array of microphones was moved along the side o
the car by a computer controlled microphone positioning system. At each
array position, the Cross-spectra between all array microphones and a ref-
erence microphone were measured with a multichannel analyzer and all the
spectra were then transferred to a workstation and stored. After the data



acquisition process, all relevant information about the noise field on the
right side d the car was stored in the computer.
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Fig.4. Sound pressure fevel (100 Hz A-weighted) along a line at a distance of 7.5 m from
the ear, with the ear positioned at x = ¢

Fig. 4 shows the calculated A-weighted SPL at 100 Hz (bandwidth 20 Hz)
along aline 7.5 m fromthe centreline of the car at aheight o 1.2m. It can
be seen that the SPL hastwo maxima, one around 2.10m behind the centre
of thecar and one 4.5m infront of the car centreline. Intuitively, the high-
est peak occurring at the rear of the car could be associated with the noise
radiated from the exhaust orificeand the smaller peak could be associated
with the air intake orifice. Such an explanation, however, does not agree
with the sound intensity distribution in the near-field. Fig.5 showstheradi-
ated intensity right at the surface of the car. Hereit can beclearly seen that
the dominant noise sourceis the air intake orificeand not the exhaust ori-
fice. Thisapparent conflict between thefar-field measurement and the near-
field measurement is caused by thefact that the exhaust and theintake are
correlated sources and, as such, interfere with each other. This can be seen
from a calculation of the intensity radiation away from the car towards the
SPL calculation line. Fig.6 shows the intensity vectors away from the
exhaust orifice and the intake orifice. Two "beams" can be identified: one
away from the exhaust and one away from the intake. The interaction



Joo T E——— | AX .225m
74 76 78 80 82 84 856 88 90 892 94 dB Ay 998

Positive
Negative

Fig.5. Sound intensity radiation from side of oar a¢ 100 Hz

Energy crossing from
intake to exhaust beam

Fig. 6. Intensity radiation away fromthe car




between the two sources can be seen around 1- 2m away from the car,
where energy from the intake radiation beam crosses over to the exhaust
radiation beam and amplifiesthis.

The overall SPL o the car can be reduced either by reducing the noise
from the exhaust orifice or by reducing the noise from the intake orifice.
Thesetwo caseswere simulated with the STSF Simulation o Source Atten-
uation technique and the SPL along a line was calculated. The reduction of
the noise from the exhaust orifice was simulated by introducing a 3dB
attenuation function in the mathematical STSF model o the area around
the exhaust orifice. From this new acoustical model o the near-field, the
resulting SPL along a line was cal culated, giving the result shown in Fig. 7.
By comparision with theoriginal resultin Fig.5, it can beseen that a reduc-
tion o the exhaust noise by 3dB only reducesthe overall maximum SPL by
0.9dB. Similarly, the effect o reducing the noisefrom the intake was simu-
lated by applying a 3dB attenuation function to the areaaround theintake
orifice. The SPL along a line calculation, Fig.8, showsthat thisresultsin a
reduction o the overall maximum SPL by 1.8dB. It can therefore be con-
cluded that a reduction o theintake noise has a greater effect on the overall
SPL thana similar reduction o the exhaust noise. Thisisalso in agreement
with the results from the near-field sound intensity calculations, which
showed that the major contribution to the far-field SPL was coming from
theintake.

The second example of applications of the ST SF measurement technique
for automotive noise reduction concerns wind-tunnel measurements
(described in detail in[51, by M. Nakamura, HondaR& D, Japan, et a.). As
other noise sources like engine noise and tyre noise are being reduced, the
relative contribution from aerodynamic generated noise under high speed
driving conditionsisincreasing. This noiseisdifficultto measure because o
disturbances such as self-generated wind noise and wind tunnel back-
ground noise. The cross spectral measurement technique applied in STSF
can be used to reduce theinfluence of these disturbing noise sources and the
holographic calculations of STSF can be used for preciselocalization o the
turbulence noise sources from measurements taken outside the turbulence
region.

The measurements were performed i n the Honda low-noise wind tunnel,
with the set-up shown in Fig.9. The vertical microphone array is scanned
alongtheside o the car at a distance of 250 mm from the centre o the side
window. In this example a single reference microphone was placed inside
the car, at the drivers head position. As the STSF uses the Cross-spectra
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Fig.8. AsFig.4, but with simulated 3dB reduction of intake noise

between the scan microphones and the reference microphones for the cal cu-
lations, only the part of the noise field which correlates with the signal
picked up by the reference transducers will be taken into account in the eal-
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Fig.9. 8TSF sei-up for measurement in the Honda low-noise wind-tunnel

culations. This means that the STSF measurement outside the car will
identify the noise sources which are coherent with the sound pressure atthe
position o the driver's head, while disturbances like wind induced noise on
the individual scan microphones will be excluded from the calculations.
Fig. 10 showsthe sound pressure level ontheleft sidedf threedifferent cars
with awind speed o 100km/hour.

The last example is from a measurement of tyre noise, the third o the
major noise sources contributing to the radiation from passenger cars. The
tyre under test was mounted on the front axle without the car on a rolling
road in a semi-anechoic test chamber. To simulate cornering driving condi-
tions, the front wheels were at an angle of 1° from the vertical plane
through the longitudinal axis of the car. The ST SF measurement was con-
centrated on the area around the tyre and by suitable placement o the ref-
erence transducers it was ensured that the background noise from the
auxiliary equipment did not disturb the measurement. The use o four ref-
erence microphones around the tyre/road contact region was shown to pro-
vide a good complete model of the sound field. The measurement was
performed with a line array of 12 microphones, which was moved to 20
measurement positions along the side of the tyre by a microphone position-
ing system , giving a total of 240 scan positions. The distance between the
scan positions (grid spacing) was 75 mm, giving a total measurement area
d 825 x 1425mmZ. Fig.11 shows the intensity radiation from the tyre at
740Hz as an example of the resultsfrom this measurement. As ususal, the
tyre/road contact area is the principal noise generating region relative to

11
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Fig. 10. Outside sound pressure distribution on the side surface of three different ears at a
windspeed of 100 km [ hour. Frequeney range 1s 194 Hz to 729 Hz A-weighted

the other parts of the tyre. However, the cornering d the tyre excites a
vibration pattern on the sidewall, causing relatively high levels of acousti-
cal radiation from the upper part of thetyre.

Non-stationary noise: Timedomain STSF

During the past 10 years, Cross spectral STSF has been recognized as an
efficient tool for detailed study of acoustical radiation phenomena, for
sound sources which are stationary stochastic. There has been no system

12
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for performing acoustical holography on general non-stationary sound
sources, such as engines under run-up conditions. Ever stricter legislation
is compelling vehicle manufacturers to reduce external vehicle noise. In
order to simulate the actual working conditions df vehicles, acoustical test-
ing must be performed not only under stationary but also under non-sta-
tionary conditions.

A European collaboration project, named PIANO, has been started under
the auspices of the CEC BRITE/EURAM program. The participants include
heavy-vehicle manufacturers, specialized companies and universities. The
task of this project from 1993 to 1995, is to investigate new methods that
enable faster, cheaper and more accurate ISO 362 pass-by noise reduction
measures for heavy road vehicles. These vehicles are invariably operating
under non-stationay conditions. In thisconnection, a prototypetime domain
STSF system is used to assess the radiation from components such as
engines and gear-boxes. The prototype system is based upon a fixed array of
microphones coupled to a multichannel, simultaneous, time-history acquisi-
tion unit and a supporting software package.
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Instrumentation for Time domain STSF

A fixed microphone array system, named SARAH (SimpleARray for Acous-
tical Holography) is being developed by Briiel & Kjeer for such time-history
acquisitions. The array consists of a large number of specially designed
microphones which can be clipped into position in an open grid network.
The microphones are grouped in sixesinto a single D-plug which can then
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be connected to a modulein the Intelligent Data Acquisitionfront-end sys-
tem (IDA) Type 3561. Thefirst IDA unit contains a power supply, an inter-
face and a synchronization module. It can be equipped with a maximum o
7 microphoneinput modules, each capable of supporting 6 microphones, i.e.
42 channels in all. Subsequent IDA units do not require synchronization
modulesand can therefore be equipped with up to 8 microphoneinput mod-
ules, i.e. 48 channels. The time-history datais stored in RAM in the front-
end until it istransferred to the host UNIX computer, which in the meas
urements described here was a HP712/80. As an indication of the capabili-
ties of the system; for 6 to 3066 microphone channels, the maximum time
record length is 20.8 seconds with a 6.4 kHz frequency range.

Asthereal-timememory isin RAM in thefront-end, not in the host com-
puter, the limitation o the system is not in the number o channels but in
thetimeto transfer the datafrom IDA to the host computer. Asan example,
for the measurements described bedow, for 120 channel s and a bandwidth of
3.2kHz, and a time record of 2.0seconds, the transfer o 4Mbytes o data
took lessthan 20secondsthrough an Ethernet interface connection.

Basictheory o Timedomain STSF

Presently, only the use o Near-field Acoustical Holography for near-field
calculations has been implemented and tested in the protoype Time
domain STSF software. Far-field calculations using Helmholtz' integral
equation have not been implemented yet, but that isrelatively ssmple. The
present chapter givesa short introduction to the basic theory and computer
implementation o Time Domain Holography (TDH).

Fig.l1 3 illustrates the geometry o the measurement problem to be
treated. A sound field is measured over a plane z=z4>0 in the near-field
region o a sound source. All parts o the source are assumed to bein the
half space z< 0, and the half space zz 0 is assumed to be source-free and
homogeneous.

The sound pressurefield p(r, ) = p(x,y,2,), which represents a particul ar
event in time domain, fulfils the homogeneous wave equation in the half
Space z=0:

vip-— -~ T =0, 220 (1)
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H g. 13. Planar measurement geometry

To be able to use the well-known hol ography cal cul ation method, we need
to transform the event to the frequency domain in time and in the spatial
coordinatesx and y. We need the following Fourier transform pair for the
sound pressurein any planewith constant z-coordinate,z = 0:

1 co poo _j(kxx+kyy_at)
N dk_dk do
p(x9y:z’ ) (2“)3‘[- mj—“’ ) ’

P (kx, ky, z, w)e

- m

(2)

oo oo poo Jk xtk y-at)
Plohpzo=[ [ [ peyznd @ 7 Tdrdydt @

If we insert the Fourier transform expression (2) for p(r, ¢) in the wave
equation (1) and take the Fourier transform, we obtain the following one-
dimensional differential equationinz:

_—
{avf JP(kx,ky,z,co)=0, YZEkZ—kf—ki, 220 4)

0z

where



k ®

(5)

c

It is shown for example in reference [7] that provided all sources o the
sound field are at z < 0, then the compl ete solution to (4) can be written as:

-J Y(Z_ZO)

P(kx,ky,z,co) = P(kx,ky,zo,(o)e 2,20, 220 (6)

where v is a function of &, ky and o (through k):

J R2-k2- kP for k24 kf <h?

1]

Y (7

l 5 RE+RE k% for kZ+kZ>k?

Since the sound pressurefield is measured in the planez = z(, the plane
wave spectrum P must be obtained from equation( 3) with z equal to zq. For-
mulae (6) and (2) then alow the sound pressurefieldp for any z= 0 to be
calculated.

Using the well-known rel ations between the sound pressure and the par-
ticle velocity, the particle velocity vector u (7, t) can be shown to be (seeeg.
[11):

1
u(x7y3z7t) = k 72’0‘))7{k ’k ’Y}T
(2m3 pcjm-[oj; B ®

—j(k x+k_ y-ot)
xe * T dk dk do

where { }T represents a column matrix (a vector). From the time domain
pressure and the time domain particle velocity, the instantaneous intensity
can be obtained, and any type o filtering and averaging can be performed.
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Reference [ 6] describes a holography implementation which has some
important similarities with the present TDH system. The application in [6]
is measurement on broadband, stationary sources with controlled excita:
tion. In the present application, the ability to measure source characteris-
ticsat different stages of a non-stationary event isessential.

For the case o calculation o the sound field in a planefurther away from
the source than the measurement plane, i.e. z>z,, a direct time-domain
expression can be derived from Helmholtz' Integral Equation [7]:

. z2g ¢ ¢ 1 [ap E .
p(r,t) = E—c J J?lﬁ r, —)+ p(r t——) dxdy, z>zy (9

Here Risthe distance between the integration point 7" =(x",y', z) and the
calculation point r =(x, y, 2):

REJ(x—x')2+ (y—y')2+ (Z—ZO)2

The direct time-domain formula (9)is helpful for understanding some o
the effects d a truncation o the event in time: A sharp cut off in time will
introduce a rather large impulsive error due to the time derivative in (9).
This error term will appear with a delay due to the propagation time RIc
from the measurement plane to the calculation position.

Thetime domain formula(9), however, isefficientfor the numerical calcu-
lation only when the sound field at a single or a few pointsis needed, and it
does not apply for calculation closer to the source than the measurement
plane. The holographic formulation given in formulae (1) to (8) is efficient
because it allows the use o FFTs for the Fourier transform calculations
and, further, it allows prediction d the sound field closer to the source than
the measurement plane.

Computer implementation

Fig.14 shows the data flow for the prototype computer implementation. A
rectangular box represents data — with an encircled f at the bottomiitis
frequency domain data, otherwise it is time domain data. Note that the
Fourier transforms (FFTs) in time and space are performed at different
stages, as opposed to the above mathematical formulation. The spatial
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transforms are performed as parts of the operations Calculate Surface
velocity and Holography.

Calculate Surface velocity computes that frequency domain particle
velocity distribution in a plane close to the surface d the sound source
which will produce the measured sound pressure field. Thereby, the
assumption of zero sound pressure outside the measurement window in the
measurement planeis avoided, significantly reducing the effectsd using a
rather small measurement window, which is often necessary because a full
sized array isrequired. An iterative holographic procedure is used for the
calculation [8].

Holography providesthe frequency domain sound pressure Pand parti-
clevelocity (z-component) U inany plane z> 0 fromfrequency domain parti-
clevelocity or sound pressure datain a parallel plane.
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Having the frequency domain data makes it easy to impose a filter, for
example a 113-octavefilter, beforethe data are inverse Fourier transformed
(FFT™!) to thetime domain. Theinstantaneousintensity | iscalculated asa
product d the time domain pressurep and particle velocity w.

Measurementsontheengine of a small truck

A fixed (full size) array system is more suited for measurementson engines
or componentsinstalled in atest cell rather than for complete vehiclesdue
to the large number o channels involved. Some adjustment o the test bed
is usually required in order to position the array as closely as possible to
the object under test. An advantage d the fixed array system relative to a
scanned array system is that feed-pipes to the engine can be led away
through the array plane.

To test the prototype system, measurements were made on a small
IVECO EUROCARGO truck on a dynamometer at Centro RicercheFiat in
Torino. In order to have accessto measure the engine, the passenger cabin
was tilted forward, see Fig.12. The engine was a 4 litre 8040.25 diesel
engine with 4 cylinders.

The magjor measurement condition to be considered was a fast run-up
(pass-by simulation) in 3rd gear, taking about 1.6 seconds. To be able to
compare stationary and non-stationary conditions, a series o measure-
mentswere taken at constant RPM. I n order that the stationary conditions
could simulate the run-up conditions as closdly as possible, the engine was
operated at full load in 3rd gear.

Measurements were taken over the top right-hand side d the engine,
with the normal o the array plane pointing approximately 45 degrees
upwards. The measurement plane could be as close as12cm from the near-
est point on theintake manifold and 8cm from the nearest point on the com-
pressor. The array area covered the engine side down to the chassis.

Results

Fig.15 to Fig.20 show intensity contour plots over the right side o the
engine for the 1600 Hz third-octave band. Fig.15to Fig. 19 represent differ-
ent stages during the fast run-up - at 2150, 2600, 2750, 2900 and
3000RPM - while Fig.20 represents a measurement with stationary
engine operation at 2750RPM. All plots have the same threshold, and each
colour represents a1dB level range. Also, all maps show theintensity in a
plane 10 cm closer to the source than the measurement plane, whichis a
little bit further than the first intersection with the source. For the run-up
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Fig.15. Run-up, 2150 RPM Fig. 16. Run-up, 2600 RPM
Fig.17. Run-up, 2750 RPM Fig.18. Run-up, 2900 RPM
Fig.19. Run-up, 3000 RPM Fig.20. Stationary, 2750 RPM
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maps, averaging has been performed over a 50RPM interval, whilefor the
stationary condition an averaging time equal to 488 msec has been used.

Fig.17 and Fig.20 can be compared because they represent approxi-
mately the same RPM condition of the engine - Fig. 17 during the run-up
and Fig.20 during stationary operation. The two plots look very similar
around theair intake and the manifold.

Conclusions

Acoustical array techniques are becoming more common in the automotive
industry. The development has been from a single microphone moved from
position to position manually, to one or more sound intensity probes moved
by means of a robot, tolinear arrays of microphones used to scan stationary
noise sources, to large fixed arrays of microphones used in time-history
acquisition systems for non-stationary noise. This article described two
array systems; the Cross spectral ST SF system, already widely used in the
automotive industry for stationary noise analysis, and the Time domain
STSF system, still under development, for non-stationary noise analysis.
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Pass-by Noise M easurements

by Per Rasmussen

Abstract

Exterior noise measurements on vehiclescan be performed accordingto vari-
ous national and international standards using a specially developed measur-
ing system. Mathematical simulations d the noise fidd radiated from a
vehicleshowsthat by using non-standard measurement procedures, it is pos
sble to obtain more information about the noise radiation from the vehicle,
and makeit possibleto identify and quantify individual sound sources.

Résumé

Lamesure du bruit au passage de véhicules est regenteepar diverses normes,
national esou international es, et seffectue au moyen de systemes special ement
misau point dans ce but. Or, des simulations mathematiques du champ sonore
émis par le véhicule en deplacement montrent quil est possible, par lebiais de
proceduresde mesure non normalisées, d’obtenir un plus grand nombre d’in-
formations sur I'émission de bruit provoqueeet den localiser et quantifier les
différentes sources.

Zusammenfassung

AulBlengerduschmessungen an Fahrzeugen nach verschiedenen nationalen
und internationalen Normen lassen sich mit einem Mefsystem durchfiihren,
das speziell fiir diesen Zweck entwickelt wurde. Durch mathematische Simu-
lation des vom Fahrzeug abgestrahlten Schallfeldes wird gezeigt, da sich
durch nichtstandardisierte Meljverfahren weitere Informationen tber die
Schallabstrahlung des Fahrzeugs gewinnen lassen, so dafi individuelleSchall-
quellenidentifiziert und quantitativ bestimmt werdenkonnen.
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I ntroduction

The acceptable exterior noiselevel from passenger carsis constantly decreas-
ing through national and international regulations. Most recently, the accept-
ablelevel within the European Union has been lowered to 74dB(A). To fulfil
these demands, still more advanced measuring techniques haveto be used in
the development processand for troubl eshooting. Exterior vehicle noiseis nor-
mally measured following the procedure in ISO standard 362 "Acoustics -
Measurement d noise emitted by accelerating road vehicles - Engineering
method" [ 1] According to this standard, the noiseis measured with a micro-
phone placed 7.5m from the centre d thetest road. Thevehicleis accelerated
past the microphoneat full throttle and the registered noiselevd isthe maxi-
mum level measured during the pass-by.

Most standards for measuring the exterior noise from a vehicle intend to
quantify the noiseimpact on the environment rather than to describethe vehi-
deasanoisesource. The noiseimpact will depend on a number o factorssuch
asthe distanceto thelistener, typed road, typical vehicle speed, drivingstyle,
etc. Thesefactorsareall consideredin the standard and the result o the meas-
uring procedureis a single number rating d the noise emission from the car.
By carefully controllingall parametersduringthe measurements, itispossible
to obtain reliableand accurate results.

However, in order to reducethe exterior noisein the most efficient way,itis
essential to have detailed information about the vehicles individual noise
sources. This includes information about the locations o the sound sources,
the strength d each source and the interaction between the different sources.
Pass-by noise measurement standardslike ISO 362 are not suited for, and not
intended for, such detailed investigations d the different noisesources. Asthe
microphoneis7.5maway fromthe centre d thetest road, it isessentially afar-
field measurement, which gives very little information about the acoustical
near-field. The distance from the different parts d the vehicle to the micro-
phonesis almost the same, so seen from the microphone positionsthe car is
one big source with a complicated directivity pattern. At higher frequencies,
wherethewavelengthd the soundismuch smaller thanthe dimensionsd the
car and the distance from the car to the microphones, the individual noise
sources can be considered as simple, omni-directional monopoles radiating
equallyin all directions. However, the shape o the enclosures(e.g. enginebay)
and acoustictrim can result in directional noise sources. At lower frequencies,
especially around the dominating engine noise frequencies, where the wave-
lengths are comparable to the dimensionsd the car, correlated noise sources
will interact and can result in complicated directivity patterns.

26



M easurement procedure

The pass-by noisetest accordingto 1 SO362 is performed by accelerating the
car past the microphones and measuring the maximum overall A-weighted
level. The car approaches the measurement area with a constant speed of
BOkm/hr. Asthefront o the car reachesthe starting line A-A, see Fig.1, the
vehicleis accelerated at full throttle until the rear-end o the car reaches the
line B-B. The A-weighted sound pressure level is measured with a type 1
sound level meter on both sidesd the vehicle, using an exponential averaging
time d 250ms. The result o the test is the maximum level obtained during

the passby.

—> To Sound Level Meter

Left side mic. Q.

e —t
[ —

| Test Vehicle A

Right side mic. T

s To Sound Level Meter

950835¢ |

Fig.1. ISO standard passby test set-up

The noiseis transmitted from the different sources like tyres, exhaust ori-
fice air-intake, etc., tothe microphoneplaced 7.5m away fromthecentre o the
test road. The microphoneconvertsthe acoustical signal into an electrical Sg-
nal whichin turn passesthrough an RM S-detector with an equivalent averag-
ingtimedf /s (Fast).
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The measurement is started when the car is at the starting line 10m before
the microphones. The speed d the car at the starting line is 50km/hr, corre-
sponding to approx. 14m/s. The full measurement is finished when the rear
end d the car is 10m past the microphones, so the total measuring time is
approximately1.5s. Thisis comparableto the averagingtime o 1/, s, so when
interpreting the measurement data this should be considered.

Also the geometry d the measurement set-up affects the measurement
result. For a normal passenger car d length 3 to 5m, the distance between
individual noise sourceslike engine and exhaust orifice or front and rear tyre,
is much smaller than the distance from the source to the microphones. Fur-
thermore, at low frequenciesthe distance between the sources is small com-
pared to the wavelength of the sound and it i s therefore necessary to consider
theinteraction d the different noise sources.

Pass-by measurement instrumentation

Fig.2 showsafull set-up for pass-by noise measurements.The system consists
d three functional parts: the position measurement part, the rpm/telemetry
part, and the frequency analyzer. The position measurement part consistsd a
radar and two setsd photocellswith reflectors. The telemetry part consistsd
a " Transmitter Unit" that transmitsthe measured rpm and the throttle posi-
tion via an RS-232 radio modem to the "Receiver Unit". All the functions o
the system are controlled by the frequency anayzer. The frequency analyzer
used in this system is a specialy developed Order Tracking Andyzer, includ-
ing both dual-channel frequency and order analysis, tachoinput processingin
two channelsand logging d four DC-channels.

Theradar isa standard police-radar used in more than 25 countriesaround
the world. It works on the Doppler principle at a frequency o approximately
22GHz. At thisfrequency, thewavelengthd the radiowavesisaround 12mm.
If an object such as a car isin the radar beam, it will reflect the transmitted
wave back to the radar antenna. If the car now moves relative to the radar
antenna, the reflected wave will be Doppler shifted relative to the transmitted
wave causing a phase shift. So every timethe car moves approximately 6mm
or half a wavelength, the radar will detect a 180 degree phase shift and pro-
duce a pulse on the output. If the car istraveling at 50km/h, this will corre-
spond to around 2300 pul sesevery second.

This tacho signal is processed by the order tracking analyzer which calcu-
lates the velocity and positiond the vehicle.
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H g. 2. Passby noise measurement set-up

In order to calculate the absolute position d the car, the analyzer needs
information about an initial position. Thisis provided by two light-barriers,
with photocellsand reflectors, one at each end o the test section. Theanalyzer
isset up 0 that measurementsare started by an external trigger signal from
the photocellsso that the position calculationisinitiated simultaneously with
thistrigger signal. The analyzer also detects which o the two photocells was
triggeredfirst, inorder to keeptrack o thedirectiond the vehicle.

The noise data are acquired by the analyzer as a function of vehicle posi-
tion. This is controlled by the radar signal, so that for a typical measure-
ment the analyzer will store noise spectra at constant intervals. A typical
set-up would be to start at —-15m and end at +15m with an interval o
0.25m. Thismeansthat the analyzer will store121 spectra at the positions
-15m, —14.75m, - 14.50 m and so on until +15m.

TheISO standard prescribesthat theinitial velocity o the vehicle hasto be
B0km/hr and that the driver hasto apply full throttle at the starting line 10m
beforethe microphoneline. Astheresult o the pass-by test dependson the ini-
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tial vehicle velocity and the exact positionwhere the driver applied full throt-
tle, it isimportant to record these data during the measurement. The pass-by
system measures the enginerpm and thethrottle positionin the car and trans-
mits the results to the stationary analyzer. Thisis donevia a two-way digital
radio-modem, whichensuresvery reliabledatatransmission. TheTransmitter
Unit in the car measures the rpm value and the result is a number which is
transmitted via an RS-232 radio-modem. As the radio-modem establishes
two-way communication, information cannot only be sent from the Transmit-
ter Unit inthe car to the stationary Receiver Unit near the analyzer, but also
fromtheanalyzer tothe Transmitter Unitinthe car. Thetwo-way communica
tionisaso used for sending start informationfrom the analyzer to the Trans-
mitter Unit in the car. When the analyzer is ready to measure, a Start
indicationlamp on the Transmitter Unit lights up and the driver can start the
pass-by drive.

The Transmitter Unit also measures the throttle position with a Throttle
Position Sensor. Thisis basically a force transducer which is mounted on the
accelerator. Whenthe car approachesthetest section, thetest driver will usea
moderate pressure on the accelerator to maintain a steady speed. At theline
10m before the microphoneline (position-10m), the driver should apply full
accel erationby pressingthe accel erator down fully. Thiswill be detected by the
forcetransducer and transmitted back tothe analyzer.

M easurement results

Thefull measurement is controlled by Windows™ softwarewhichis aso able
to display the measured datain different data formats. Fig.3 showsatypicd
exampled results obtained from a pass-by noise measurement. Thisgivesthe
overall A-weighted SPL from both sides o the vehicle as a function d the
vehicle position. At the same time the 400 Hz Y/5-octave bands and the engine
rpm are displayed.

It can be seen that the overall maximum SPL occurs when the vehicleis
2.25m past the microphoneand that thisis highest on the left sided the car.
The corresponding Y/5-octave spectrumisseen in Fig.4. Thisshowstwo differ-
ent noise phenomena: the discrete frequency componentsaround 125Hz and
400 Hz, comingfrom the engine and exhaust system, and the broadband noise
from 500 Hz to 2.5 kHz coming from the road/tyre interaction. Wheninterpret-
ing the pass-by measurement results, it isimportant to consider the difference
intheorigin d thesetwo different groupsd signals. The engine/exhaust noise
isgenerated by the same source (the engine) and will therefore be correlated,
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Fig.3. Overall noise, 400 Hz and engine rpm asa function of vehicle position

whilethe road/tyre interaction noiseisgenerated by uncorrelated sources. The
consequencesd thiswill beexemplifiedlater on by simulating thedifferentsit-
uations with a simplemathematical modd.

An example d the influence o the types d noise sourceson the interpreta-
tion of pass-by datais described in the Briiel & Kjeer Application Note " Exte-
rior NoiseM easurements on a Rover 220 GSi” by Nigel Taylor, Rover Group, et
al. [2]. The Rover 220 GSi was tested at the Rover Gaydon test site, on the
1S010844 (3] Standard noisetest road surface. The vehiclewastested in both
2nd and 3rd gear, according to the procedure in ISO362. The pass-by noise
level in 2nd gear was successfully reduced using, among other things, afinite
element model d the exhaust system. The result of a test in third gear is
shownin Fig.5. Thisgivesthe overall A-weighted sound pressure level for the
right sideasafunctiond the vehicle position rel ative to the microphones. The
maximum SPL is 75dB(A) and a further frequency analysis shows that the
overall SPL isdominated by noisein the 100Hz !/5-octave band, which corre-
spondsto the enginefiring frequency or second harmonicd the enginerevolu-
tion. It can be seen that the SPL for the 100Hz Y3-octave band has two
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maxima, one when the car isaround 0.5m beforethe microphonelineand one
when the car is 7m past the microphone line. Intuitively, the highest peak
occurringat therear of thecar could beassociated with the noiseradiated from
theexhaust orificeand thesmaller peak could beassociated withtheair intake
orifice. This interpretation can, however, be shown to be incorrect both by
mathematically modeling the noiseradiation fromacar, asbdow, and by other
measurement techniques suchas STS-.

Noise model of car

The sound field from a car can, as afirst approximation, be simplified to two
monopoles. At low frequencies, the noiseradiation is dominated by the noise
from the exhaust orifice and from the engine (air intake), while at higher fre-
quenciestyre noiseis dominant. Consideringfirst the low-frequency engine-
generated noise, the car can be modelled as two correlated monopoles placed
lq apart (usualyinthe range d 2 to 3m), where thefront monopoleA1 repre-
sents the noise from the engine and the rear monopole A2 represents the
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noisefrom the exhaust orifice, see Fig. 6. The two monopolesare moving past
themicrophoneat adistanced |, =7.5m with speedv,. Inareal pass-by test,
the vehicle is accelerating past the microphone, but for simplicity the speed
will be considered constant at 14m/s. The position of source Al relative to the
microphoneis given by x, and the positiond A2 isthereforex- 4.

The sound field from a monopoleis a smplefunction d the distancer from
the monopole, so the sound radiated from Al isgiven by:

C.-k-p-c ih(it-
1 tk(c-t rl)

Bilry) = —~———— e D
4-m-r;

whereCy isthe source strength o source Al, k the wavenumber, p the den-
Sity d air and c the speed d sound. The distance r; from the source to the
microphoneis given by:

ry(x) = Jlmz+x2 (2)

33



Microphone
RMS Detector
Exponential Averaging =
Time constant 'Fast'
J

950838e

H g. 6. Model of pass-by measurement with two point sources A7 and A2

Similarly, the sound pressure from source A2 isgiven by:

Cy-k-p-c ik(c-t-ry) +iy

py(ry) = (3)

4'11:~r2

wherevy isthe phase between the direct signal fromtheair intakeand thesig-
nal from the exhaust orifice and ry is the distance from the source to the
microphone position given by:

ra(x) = JI 2 (x-1)2 4)

These two pressures are then added together at the microphoneposition to
give the resulting pressure p,. Thisisthen passed through an RMS detector
with time constant t, givingthe resulting output B
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At higher frequencies, the different noise sourcescan betreated asuncorre-
lated and in cal cul ating the sound pressure level at the microphonepositionit
isnot necessary to use the instantaneous sound pressures from theindividual
sources. The equationsfor thesound pressure level at the microphoneposition
canthen besimplifiedto:

C, kpec

p(ry = m (6)

and similarly for the other source.

Simulationswith uncorrel ated sources

Theresults d a pass-by measurement can be simulated by numericaly inte-
grating equation (5) with the appropriate functions for the sound pressure
level at the microphone position. The result is given as the sound pressure
level as a function o the vehicle position as it passes the microphone. The
vehicle starts at a positionx = —15m, passes the microphoneat x = Om and
continuestox =+15m.

In the first example, Fig. 7, the pass-by noise has been calculated for two
uncorrelated sourceswith a sourceseparation of 2.5m, for the frequency range
around 1kHz, typical for tyre noise. The two sources are assumed to be o
equal strength. Asthedistance betweenthetwo sourcesismuch smaller than
the distance from the sourcesto the microphone, it is not possible to distin-
guish the contributionsfromtheindividual sources.

In order to separatethe contributiond thefront sourcefromtherear source,
it is necessary to move the microphonemuch closer to the vehicle, so that the
distance between the sourcesislarge compared to the distance to the micro-
phone. Fig.8 shows a simulation d a pass-by where the microphoneis only
0.5m from the car. In this caseit is possible to distinguish the two sources,
although it is not possibleto evaluate the magnitude o theindividual contri-
butions. Thisisbecause o therelatively longaveragingtime usedinthe RMS
calculation. The averaging timeis /4 s and during this time the car will move
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Fig.7. Simulation of passby: two uncorrelated noise sources, with microphone 7.5m
away

almost 4m. Therefore the contributionsfrom thefront and rear sources will be
smeared out by the averaging process. By using a shorter averaging time, the
contributions from the two sources can be separated. Using, for example, an
averagingtimedf /15, assimulatedin Fig.9, itispossibleto separatethe con-
tributionsfrom the two sources.
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Fig.8. Simulation of pass-by: two uncorrelated noise sources, with microphone 0.5m away
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FHg. 9. Simulation of passby: two uncorrelated noise sources, with microphone 0.5m
away and 1/16saveragingtime

As we have seen, it is possbleto obtain more information from a pass-by
measurement by moving the microphonecdloser to the vehiclethan the 7.5m
prescribed in the ISO standard and by using a shorter averagingtime. Such
measurementswill, o course, not bein accordancewith the ISO standard and
cannot be used for homol ogation purposes. On the other hand, they may give
more information about the noise radiation from the vehicle, and makeit pos
shbletoidentify and quantify individual sound sources. In practicethere are,
however, limits to how dose the microphone can be placed, and how short an
averagingtimecan be used. Asthedistancefromthe microphoneto thevehicle
isdecreased it aso becomes more critical. In order to make repeatable meas-
urements, the distance from the car to the microphone must be the samefor
each measurement. 'lb maintain an accuracy off | dB the distance has to be
kept within £10%. For a microphonedistanced 7.5m thisiseasily achieved,
but for microphonedistanceslower than 0.5m it becomes very difficult. Also,
the use o shorter averaging time reduces the accuracy d the measurement
result as the stetistical uncertal nty is increased. For a Y/g-octave frequency
analysis, an averagingtimed Y598 will only givearesulttowthin £ 1 dB for
frequencies above 1.25kHz. For lower frequencies, the BT product will be
smaller and'the statistical uncertaintywill belarger.
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Simulationswith correl ated sources
At low frequencies, the noise frem the car will in general be dominated by
noisefrom the engine (air intake) and the exhaust orifice. At thetypical driv-
ing conditions for a pass-by test, the engine firing frequency will be around
100Hz, and this will dominate the low-frequency part d the spectrum. The
wavelengthd the sound at this frequency isaround 3.4m, whichisrelatively
large compared to both the dimensionsd a typical car and to the distanceto
the microphoned 7.5m. As the noise from the engine and the noisefrom the
exhaust both originatefrom the engine, the noisefrom the two sourcesis cor-
related and the phase between them must be taken into account when calcu-
lating the resultingsound pressureleve at the microphone postion.
Asauming again that the vehicle can be moddled as two smple sound
sources placed 2.5m apart with equal strength, and that the phase between
thesignalsis0°, the resulting sound pressureleve at the microphoneposition
asafunction d the vehiclepostion will be asshownin Fig.10.
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Fig.10. Simulation of passby: two 100 Hz correlated noise sources, with 0° phase shift
and with microphone 7.5 m away

This shows a maximum when the car is gpproximatey 2m past the micro-
phone, when the signalsfrom the two sourcesarrive at the microphone pos-
tionin phase and the distancefrom the sourcesto the microphonei s smallest.
Al the curve shows two minima, one when the vehicle is 5m before the
microphone and the other when the microphoneis 11 m past the microphone.



Thiscorrespondsto the positionswherethe noisefrom the two sourcesarrives
at the microphoneposition out o phaseand thereforecancelseach other.

Normally the noisefrom the exhaust orifice will be phase shifted when pass-
ing through the exhaust systerm and thiswill changethe positionsd construc-
tiveand destructiveinterference. For a phaseshift of 90° o theexhaustsignal,
but otherwise as in the previous example, the maximum level position will
occur when the car is approximately 5m past the microphone, see Fig.11. In
this case the minimum, wherethe noisefrom the two sourceswill arriveout of
phase, occurswhen the car isinfront o themicrophone, atx =0m.
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H g. 11. Simulation of pass-by: two 100 Hz correlated noise sources, with 90° phase shift
and with microphone 7.5 m away

Intuitively, the result in H g 11 could be interpreted as being caused by a
week sourcein thefront part o the car (i.e. engine) and a stronger source at
therear o thecar (i.e. exhaust orifice), since the maximum noiselevel occurs
whenthecar has passed the microphone. The simulationshows, however, that
the maximum at the rear o the car is caused by constructive interference
between thefi-ont and rear sources, sincethe two sourcesused in the calcula-
tionswere d equal strength. Even if the front sourceis higher than the rear
source, the maximum level will still occur when thea  has passed the micro-
phone. Fig.12 showsthe result d asimulationwherethe front sourceistwice
asstrongastherear sourceand the maximum leve still occurswhenthecar is
approximately 5m past the microphone.

The position where the noise from the front and rear arrivesat the micro-
phonewill thereforeto a certain extent determine the maximumleve obtained
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Fig.12. Simulation ofpass-by: two 100 Hz correlated noise sources, front source twice as
strong asthe rear source, with 90° phase shift and with microphone 7.5 m away

during the pass-by test, and this position can be changed by changing the
phase between the signals. Fig.13 shows a curvefor the calculated reduction
in the pass-by test for different phases between the two sources. Thiscurveis
for two sources o equal strength and gives the reduction in the maximum
noiselevd relative to the noise level when the noise sourcesare in phase. It
can be seen that when the noise sources are out of phase, the noiselevd is
reduced by approximately 1.6dB. Similar curves can be made for sources
which are not o equal strength.

950845e

H g 13. Reduction in passby noise for two correlated sources for different phases
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Conclusion

Exterior noise measurements on vehicles is described in detail in various
national and international standards. These standardsintend to quantify the
noiseimpact on the environment rather than to describethe vehicleasanoise
source. The noise impact will depend on a number d factors such asthe dis-
tance to the listener, type d road, typical vehicle speed, driving style, etc.
Thesefactors areall considered in the standardsand theresult o the measur-
ing procedure is a single number rating d the noiseemission from the car. In
order to reduce the exterior noise in the mog efficient way, it is essential to
have detailed information about the vehiclés individual noise sources. This
includesinformation about the locations d the sound sources, the strength o
each source and the interaction between the different sources. By using non-
standard measurement procedures, it is possible to obtain more information
from a pass-by measurement. Such measurementswill, d course, not bein
accordancewith the standards and cannot be used for homol ogation purposes.
On the other hand, they may give moreinformation about the noise radiation
from the vehicle, and make it possble to identify and quantify individua
sound sources.
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