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This paper describes the development and validation of procedures for measuring the
acoustic properties of an individual component of an exhaust system on a test bed under
engine acceleration representing realistic operating conditions. However, collection of such
data requires reliable induct pressure measurements where the contamination of the
acoustic pressure "eld by shear layer turbulence and other hydrodynamic disturbances [1]
make this a formidable challenge. The technique was "rst developed and optimized on a cold
#ow bench to simulate partly the acoustic conditions during engine acceleration, before
applying it to an actual vehicle. Bench test results showed that order analysis measurement
techniques can be employed to evaluate the acoustic performance of a silencer component
for variable harmonic excitation in the presence of mean #ow. The additional factors
concerned in performing measurements on the test bed are illustrated by some preliminary
measurements.
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1. INTRODUCTION

The automotive industry is placing an increasing demand on exhaust system suppliers to
reduce development lead times, while the increasing environmental demands place severe
legislative constraints on drive-by and proximity targets. Therefore, it has now become an
essential requirement to follow a rational design strategy based on predictive modelling
followed by experimental assessment of ori"ce noise emissions for both the exhaust silencer
components and the complete system, to ensure rapid and cost-e!ective exhaust system
development.

Currently, tail-pipe ori"ce noise emission is measured during controlled acceleration and
deceleration of the engine on a chassis or engine dynamometer, to evaluate and then re"ne
the acoustic performance of the exhaust system for the practical operating conditions of the
engine. The results are generally presented in a Campbell diagram which displays the
frequency content of tail-pipe noise. Figure 1 shows such a tail-pipe noise measurement
which was recorded for a full throttle run up on a chassis dynamometer. The radial straight
lines that increase with frequency and engine speed can be identi"ed as order noise,
generated by the cyclic pulsating #ow through the valves. The wave motion is periodic in
nature and the exhaust noise signature consists of narrow band components harmonically
related to the "ring frequency of the engine and are expressed as multiples of the engine
rotational speed. The signature also includes contributions from #ow noise, represented by
the broad band noise above 300 Hz. Flow noise is caused by turbulence and other
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Figure 1. Campbell diagram of a tail-pipe noise measurement recorded for a full throttle run-up.
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#ow-induced aeroacoustic sources at expansions, contractions, bends and the tail-pipe
outlet [1].

The exhaust system is assembled from a number of elements consisting of chambers and
connecting pipes, etc., which interact dynamically. The overall performance of such reactive
systems is governed by system resonances which depend on the resonances of individual
elements [2]. The quarter and half wave length resonance frequencies can be related to the
e!ective lengths of the connecting pipes with their boundary conditions and the cavity
resonances are related to the chamber volume with the connecting pipe length and diameter
of each individual element. In order to optimize the acoustic performance of the design it is
essential to ensure that the resonance frequencies of these components do not coincide, but
are well separated. Therefore, it is essential to obtain a clear understanding of the
contribution of each individual element to the overall acoustic performance of the complete
exhaust system under practical operating conditions [2]. Assessment of tail-pipe noise
measurements normally does not provide su$cient information to indicate the appropriate
changes to each speci"c element that are required to optimize the acoustic performance of
the complete exhaust system. Also, these measurements do not provide su$cient
information to identify #ow noise sources distributed along the system.

This paper presents new measurement technology that evaluates the acoustic
performance of individual exhaust silencer components by using pairs of #ush wall mounted
pressure transducers at the inlet and outlet of each element or silencer box for the practical
operating conditions of the engine. Although there exists an extensive literature on the
acoustic modelling of exhaust systems and its validation, only a limited number of the
relevant papers describe experimental measurements on a running engine. These have
normally been restricted to constant speed measurements [3}6] where the time taken to
obtain stable acoustic and temperature conditions for reliable measurements make this
approach tedious and of limited practical application. Although constant speed engine



MEASUREMENT OF SILENCERS FOR TRANSIENT CONDITIONS 799
measurements may be su$cient to validate acoustic models, they do not represent the
practical operating conditions of the engine. Appropriate assessment of the acoustic
performance of individual silencer components, or of systems, should include the in#uence
of engine speed and load and the corresponding variation in gas temperature distribution
and mass #ow that have a controlling in#uence on the spectral characteristics of the sources
of excitation of the exhaust system and of its acoustic response. It is, therefore, essential to
perform the measurements during engine acceleration or deceleration to provide su$ciently
realistic descriptions of acoustic behaviour.

Before performing tests on a running engine, a "rst step has been the development of
a measurement technique on a cold bench test with constant mean #ow and variable
harmonic excitation to simulate partly the acoustic conditions during engine acceleration.
A wave decomposition method was used to calculate the positively and negatively travelling
component waves at the inlet and outlet of a silencer box. Di!erent order analysis
techniques were investigated and order tracking was found to be best suited to capture the
harmonic pressure time history. A precise estimation of the transfer functions at the inlet
and outlet of a silencer component is essential to yield reliable results for the wave
component evaluation. Measurement of transfer functions in the presence of mean #ow is
fraught with di$culty due to the reduced signal-to-noise ratios [7, 8]. Therefore, it was
essential "rst to optimize the order tracking signal processing parameters to improve the
reliability of the measurement. The importance of a relative calibration of the pressure
transducers was also emphasized.

The measurement technique was then used to measure the acoustic performance of
a simple expansion chamber on a cold bench test in the presence of mean #ow.
Measurements were compared to predictions performed with a validated numerical code to
validate the technique. These are described in section 3. Following this, the measurement
method was applied to the exhaust system of a 1)5 l, four-stroke, four-cylinder engine
described in section 4. For simplicity, the acoustic performance of an expansion chamber
was again evaluated for a practical acceleration run-up of the vehicle on a chassis
dynamometer. The variable mass #ow, engine rotational frequency and exhaust
temperatures were recorded at regular intervals to provide the additional data required to
perform the corresponding acoustic predictions. Measurements were compared to
predictions performed with an extended version of the numerical code to determine if
linear acoustic theory remains valid for running engines. A "nal discussion appears in
section 5.

2. DEVELOPMENT OF THE MEASUREMENT METHOD

The measurement of radiated tail-pipe noise with order analysis techniques is common
practice in the automotive industry; however, the evaluation of the wave components inside
the exhaust system for the practical operating conditions of the engine has not yet been
published, according to the author's knowledge. Swept sine excitation was adopted by
Holland and Davies [8] to measure the acoustic power #ux in #ow ducts. They showed how
this improved the reliability of the measurements in the presence of #ow noise by improving
the signal-to-noise ratio during the analysis of the data. This provided a useful basis for the
measurement technology discussed here. However, some fundamental changes were
required in the application of the method to measurements on a running engine. For
example, the higher harmonics of exhaust noise require much faster sweep rates; therefore
the analysis for the proposed measurement technique was optimized to produce reliable
results for the "rst four harmonics.
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2.1. BENCH TEST SET-UP

The bench test set-up is displayed in Figure 2. The silencer component and tubes
containing the pressure transducer holders were placed inside a semi-anechoic chamber.
Acoustic excitation was provided by means of a compression driver and the excitation
signal was generated with a sweep functional generator. Air #ow was controlled by an
adjustable valve connected to a 6 bar line pressure. The rig is also provided with a water
trap and a preliminary silencer to attenuate noise caused by the #ow before it reaches the
system under test. The measurements were performed in the presence of mean #ow at
a practically representative constant exhaust mass #ow for a small four-cylinder engine at
high engine speed, typically a mass #ow of 0)07 kg/s was required to obtain a Mach number
M"0)1 at 203C.

The sound pressure time-history was measured with Kistler (Type 701A) quartz pressure
transducers. The wide dynamic range (0}250 bar) and high sensitivity (80 qC/bar) of the
transducers make them suitable for these dynamic pressure measurements. The transducers
were mounted #ush behind a 2 mm hole in the pipes to reduce the e!ect of #ow induced
noise [8] as displayed in Figure 3. Charge ampli"ers were used to produce a voltage output
Figure 3. Pressure transducer installation.

Figure 2. Bench test set-up.



Figure 4. Simple expansion chamber.
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signal proportional to the input charge of the transducers and a 100 mm transducer
separation distance was used.

A simple expansion chamber was used for the experiments; the dimensions, direction of
#ow and the position of the pressure transducers in the inlet and outlet pipe and external
microphone are indicted in Figure 4. The expansion chamber consists of a 2 mm thick shell
with 1)5 mm end caps while the inlet and outlet pipes have a wall thickness of 2 mm. The
expansion chamber radius was 62)5 mm giving an area expansion ratio between the pipe
and the chamber of 7)38, which produces an estimated maximum attenuation of 20 log 7)38
or 17)3 dB. The "rst circumferential mode propagates when the Helmholtz number ka
exceeds the value of 1)84 [9]; hence the lowest higher order modes can only propagate in the
chamber at frequencies above 1600 Hz.

2.2. WAVE DECOMPOSITION CALCULATIONS

The wave decomposition method has been the subject of extensive study and the method
has been developed as a reliable and robust tool to validate the acoustic performance of
silencer components for stationary bench test conditions. Bento Coelho [10] used the
method to determine the incident wave attenuation and the upstream re#ection coe$cient
of perforated resonators for stationary bench test conditions. The application of the
four-microphone wave decomposition method was also extensively described in a paper by
Davies et al. [11] and used to validate the linear acoustic models of multiple path silencers
with random excitation and mean #ow. Holland [8] suggested some further re"nements to
the signal processing for the method, which will be adopted for this study.

The wave components are determined from the auto-spectra, cross-spectra and transfer
functions between two pairs of microphones placed at the inlet and outlet side of the silencer
component. Pressure ratios, re#ection coe$cients, acoustic impedence, attenuation, and
power #ux spectra may be estimated from the complex values of the two wave components.
With reference to Figure 4, at each frequency the wave components (P` and P~) at the inlet
and outlet side are calculated from the corresponding pressure measurements (P

1
}P

4
) to

characterize the acoustic performance of the system. At the inlet side of the system, the
acoustic pressure at any plane can be related to the wave components at station d1.

Thus, with one-dimensional waves,

PK
x
(u, x)"PK `

1
e*k( `x#P) ~

1
e*k( ~x, (1)

where the symbol, ( over a quantity indicates that it is complex and the distance x is
determined relative to station d1.



802 D. C. VAN DER WALT
Hence
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for x"0, (2)

and
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1
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1
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The complex wave number (kL ) is de"ned by

kL "
u
c
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(1#M)

, kL ~"

kL
(1!M)

, (4a, b, c)

where M is the mean #ow Mach number, a is the visco-thermal attenuation coe$cient [8]
and c is the speed of sound.

The auto-spectrum (C
1,1

) at station d1 is de"ned by
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where * represents the complex conjugate.
The cross spectrum (C
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) between stations d2 and d1 is de"ned by
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and the re#ection coe$cient at the inlet side is expressed by
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where HK
2,1

"PK
2
/P)

1
is the transfer function between the signals at stations, d2 and d1.

From equation (5),

C
1,1
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1

)2(1#RK
1
)(1#RK

1
)*. (11)

Therefore, it follows that the modulus of the incident wave component at station d1 is

PK `
1
"JC

1,1
/D (1#RK

1
) D (12)

and the complex re#ected wave component at station d1 is de"ned by

PK ~
1
"RK

1
PK `

1
. (13)

Upon noting that the phase of P`
1

is chosen to be zero, equation (12) also gives the modulus
of P`

1
.

The same procedure is followed to determine the wave components at the outlet side of
the silencer component (stations d3 and d4) with station d3 as the reference.
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The phase relationship between stations d 3 and d1 relative to station d1 can be
estimated from the cross-spectrum (CK

3,1
) between stations d3 and d1 [8], in order to

determine the complex value of P`
3

:

PK `
3
"P`

3 A
CK

3,1
(PK `

3
#PK ~

3
) (PK `

1
#PK ~

1
)*B. (14)

A software program was developed to calculate the wave components from the measured
acoustic quantities and the temperature and mass #ow conditions.

The acoustic "eld inside a mechanical silencer component is highly reactive; hence the
acoustic power #ux for a certain position and frequencies may be very close to zero due to
the small di!erence between the forward travelling wave and the re#ected wave amplitudes.
Therefore, a precise relative calibration of the pressure transducers is critical for the success
of the measurement technique [8]. The relative calibration was performed by exposing the
pressure transducers to the same pressure "eld and the relative calibration factors were
estimated from the following transfer functions:

HK
n,1

"

PK
n
PK *

1
P
1,1

, (15)

where PK
n
PK *
1

is the cross-spectrum, PK
1,1

the auto-spectrum, n"2}4, and * is the complex
conjugate.

2.3. ORDER ANALYSIS TECHNIQUES

The application of the measurement procedure involves the choice of a number of vital
parameters. In contrast to normal stationary signal analysis, one now must take due
account of the fact that one has non-stationary signal records. The basic engine cycle
frequency, the mass #ow and temperature are all changing systematically in time, at some
sweep rate which is also never quite stationary. As noted earlier one wishes to extract the
spectral characteristics of the time-varying signal at speci"c engine speed intervals to
describe the acoustic quantities. Order analysis is a standard measurement technique which
is tailored to extract the harmonic component information of a measurement from an
acoustic-mechanical system under periodic loading [12]. Therefore, it is ideally suited to
capture the exhaust noise harmonic pressure information at the four pressure transducer
stations during a run-up or run-down of the engine. Order analysis methods are commonly
divided into two basic groups: "xed sampling rate methods and order tracking methods
[13].

The "xed sampling rate method uses a "xed sampling rate and the Fourier transform of
each record gives the corresponding frequency spectrum. Measurement of the spectrum at
appropriate "xed steps in rotation speed of the engine gives the well-known Campbell
diagram (see Figure 1), where the signature spectra are plotted against engine speed [14].
Here the harmonic components appear as radial straight lines and system resonances
appear as #uctuations in amplitude along vertical straight lines; the spectral amplitudes
may be indicated by a colour scale. Smearing of the higher order components, is, however,
a natural consequence of the "xed rate sampling. Each record is acquired for the same "xed
time interval, while the corresponding sweep rate of individual harmonics (orders) increases
with the order number over that time interval, so that the energy of the order is smeared
over a number of analysis lines [13, 14]. Leakage is also introduced when the time signal
contains a non-integer number of periods within the record length [15].



Figure 5. Example of the order tracking performed on the fundamental harmonic, increasing in frequency and
the resultant updating of the record length and the frequency spectrum with the fundamental harmonic located on
the same analysis line.
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Order tracking uses the instantaneous engine rotation speed to synchronize the sampling
frequency with the fundamental frequency, normally the "ring frequency. Therefore, the
time record is measured in revolutions rather than seconds and the corresponding FFT
spectrum is measured in orders rather than frequency [14]. The result is a high-resolution
order-spectrum and the power of each harmonic component is concentrated in an
individual line, avoiding smearing. The time signals are also forced to contain an integer
number of periods within the record length, hence as a result of this combination leakage is
eliminated [15]. Figure 5 illustrates the update of the frequency span, record length and
frequency resolution for each measurement interval.

The following equations de"ne the basic fundamentals of order tracking [13],

F
s
"Kf

1
, Df"Dnf

1
, ¹"

1

Dnf
1

. (16}18)

Here F
s
is the frequency span (Hz), proportional to r.p.m., f

1
the fundamental frequency

(Hz), proportional to r.p.m., K the number of orders in the analysis, constant, ¹ the record
length (seconds), inversely proportional to r.p.m., Df the frequency resolution (Hz),
proportional to r.p.m., and Dn the order resolution, (orders), constant.

2.4. ANALYSIS METHOD AND OPTIMIZATION

The analysis was performed with a B&K Pulse multi-channel system and the order
tracking method was used for the reasons discussed in section 2.3. The fundamental
harmonic of the excitation signal was used as a tachometer signal and the "rst four order
components were extracted. The analysis was performed with a Hanning window, 75%



Figure 6. Real part of the transfer function H
4,3

for the 2E component analyzed with a 0)2 order resolution
without averaging (dashed) and 0)025 order resolution with averaging (solid) for a Mach number of 0)1.
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overlap, exponential averaging and order spectra were captured at 4 Hz intervals of the
fundamental or "ring frequency.

On the test bench, the exhaust noise harmonics can either be simulated with
a sweep-ramp signal and analyzed simultaneously, or each harmonic order can be
individually simulated with a sine-sweep signal. Sine-sweep excitation was preferred
because higher excitation levels can be achieved with lower ampli"cation, which improves
the signal-to-noise ratio and enhances the durability of the compression driver. The
acoustic excitation for a four-cylinder, four-stroke engine was simulated between 1500 and
6000 r.p.m.; hence, the fundamental harmonic of exhaust noise is 2]engine rotation
frequency (2E) and covers the frequency range from 50 to 200 Hz. A linear sweep rate of
0)5 Hz/s (15 r.p.m./s) was used for the fundamental frequency. Linear engine sweep rates
between 15 and 30 r.p.m./s (0)5 and 1 Hz/s for the fundamental frequency for
a four-cylinder, four-stroke engine) are realistic for a practical runup of an engine.

Signal-to-noise ratios are reduced when measurements are performed in the presence of
mean #ow due to the increase in the broadband background noise levels; hence, it is more
di$cult to obtain reliable measurements. To illustrate the e!ect of order resolution and
averaging, the real part of the transfer function H

4,3
(see Figure 6) in the outlet pipe was

evaluated. A theoretical transfer function H
4,3

produces a smooth horizontal curve for the
"rst harmonic component due to the absence of acoustic resonance. This was the case when
the analysis was performed with an order resolution of 0)025 orders and 10 averages
compared to the spiky appearance of the bigger 0)2 orders resolution measurement without
averaging. The coherence (see Figure 7) and the signal-to-noise ratio (see Figure 8) were
also improved when the order tracking analysis was performed with the higher order
resolution and averaging. The higher order resolution concentrates the acoustic energy of
the order components in a narrower band and the averaging process then tends to suppress
any random #uctuations of the harmonic components by reducing the relative levels of the
broad band noise contributions. The signal-to-noise ratio was estimated from the ratio of
the acoustic pressure with and without acoustic excitation in the presence of mean #ow
(Mach number M"0)1). It can also be observed from Figure 9 that the signal-to-noise
ratios are generally higher in the inlet pipe at station d1, compared to the outlet pipe at
station d3. This is due to the attenuation of the harmonic components by the expansion
chamber in combination with the #ow-induced noise at the outlet of the expansion
chamber.

One problem associated with harmonic excitation is the increasing sweep rate required at
the higher harmonics and the possibility of smearing of the higher order components. With



Figure 8. Signal-to-noise ratio at station d3 for the 2E component analyzed with a 0)2 order resolution without
averaging (dashed) and 0)025 order resolution with averaging (solid) for a Mach number of 0)1.

Figure 7. Coherence between station d4 and d3 for the 2E component analyzed with a 0)2 order resolution
without averaging (dashed) and 0)025 order resolution with averaging (solid) for a Mach number of 0)1.

Figure 9. Signal-to-noise ratio at station d1 (dashed) and station d3 (solid) for the 8E component analyzed
with a 0)025 order resolution and 10 averages for a Mach number of 0)1.

806 D. C. VAN DER WALT



MEASUREMENT OF SILENCERS FOR TRANSIENT CONDITIONS 807
order tracking and a linear sweep rate this problem is eliminated, provided that the record
length at the start of the measurement is smaller than the time taken to sweep the "rst
measurement interval. The sampling frequency is the lowest at the start of the measurement
and synchronised with the fundamental frequency. In practice a maximum number of 10
averages could be achieved with the 0)025 order resolution, while still avoiding smearing at
the start of the measurement. Amplitude smearing also occurs for order tracking due to the
increasing frequency range covered by the higher order components. Measurements were
captured at 4 Hz intervals for the fundamental frequency hence, the corresponding 8E
component covers a frequency range of 16 Hz for each interval. This was found to be
adequate to describe the acoustic performance of the expansion chamber and a good
compromise between measurement resolution and the corresponding number of averages
available.

3. BENCH TEST MEASUREMENTS AND PREDICTIONS

The measurement technique developed in section 2 was then used to measure the acoustic
performance of the expansion chamber displayed in Figure 4 on the cold #ow bench
displayed in Figure 2. Again, the acoustic excitation for a four-cylinder, four-stroke engine
was simulated between 1500 and 6000 r.p.m. corresponding to a fundamental frequency
(2E) from 50 to 200 Hz which was swept at 0)5 Hz/s. Measurements of transfer functions,
system attenuation, normalized acoustic power #ux, and normalized radiated power were
compared to predictions to validate the technique.

3.1. ACOUSTIC PREDICTIONS

The prediction of the acoustic performance of the silencer component was performed
with APEX (Acoustic prediction of exhaust systems), a linear acoustic software program [2]
developed by Prof. P.O.A.L. Davies at the University of Southampton. The program
provides the linear acoustic predictions of the pressure distribution and energy transport
throughout an exhaust system of speci"c geometry [11, 16, 17]. Systems with complex
geometries are modelled by means of a sequence of simple chambers and the program takes
full account of the #ow velocities and temperature distribution within the chambers and the
complete system. The relative acoustic performance is described in single parameter
spectrum format.

Constant mass #ow and temperature conditions exist for the measurements on the bench,
therefore the harmonic components at each measurement interval are subjected to the same
conditions. Hence, the program was used in its standard format to calculate the acoustic
performance for each order separately with the appropriate frequency range and
measurement resolution.

3.2. RESULTS AND DISCUSSION

With reference to the expansion chamber in Figure 4, Figure 10 shows a comparison
between the predicted and measured transfer function H

3,1
and Figure 11 shows the

predicted and measured transfer function H
1,5

for the "rst four order components (2E, 4E,
6E and 8E) with a Mach number of 0)1. The external microphone for H

1,5
was positioned

perpendicular and 200 mm from the centre of the tail-pipe outlet. At each frequency the
transfer function H

3,1
was estimated from the ratio of the spectral acoustic pressure



Figure 10. Measured (dash) and predicted (solid) magnitude of the transfer function H
3,1

with a Mach number
of 0)1.

Figure 11. Measured (dash) and predicted (solid) magnitude of the transfer function H
1,5

with a Mach number
of 0)1.
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amplitudes at station d3 to that at station d1, while the transfer function H
1,5

was
estimated from the cross-spectrum between stations d1 and d5 normalized by the
auto-spectrum at station d5.

The system attenuation was estimated from the incident wave components at the inlet
and outlet of the expansion chamber, so that

Att"20 log DP`
1

/P`
3

D. (19)

Figure 12 shows a comparison between the predicted and measured system attenuation for
the "rst four order components with a Mach number of 0)1.



Figure 12. Measured (dash) and predicted (solid) system attenuation with a Mach number of 0)1.

Figure 13. Measured (dash) and predicted (solid) normalized acoustic power #ux in the outlet pipe with a Mach
number 0)1.
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The acoustic power #ux in the outlet pipe was determined from the acoustic intensity
I [16] and the corresponding pipe area. Thus, for example, at station d3,

I
3
"

1

o
3
c
3

( DP`
3

D2(1#M
3
)2!DP~

3
D2(1!M

3
)2). (20)

This was then normalized to the incident acoustic intensity I`
1

at the inlet of the ex-
pansion chamber, where I`

1
"DP`

1
D2 (1#M

1
)2/o

1
c
1
, to obtain the relative acoustic

power #ux as both pipe areas are the same. Figure 13 shows the results for the normalized
acoustic power #ux in the outlet pipe for the "rst four order components with a Mach
number of 0)1.



Figure 14. Measured (dash) and predicted (solid) normalized acoustic radiated power with a Mach number
of 0)1.
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The acoustic radiated power was estimated from the equation [17]

=
r
"

4nr2 DG
5,5

D2
o
0
c
0

, (21)

where, r is the microphone radius, G
5,5

is the auto-spectrum at station d5, while o
0

and c
0

are the ambient speed of sound and ambient density of air respectively. The acoustic
radiated power was also normalized to the acoustic power #ux at the inlet of the expansion
chamber to obtain the relative radiated power. Figure 14 shows the predicted and measured
radiated power for the "rst four order components with a Mach number of 0)1.

A fairly large measurement error due to contamination by non-acoustic pressure
#uctuations can be tolerated in the resulting transfer function estimates as the results are
directly estimated from the magnitudes of the measured acoustic spectral pressure ratios.
This is illustrated by the excellent agreement between the measured and predicted results for
the transfer function H

3,1
(see Figure 10) even at frequencies where the signal-to-noise

ratios where relatively low for the 8E component between 500 and 600 Hz at station d3 (see
Figure 9). On the other hand, the system attenuation and acoustic power #ux
measurements are determined from the wave components and precise estimates of the
corresponding cross-order spectra and transfer function order spectra are required to
obtain reliable results. The raggedness for the system attenuation and acoustic power #ux
measurements between 500 and 600 Hz for the 6E and 8E components (see Figures 12 and
13) were caused by the lower signal-to-noise ratios, where the measured quantities were not
su$ciently precise. The raggedness of the transfer function H

1,5
(Figure 11) and the acoustic

radiated power (Figure 14) are partly due to room e!ects [1, 7] as an external microphone is
required for these measurements.

Close inspection of the results reveal that, as one would expect, the levels of the four
orders for each individual measurement are the same where the frequency span of the orders
overlap. This is due to the fact that all the measured and predicted harmonic components
are subjected to the same mass #ow and temperature conditions for the complete sweep and
the fact that all the results are either relative or normalized. It is, however, important to
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realize that the frequency range, sweep rate and measurement resolution for each order
must be di!erent at all the overlapping frequencies.

4. VEHICLE MEASUREMENTS AND PREDICTIONS

The primary aim of the measurement technique is to asses the acoustic behaviour of
a silencer component, together with all the variable factors for the transient operating
conditions of a running engine. The measurement technique was applied to asses the
acoustic performance of an expansion chamber "tted to the exhaust system of a Honda 1)5 l,
four-stroke, four-cylinder engine for an acceleration run-up.

4.1. EXPERIMENTAL SET-UP

The vehicle was operated in third gear on a chassis dynamometer and the acceleration
rate was controlled by means of software and hardware connected to the eddy current
brake. The exhaust system lay out and the geometrical detail of the expansion chamber are
displayed in Figure 15. Comparison with Figure 4 shows that the expansion ratio has been
increased from 7)4 to 9, but the lengths are almost the same. A small packed perforated
silencer is mounted at the front to reduce #ow noise. The equipment set up is displayed in
Figure 16.
Figure 16. Experimental set-up used for the measurements on the vehicle.

Figure 15. Exhaust system lay out for the Honda 1)5 l. All dimensions are in millimetres.
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The intake mass #ow was measured with a hot wire probe that was connected to the inlet
duct of the carburettor, mounted inside a 2 m long pipe to obtain a smooth #ow. The
exhaust mass #ow was estimated from the intake mass #ow. The exhaust gas temperature
was measured with type K-thermocouples. An open hot junction with a 0)8 mm wire was
used to obtain a fast response time. The wire was also mounted inside a ceramic sleeve to
insulate it from the skin temperate of the exhaust system. The tracking of the fundamental
frequency was measured with a tachometer, connected to the ignition coil of the vehicle.
A data acquisition system was used to record the intake mass #ow (kg/s), exhaust gas
temperatures (3C), dynamometer speed (km/h), engine speed (r.p.m.) and wheel tracktive
e!ort (N), at the same predetermined engine speed intervals anticipated for the acoustic
measurements.

The Kistler (Type 701A) quartz pressure transducers used on the bench test were also
used for the measurements on the vehicle. The e!ect of engine vibration on the sound
pressure measurements was limited by the very low acceleration sensitivity of the
transducers ((0)001 bar/g). The pressure transducers are mounted inside water cooled
adapter, water was circulated through the adapters at ambient temperature. The
installation of the transducers is displayed in Figure 3.

4.2. MEASUREMENT METHOD

The objective was to perform the measurements for the practical operating conditions of
the engine. This implies a constant acceleration run-up for the speed range of the engine,
while avoiding overheating of the engine. This was achieved for a sweep rate of 30 r.p.m./s in
third gear from 1500 to 5400 r.p.m. Measurements performed at a slower sweep rate
(15 r.p.m./s) required a cooling fan to avoid the engine overheating. The same signal
processing parameters used for the bench test were used for the order tracking method
namely 0)025 order resolution, 75% overlap and a Hanning window. However, only "ve
averages could be achieved for a measurement interval of 120 r.p.m. (33 measurement
intervals) and a sweep rate of 30 r.p.m./s. One recalls that an equivalent sweep rate of
15 r.p.m./s was used for the bench test measurements.

The wave decomposition calculation was performed with an extended version of the
software program referred to in section 2.2. The program was designed in such a way that it
calculated the wave components for each order from the measured harmonic order
information and the corresponding variable mass #ow and temperature.

4.3. ACOUSTIC PREDICTION

The variable mass #ow and temperature gradients which were generated during the
transient operating conditions of the engine have a controlling in#uence on the system
acoustic performance. In order to incorporate these e!ect into the calculation process an
additional module was added to the prediction code, APEX. The harmonic spectrum for
each engine speed interval was calculated with the corresponding measured mass #ow and
temperature. The calculated harmonic spectra matrix was then manipulated to presented
results in order format.

4.4. RESULTS AND DISCUSSION

The acoustic pressure "eld inside the exhaust system is contaminated by shear layer
turbulence and #ow noise due to the high #ow velocities generated during the normal



Figure 17. Mass #ow (circles), inlet temperature (thick solid), outlet temperature (thick dash), inlet Mach
number (thin dash) and outlet Mach number (thin solid) recorded for the Honda 1.5 l during a full throttle run-up
on the chassis dynamometer.
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operating conditions of an engine. This presents a formidable challenge to the performance
of reliable measurements of the acoustic behaviour of the exhaust system elements.
Figure 17 shows the mass #ow, temperature and Mach number recorded at the inlet and
outlet of the expansion chamber for a full throttle constant acceleration run-up (30 r.p.m./s).
It can be noticed that the mass #ow at maximum engine speed (0)07 kg/s) was the same as
used on the bench; however, the increase in temperature and corresponding decrease in air
density resulted in much higher #ow velocities and therefore the maximum Mach number
was increased by a factor of two (M"0)2). The order contour plot in Figure 18, measured
at station d3 gives an overview of the acoustic pressure "eld showing both the harmonic
order information and random #ow induced noise. The >-axis represent engine speed, the
X-axis represents the order number and the amplitude of the sound pressure is represented
by the grey colour scale in decibels, order 1 refers to the 2E components and order 2 refers to
the 4E component, etc. Low signal-to-noise areas can be identi"ed where the harmonic
orders approach the #ow noise and the resonance frequencies of the tail pipe can be
distinguished by the excitation of the order components and random #ow noise around the
hyperbolic curves. The sound pressure orders measured at station d1 are displayed in
Figure 19, where it can be observed that all the orders reached maximum levels above
165 dB (3556 Pa).

One problem associated with acoustic measurement on running engines is that it is not
possible to measure the signal-to-noise ratio directly; this is due to the fact that it is not
possible to determine the noise inside the system in the absence of the harmonic excitation.
It was, however, important to establish an alternative method to estimate the
signal-to-noise ratio for later explanation of certain recorded measurement errors and
discrepancies. The basic approach was to estimate the value of the signal and of the noise
independently by extracting the sum of the sound pressure spectral components from two
di!erent order bands positioned around the harmonic components. Thus, with reference to
Figure 20, the signal-to-noise ratio is P

a
/(P

b
!P

a
), where, a is the order band from which the

pressure for the signal was estimated and (b!a) is the order band from which the pressure
for the noise was estimated, while P

a
and P

b
are the corresponding sound pressure levels. For



Figure 18. Order contour plot of the sound pressure at station d3 recorded for the Honda 1)5 l during a full
throttle run-up on the chassis dynamometer.

Figure 19. Sound pressure orders measured at station d1 for the Honda 1)5 l during a full throttle run-up on
the chassis dynamometer; 2E (thick solid), 4E (thin solid), 6E (thin dash), 8E (thick dash).
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example, Figure 20 shows the order spectrum recorded for station d3 (5100 r.p.m.) with the
order bands for order 1 (2E). This method was optimized and then validated by comparing
signal-to-noise ratios estimated as described above to actual measured signal-to-noise
ratios on the bench.

The reliability of the measurements depends on a su$ciently precise estimation of the
transfer functions at the inlet H

2,1
and the outlet H

4,3
of the silencer component. A sequence

of measurements was performed over a period of time and it was found that measurement



Figure 20. Order spectrum recorded for station d3 (5100 r.p.m.), displaying the order bands to estimate the
signal-to-noise ratio for the "rst order (2E).

Figure 21. Measured (dash) and predicted (solid) transfer function (magnitude) H
4,3

of the 4E component with
the transducers mounted close to the outlet side of the silencer.
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error was in most cases related to the low signal-to-noise ratio at the outlet side of the
silencer, resulting from the acoustic attenuation of the silencer in combination with the
#ow-induced pressure #uctuations at the outlet of the silencer as noted earlier with the #ow
bench. In order to improve the reliability of the measurements it was therefore necessary to
optimize the position of the transducers at the outlet side to improve the signal-to-noise
ratio. To illustrate such an example, the measured transfer function H

4,3
for the 4E

component with the transducers mounted close to the silencer outlet in Figure 21 shows an
apparently spurious spike at 4050 r.p.m., compared to good agreement between measured
and predicted values shown in Figure 22, when the transducers were moved to the position
as indicated in Figure 15. Note the signi"cant change in both the measured and predicted
spectral distribution at the two position along the same pipe. The results in Figure 23
clearly indicate that the measurement error resulted from low signal-to-noise ratios. These
were below those found to yield acceptably realistic estimates of acoustic attenuation or
acoustic power #ux.

The predicted and measured acoustic performance of the expansion chamber after such
precautions were adopted is shown in Figures 24}30. Good agreement was obtained
between measured and predicted magnitude of the transfer functions at the inlet
H

2,1
(Figure 24), the outlet pipe H

4,3
(Figure 25) and also for H

3,1
(Figure 26). Measured

system attenuation (Figure 27) and normalized outlet power #ux (Figure 28) also showed



Figure 22. Measured (dash) and predicted (solid) transfer function (magnitude) H
4,3

of the 4E component with
the transducers mounted close to the tail-pipe outlet.

Figure 23. Signal-to-noise ratio estimated at station d3 with the pressure transducers mounted close to the
outlet of the silencer (dash) and mounted close to the tail-pipe outlet (solid).
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close agreement with predictions. Fair agreement was obtained between the measured and
predicted normalized radiated power (Figure 29) and the corresponding transfer function
H

2,5
(Figure 30). For these measurements it was assumed that the raggedness and the

di!erences between measured and predicted results were partly due to room e!ects as an
external microphone was used [1, 7]. Close identi"cation of the di!erences between
measurements and predictions lies in the future.

In most cases the small di!erences between measured and predicted results were due to
lower estimates of the measured magnitudes at frequencies where maximum attenuation
occurs. It can only be assumed that this was related, perhaps, to some other factors such as
yielding of the silencer shell which was not correctly anticipated for in the theoretical
models. However, in most cases close agreement was found between measured and
predicted results; in particular, at resonance frequencies, that are obviously of much more
practical signi"cance in terms of the overall acoustic performance of the silencer component
in service. The variable mass #ow and temperature for the engine run-up on the test bed
resulted in an amplitude variation and a frequency shift of the orders at corresponding



Figure 24. Measured (dash) and predicted (solid) magnitude of the transfer function (magnitude) H
2,1

for a full
throttle run-up of the Honda 1)5 l.

Figure 25. Measured (dash) and predicted (solid) magnitude of the transfer function (magnitude) H
4,3

for a full
throttle run-up of the Honda 1)5 l.
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frequencies. For example, in Figure 27 one can see that the "rst half wave resonance of the
tail pipe was excited at 2580 r.p.m. (172 Hz, 1)1 dB) for the 4E component and at 1620 r.p.m.
(162 Hz, !0)84 dB) for the 6E component.



Figure 26. Measured (dash) and predicted (solid) magnitude of the transfer function (magnitude) H
3,1

for a full
throttle run-up of the Honda 1)5 l.

Figure 27. Measured (dash) and predicted (solid) system attenuation for a full throttle run-up of the Honda 1)5 l.
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5. CONCLUSION

The bench test results showed that order analysis techniques can be used to capture
transient harmonic pressure data to evaluate the acoustic performance of a silencer



Figure 28. Measured (thin dash) and predicted (solid) normalized acoustic power #ux in the outlet pipe for a full
throttle run-up of the Honda 1)5 l.

Figure 29. Measured (dash) and predicted (solid) normalized acoustic radiated power for a full throttle run-up
of the Honda 1)5 l.

MEASUREMENT OF SILENCERS FOR TRANSIENT CONDITIONS 819
component. The analysis was performed with an order tracking method to eliminate
leakage and to limit smearing. The signal-to-noise ratio and the coherence were improved
when the analysis was performed with a higher order resolution and an increased number of



Figure 30. Measured (dash) and predicted (solid) magnitude of the transfer function H
2,5

for a full throttle
run-up of the Honda 1)5 l.
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averages. However, it was essential to ensure that the sampling rate was su$cient to
compensate for the increasing sweep rates of the higher orders. Close agreement for the "rst
four orders was found between predicted and measured acoustic transfer functions, system
attenuation, acoustic power #ux and acoustic radiated power which served to validate the
measurement technique and opened the possibility to measure the acoustic performance of
a silencer component on a running vehicle.

For the running engine the signal-to-noise ratios were estimated from the order spectra as
it is not possible physically to measure them. Results showed that low signal-to-noise ratios
in the tail pipe were mainly responsible for any measurement errors. In order to improve the
reliability of the measurements the position of the pressure transducers at the outlet side of
the silencer was optimized. In contrast to the bench test results, the orders for a particular
acoustic quantity with overlapping frequencies showed amplitude variations and frequency
shifts that were related to the variable mass #ow and temperature. Measured and predicted
acoustic attenuation and acoustic power #ux at the outlet showed close agreement, while
similar comparisons for radiated power showed fair agreement. Finally, the agreement
between measurements and predictions calculated with the extended version of APEX
indicates that linear acoustic theory remains valid for predicting wave propagation in the
exhaust system of a running engines for high sound pressures up to 3500 Pa. This provides
some justi"cation for the adoption of appropriate Hybrid methods [17] for predicting the
exhaust tail-pipe sound emission rather than those based on non-linear gas dynamic
calculations [18].

The positive experimental results obtained on the running engine now open the
possibility to measure the contribution of each individual element to the overall acoustic
performance of a more commercial exhaust system. They also demonstrate the potential
advantages to the acoustic design procedure compared with one based only on the
evaluation of tail-pipe noise radiation measurements.
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