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Abstract
For the aeroacoustic design of mufflers, commonly installed in HVAC ducts, automotive exhaust sys-
tems or other confined flow applications, both the convective noise propagation and the aerodynamic
noise generation mechanisms should be taken into account. An experimental procedure, based on
an active two-port formulation, allows a straightforward characterization of both phenomena and
gives further insight in the aeroacoustic performance of acoustic filters. This paper describes the de-
velopment of such an experimental procedure which is validated for a simple rectangular expansion
chamber, using an analytical reference solution. Afterwards, flow effects on the noise attenuation
behavior and aerodynamic noise generation mechanisms are investigated for various muffler configu-
rations which are of engineering relevance. The results show that the experimental approach allows
to obtain a good estimation for both the attenuation and the noise generation characteristics in a
frequency range from 60 to 2000 Hz and in presence of flow with a Mach number up to 0.3. As
such the measurement technique offers a valuable tool for the evaluation of the filter performance
and allows to generate a benchmark database which can be used for the validation of computational
aeroacoustics prediction techniques.

1 Introduction

Mufflers are commonly installed in flow duct systems, such as HVAC ducts and automotive ex-
haust systems, to attenuate the noise emitted by upstream sound sources like internal combustion
engines, fans, compressors, upstream turbulence,. . . Nowadays, for an ambient medium at rest, the
acoustic attenuation principles are quite well understood, which has lead to the production of high-
performance acoustic filters with only a minimum of additional back pressure using analytical and
numerical design tools [1]. Although, the presence of a non-uniform (time-pulsating) mean flow
and of strong thermal gradients can significantly influence the acoustic properties of muffler, their
effects can only be taken limited into account by these design methodologies. For this reason, new
numerical approaches are emerging [2]. However, these methods are, at present, only applicable for
problems with moderate geometrical complexity and experimental data are indispensable for the
validation of these new design tools.

With the recent advancements in quiet engine technology and the reduction of fan noise sources, a
second phenomenon is becoming of increasing importance for the acoustic design of mufflers. It is the
aerodynamic noise generation that becomes more pronounced at medium and high engine speeds and
can even become the dominant source of exhaust noise [3, 4]. In this framework, expansion chambers
can become flow-excited noise generators rather than silencers. This aeroacoustic noise generation
contains broadband and tonal components caused by, respectively, the turbulent structures inside
the ducts and muffler; and the broadband excitation of the acoustic modes or the occurrence of a
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flow-acoustic feedback coupling. Computational AeroAcoustics (CAA) methodologies to study these
noise sources are, at present, too computationally demanding and, as a result, not yet competitive
to an experimental measurement campaign.

Thus, it is clear that for the aeroacoustic design of mufflers both the aerodynamic noise generation
and propagation characteristics are of utmost importance, aiming at a maximal sound attenuation
in the downstream direction with only a minimum amount of additional flow noise generation.
Since it is not possible to accurately analyze the aeroacoustic behavior of mufflers of engineering
complexity using state-of-the-art CAA tools, experimental procedures to determine the aeroacoustic
properties of these devices are indispensable. Therefore, the goal of this paper is the development
and validation of an experimental methodology, based on an active two-port formulation, for the
characterization of acoustic filters in the presence of a non-uniform mean flow.

The experimental active two-port formulation is validated for a simple rectangular expansion cham-
ber with a quiescent medium and a ‘artificial’ narrowband internal noise production, generated
using a loudspeaker mounted on top of the expansion chamber. For engineering applications, a
simple expansion chamber is not fully representative since typical muffler configurations have an
cylindrical or elliptical geometry and contain a large number of internal components such as rigid
and perforated pipes; baffles and sound absorbing materials. For this reason, the active two-port
characterization is applied to six different cylindrical muffler configuration which contain one or
more of these internal components and with different Mach numbers (M) of the mean flow field.
The test objects, that are studied in this paper, are of thus of engineering relevance but with a
moderate geometrical complexity. As such, the experimental results can be used as a benchmark
database for the validation of different CAA methodologies.

The outline of this paper is the following: in the next section the flow acoustic test facility and the
different muffler geometries are described. Subsequently, the experimental procedure to determine
the active two-port characteristics is given in further detail. Section 5 discusses , at first, the vali-
dation of the experimental procedure for a simple rectangular expansion chamber. Afterwards, the
attenuation and aerodynamic noise generating characteristics of the various muffler configurations
are investigated. The major conclusions, drawn from this analysis, are summarized in the final sec-
tion. The results, that are presented in this paper, are preliminary in the sense that they are mainly
used to characterize the test rig performance. Based on the outcome of this paper, the limitations
of the test rig and the experimental procedure are identified and modifications of the current test
facility are suggested. Future research will focus on a more accurate determination of the two-port
characteristics. It should also be mentioned that the analysis, presented in this paper, is limited
to only aeroacoustic effects. For an efficient and useful design of an acoustic filter, other aspects,
specifically a minimum of additional back pressure generation, should be taken into account.

2 Description of the test facility and test objects

2.1 Flow-acoustic test rig

For the measurements, shown in this paper, an open-circuit aeroacoustic test rig (Fig. 1) is used [5].
The general purpose of the test rig is the determination of the aeroacoustic noise generation and
propagation mechanisms (including active two-port characterization and grazing flow impedance
eduction measurements) as well as the far field acoustic radiation (not used in this paper) for
confined, subsonic flow applications with inflow conditions that are representative for HVAC and
automotive muffler applications. The test facility can be divided in three different components: the
flow generation part, the measurement section and the test object.
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Figure 1: Schematic overview of aeroacoustic test set-up (left), rootsblower with aftercooler (right)

2.1.1 Flow generation

Two flow generators can be used: a rootsblower, shown on the right of figure 1, to generate a time-
uniform flow field or a cold engine simulator for future experiments with time-pulsating flow fields.
The rootsblower has three lobes to minimize both noise generation and small time-pulsations of the
flow. A frequency regulator with PID controller, coupled with downstream pressure and flow rate
sensors, is attached to the rootsblower in order to ensure identical inlet conditions between different
measurement campaigns. The maximum Mach number that can be achieved equals 0.35 for duct
diameters equal to 0.05 m. Both the duct diameter and maximum Mach number are representative
for automotive exhaust system applications. The rootsblower’s air compression is responsible for an
increase in temperature of more than 60o C. For this reason, an aftercooler is installed immediately
after the rootsblower, generating an outlet temperature of the compressed air of 5o C above the
ambient temperature with temperature fluctuations less than 2.5% between different measurement
campaigns. After the heat exchanger the flow can be guided through an acoustic labyrinth and flow
conditioner inside a semi-anechoic room where aerodynamic flow visualization (using e.g. particle
image velocimetry) or far field acoustic radiation measurements can be carried out; or, as discussed
in this work, the flow immediately enters the measurement section of the acoustic propagation test
rig.

2.1.2 Measurement section

The measurement section consists of two straight ducts with a length (L) of 2.5 m, and a square
cross section (40×40 mm2), between which the test objects can be placed (left of Fig. 2. Each mea-
surement duct contains five flush-mounted dynamic pressure transducers (type: PCB 106B). The
approximate distances between the different pressure transducers and the test object are, respec-
tively, 35 mm, 116 mm, 247 mm, 459 mm and 2400 mm. At the end of each measurement section
an in-line loudspeaker is installed (right of Fig. 2). In front of the upstream measurement duct a
vortex-flowmeter is installed to accurately determine the flow rate which enters the test object. It
should be mentioned that for all measurements, the same square cross section of the measurement
duct has been used. For the various cylindrical muffler configurations, which have a circular cross
section of the inlet and outlet duct, a small (L = 200 mm) connection duct has been used. Since the
goal of this paper is a validation of the experimental test facility and the measurement procedure,
rather than obtaining an accurate estimation of the two-port characteristics of the muffler ‘proper’;
the performed measurements have not been corrected for this connecting piece and, as a result, they
will be slightly influenced by the presence of these transition pieces. In future research, a round
measurement section will be used to eliminate these effects.
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Figure 2: Picture of the flow-acoustics test rig (left) and an in-line loudspeaker (right).

2.2 Description of the test objects

2.2.1 Rectangular expansion chamber

The simple rectangular expansion chamber, which is used to validate the experimental active two-
port determination technique is shown in figure 3. It consist of a simple rectangular expansion
chamber (L = 225 mm) with square (120× 120 mm2) cross section. The inlet and outlet ducts have
an identical, square, cross section (40 × 40 mm2) as the measurement duct on which the pressure
sensors are mounted. On the top of the expansion chamber an additional loudspeaker (shown on
the right of Fig. 3) is installed in order to artificially simulate an internal noise generation which
is representative for the aerodynamic noise generation, occurring inside expansion chamber type
of geometries. The experiments that are carried out for this test object are all performed under
quiescent conditions and are mainly used to validate and propose small improvements to some
aspects of the experimental characterization procedure which are related to the data acquisition,
the experimental set-up and the data processing.

Figure 3: Geometry of the rectangular expansion chamber.

2.2.2 Mufflers of engineering complexity

After the validation of the experimental procedure for the simple rectangular expansion chamber,
the active two-port characterization methodology is applied to six different muffler configurations,
containing a number of different internal components, thus making them more relevant for engineer-
ing muffler applications in comparison to the simple rectangular expansion chamber. The various
muffler configurations are shown in figures 4 and 5. The cross section of the inlet and outlet pipes
off all mufflers are circular with a diameter equal to 40 mm. As mentioned before, this has as a
consequence that additional connection pieces are needed to mount the test objects onto the mea-
surement ducts which can influence the two-port parameters. In order to avoid structural vibrations
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(a) V2-001 (b) V2-002 (c) V2-003

(d) V3-001 (e) V3-002 (f) V3-003

Figure 4: Graphical representation of various muffler configurations.

(a) V2-001 (b) V2-002

(c) V3-001 (d) V3-003

Figure 5: Geometrical parameters of the various muffler configurations.

and their possible influence on the noise attenuation and aerodynamic noise generating character-
istics, additional stiffening bars (Fig. 5) are installed on most the the muffler configurations.

The various muffler configurations can be divided into two categories:

• The first category (V 2) contains mufflers where the centerline of both the inlet and outlet
ducts are coincident with the centerline of the expansion chamber.

• For the mufflers belonging to the second category (V 3), the centerlines of the inlet duct,
expansion chamber and outlet duct are coplanar, with a positive and negative offset of 50 mm
between the centerlines of the expansion chamber and, respectively, the inlet and outlet duct.

The difference between the different muffler geometries is characterized by a gradual increase in
geometrical complexity:

• For muffler V 2− 001, the inlet and outlet duct are connected with perforated duct containing
608 perforates with a diameter equal to 3.5 mm, leading to a porosity of 19.7%).
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• Muffler V 2 − 002 is and extended inlet-extended outlet expansion chamber with an equal
extension of 100 mm for both the inlet and outlet duct.

• The geometrical parameters of muffler V 2 − 003 are identical to muffler V 2 − 001 but the
expansion chamber, surrounding the perforated pipe, is filled with a specific type of glass
wool.

• For muffler V 3 − 001, the inlet and outlet duct are extended to back, respectively, front of
the expansion chamber using a perforated duct with 7129 perforates with a diameter equal to
1.015 mm, leading to a porosity of 19%).

• Muffler V 2 − 002 is an extended inlet-extended outlet type of muffler with an additional
baffle structure, separating the exit of the inlet duct form the entrance of the outlet duct. In
contrast to commonly used baffle structures, which typically contain a large number of small
diameter perforates, the connection between the front and the back of the expansion chamber
is constructed using two large holes with a diameter of 70 mm. This is mainly chosen to
facilitate the possibility to simulate the aeroacoustic behavior of this muffler configuration in
future CAA-research.

• Muffler V 2−003 is identical to muffler V 2−002 with the exception of an additional perforated
section (L = 30 mm) in the extension of the outlet duct behind the baffle.

The main properties of the different test objects are summarized in table 1.

Name Chamber length Chamber diameter Perforates Glass wool Baffle Offset
V 2− 001 225 mm 158 mm yes no no no
V 2− 002 225 mm 204 mm no no no no
V 2− 003 225 mm 158 mm yes yes no no
V 3− 001 300 mm 204 mm yes no no yes
V 3− 002 300 mm 204 mm no no yes yes
V 3− 003 300 mm 204 mm yes no yes yes

Table 1: Properties of the various muffler configurations

3 Experimental active two-port characterization

Acoustic systems, located between two straight ducts in which acoustic plane wave propagation is
occurring, are often referred to as acoustic two-ports [1] (Fig. 6). Every acoustic two-port is uniquely
characterized by an acoustic transfer matrix T also known as the transmission matrix, scattering
matrix or four-pole parameter representation, coupling the acoustic variables (e.g acoustic pressure
and velocity fluctuations) at the inlet (1) and outlet (2) of the acoustic element.

Acoustic element

Figure 6: Graphical representation of an acoustic two-port and scatter matrix.

One of the most commonly used representations of the transfer matrix is using the pressure of the
right- and left-running acoustic waves (p+, p−) (instead of the pressure and velocity fluctuations) at
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both ends of the two-port. In this way, the four matrix elements T+, T− and R+, R− can be directly
interpreted physically as the transmission and reflection coefficients in, respectively, the downstream
and upstream direction. If non-linear active noise generation and/or dissipation processes occur
inside the filter, an active two-port representation can be used by adding two additional source
terms in the downstream and upstream direction (p+s

2 , p−s
1 ), the active two-port parameters [6].

This leads to following matrix formulation:{
p+
2

p−1

}
=
[

T+ R−

R+ T−

]{
p+
1

p−2

}
+
{

p+s
2

p−s
1

}
(1)

The passive two-port components (four-pole parameters) T+, T−, R+ and R− are independent of
the internal or external noise generation mechanisms and the upstream and downstream impedance.
As such, they describe the ‘filter proper’. Opposite to these components, the active noise generation
components in the downstream p+s

2 and upstream direction p−s
1 can be dependent on the upstream

and downstream impedance [7].

Although the acoustic element is treated as a ‘black-box’, the active two-port formulation is a very
useful tool for the aeroacoustics analysis of flow duct systems with potential applications of a.o.:

• The determination of the propagation characteristics: The passive two-port coefficients
offer direct information about the noise propagation principles of an acoustic filter. Perfor-
mance parameters such as e.g. the transmission loss (TL = 20 log(1/T+)) can be derived from
the scatter matrix coefficients. Furthermore, physical properties such as a reciprocal behavior
and acoustic energy conservation can be directly deduced from the matrix coefficients [8].

• The characterization of acoustic absorbent materials in the presence of a non-uniform
mean flow: When the, experimentally obtained, transfer matrix coefficients are compared to
analytical or numerical reference models material properties such as e.g. the grazing flow
acoustic impedance can be deduced [9].

• The aeroacoustic design of duct networks: Since passive two-port models are independent
of the upstream and downstream impedance (i.e. independent of the acoustic properties of
the pre- and ante-ceding elements) various design alternatives can easily be evaluated, using
only simple matrix multiplications, resulting in a low CPU-cost design tool, provided that the
different elements are present in a ‘network database’ [1].

• The identification of flow-acoustic feedback coupling, i.e. the possible existence of un-
stable (tonal) ‘whistling’ phenomena: Since this phenomenon is (initially) caused by a linear
interaction of the incoming waves with the aerodynamic field, these effects are present in the
scatter matrix coefficients. Although, due to non-linearities, it is not possible to predict the
‘exact’ (limit cycle) acoustic field inside a flow duct, the occurrence possible instabilities can
be identified using an eigenvalue decomposition of the linear active two-port matrices [10].

• The quantification of aerodynamically driven flow-noise generation mechanisms:
It is possible to obtain spectral information about the upstream and downstream radiated
aeroacoustic field and its Mach number dependency without the need of detailed information
about the actual noise generating mechanisms [5].

The different active two-port matrix coefficients can be easily obtained analytically [1], experimen-
tally [11, 12] or numerically [13]. The experimental determination of the active two-port parameters
consists in three steps:

1. The determination of the amplitudes of the upstream and downstream propagating waves at
both ends of the acoustic two-port: p+

1 , p−1 , p+
2 and p−2
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2. Characterization of the scattering matrix coefficients (passive two-port components): T+, T−,
R+ and R−

3. Determination of the active source vector components: p+s
2 and p−s

1

3.1 Upstream and downstream propagating waves

For the determination of the upstream and downstream propagating waves (p+,p−) at each end
of the two-port, the dynamic pressure sensor signals at a minimum of two positions are needed in
the measurement duct. The left- and right running amplitudes are directly linked to the acoustic
velocity and pressure fluctuations, since at any location z in the duct the following relation holds
for plane acoustic wave propagation:

p′(z, f) = p+(z, f) + p−(z, f) = p+(0, f)e−jk+z + p−(0, f)ejk−z (2)

with z = 0 the position of the reference plane and k+ ≈ k0/(1−M) and k− ≈ k0/(1+M) the acoustic
wavenumbers of, respectively the downstream and upstream propagating waves and k0 = ω/c0. For
non space-uniform mean flows a more accurate formulation for k+ and k− can be obtained using
a quasi 2D approach [14]. Equation (2) can be written for all n microphone positions and solving
following overdetermined system of n equations with two unknowns, resulting in a solution for p+

and p− at both ends of the two-port:

{
p+(f)
p−(f)

}
=


e−jk+z1 ejk−z1

e−jk+z2 ejk−z2

...
...

e−jk+zn ejk−zn


⊗

p′(z1, f)
p′(z2, f)

...
p′(zn, f)

 (3)

with
⊗

the Moore–Penrose pseudo matrix inverse and zk the location of the kth microphone with
respect to the reference plane. The overdetermination of this system of equations is desired improve
the signal-to-noise ratio and to minimize the influence of aerodynamic pressure fluctuations. Since
the aerodynamic pressure fluctuations, present in the microphone signals, do not satisfy equation
(3) they are partially filtered out by these equations. A further improvement of the signal-to-noise
ratio is achieved by using a large number of averages and transfer functions in equation (3) instead
of the measured pressure fluctuations. These transfer functions are taken between the microphone
signals and a reference signal which is correlated with the acoustic field inside the duct. In this sense
the electric signal e which drives the external loudspeaker is a convenient choice. For clarity reasons,
the notation, used in this paper, still uses the pressure fluctuations of the kth measurement: pk(f)
instead of the transfer function Hk(f) = pk(f)e∗(f)/e(f)e∗(f) (with •∗ the complex conjugate).

3.2 Passive two-port characteristics

In order to determine the two-port matrix coefficients, at least two measurements need to be per-
formed varying from each other by the position of an external sound source (two-source tech-
nique) [11, 12], by the outlet impedance (two-load technique) [15] or a combination of both tech-
niques. Equation (1) can then be written for m experiments without active components, since
with a strong enough loudspeaker excitation the aerodynamic noise generation can be neglected
(p+s

2 = p−s
1 ≈ 0). As a result a combined overdetermined system of m equations with four un-

knowns T+, T−, R+ and R− is obtained, which can be solved following a least square strategy:
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[
T+(f) R−(f)
R+(f) T−(f)

]
=
[

p+
2,1(f) p+

2,2(f) . . . p+
2,m(f)

p−1,1(f) p−1,2(f) . . . p−1,m(f)

] [
p+
1,1(f) p+

1,2(f) . . . p+
1,m(f)

p−2,1(f) p−2,2(f) . . . p−2,m(f)

]⊗
(4)

3.3 Determination of the active source vector

Opposite to the passive two-port components, the active noise generation components in the down-
stream p−s

2 and upstream direction p+s
1 are dependent on the upstream and downstream impedance

[7]. As a result, an overdetermined system of equations, using a different impedance at the inlet
or outlet section, cannot be used for the determination of the active source vector components.
Also multiple sources techniques cannot be used since they can mask the actual aerodynamically
generated noise, resulting in a low signal-to-noise ratio. Thus, the active two-port parameters have
to be obtained experimentally (for one specific combination of inlet and outlet impedance) with one
additional measurement without loudspeaker excitation and solving a system of two equations (1)
for the two unknowns (p+s

2 , p−s
1 ) using the previously determined passive two-port parameters.

[
p+s
2

p−s
1

]
=
[
p+
2

p−1

]
−
[
T+ R−

R+ T−

] [
p+
1

p−2

]
(5)

As reference signal, for the determination of the different transfer functions, two additional micro-
phones are used which are located at further distance from the inlet and outlet reference planes.
The aerodynamic pressure fluctuations in this region are uncorrelated with those measured by the
other microphones and, as a result, a further suppression of these non-acoustical disturbances is
achieved.

4 Experimental set-up

A schematic overview of the experimental set-up is shown in figure 7. As excitation signal, a series
of swept sines (sweep duration: 1 s; frequency range: 0−4000 Hz) are used for a measurement time
of 300 s. The data acquisition is carried out using the LMS international Pimento Multi Channel
Analyzer with a sample frequency of 10 kHz. The data are averaged using, approximately 1000
averages with an overlap of 25%. Four different flow velocities are used for the various muffler
configurations: M = 0.0; M = 0.1, M = 0.2 and M = 0.3 with exception of the rectangular
expansion chamber, which is only analyzed for the no flow case.

Figure 7: Schematic overview of the experimental set-up

For the passive two-port characterization, a combined two-load/two-source approach is used, re-
sulting in a total number of four measurements per muffler and per flow velocity. As different
loads a rigidly closed and open end termination is used for the no flow cased whereas an open end
and a downstream installed muffler are used for the measurements which include the presence of a
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flow. The pressure sensors are calibrated using a hand-held acoustic microphone calibrator. The
exact locations of the microphone positions are determined for each measurement section up to an
accuracy of 0.1 mm with a swept sine excitation and a rigid wall termination. Using the transfer
functions between the different microphones, the exact location is easily obtained since the transfer
functions show a first minimum or maximum for each microphone when the distance between the
rigid termination equals 1/4 of the acoustic wavelength [16].

The first traversal mode of the 40 × 40 mm2 square measurement section occurs at approximately
4125 Hz. Since a two-port formulation is only valid for plane wave propagation, the results are
discussed up to a frequency of 3400 Hz ≈ 0.8 × 4125 Hz for the rectangular expansion chamber
and up to 2000 Hz ≈ 0.5× 4125 Hz for the other muffler configurations. Future research will study
in further depth the acoustic behavior of the various muffler configurations in the frequency range
between 2000 Hz and 3400 Hz.

5 Discussion of the results

5.1 Rectangular expansion chamber

5.1.1 Scatter matrix coefficients

The rectangular expansion chamber (Fig. 3) is considered for validating the experimental determi-
nation of the passive scatter matrix coefficients and in particular the data acquisition settings and
the data processing using an overdetermination of the number of microphones (eq. (4)) and the
number of measurements (eq. (3)). The results are compared with an analytical reference solution
obtained by using Green’s functions [17]. This approach offers an exact analytical solution, apart
form the necessary truncation of the in finite sum of modal contributions. A comparison between
the four, experimentally obtained, scatter matrix coefficients and the analytical solution is shown
in figure 8. A very good agreement between both predictions is observed for all matrix coefficients
and over the whole frequency range under consideration, indicating that the methodology offers a
reliable prediction of the acoustic behavior of the expansion chamber under no flow conditions.

Figure 8: Comparison between the measured and analytical scatter matrix coefficients (dB) for the
rectangular expansion chamber.
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5.1.2 Active source vector determination

The active source vector determination is validated by adding an artificial noise source, using a
loudspeaker excitation, inside the expansion chamber. The excitation signal contains both broad-
band (500− 900 Hz) and tonal noise components (600, 1200 and 1800 Hz) and is shown in figure 9.
Since the artificial noise source is independent on the incoming acoustic wave, a similar spectrum
should be observed in the active source vector components. This is clearly noticeable in figure 9,
indicating that the active two-port representation is capable in retrieving internal noise source of
the acoustic element which are independent on the incoming acoustic waves. The slight difference
between the upstream and downstream components of the active source vector is caused by the
non-symmetric position of the central loudspeaker (Fig. 3).
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Figure 9: Active source vector components in upstream and downstream direction (dB) and loud-
speaker excitation signal for the rectangular expansion chamber.

5.2 Mufflers of engineering relevance

The same approach as used for the rectangular expansion chamber is applied to the different muffler
configurations which contain components that are of engineering relevance (Fig. 4). The measure-
ments are carried out at three different Mach number corresponding to 0.0 (no flow), 0.1, 0.2 and
0.3. For the active source vector determination, no external loudspeaker signal is used since the goal
is the predict the actual aerodynamic noise radiation in the upstream and downstream directions.

5.2.1 Transmission characteristics

The transmission loss (TL), which is, as mentioned above, directly related to the downstream
transmission coefficient of the scatter matrix, for the different muffler configurations and Mach
numbers is shown in figure 10 for frequencies up to 2000 Hz. For mufflers V 2− 001, V 2− 002 and
V 3 − 001 a comparison is made with a (no flow) finite element solution, obtained with Sysnoise
rev.:5.6. For this reference solution, the perforated ducts are modeled using transfer matrix relation
and the impedance formula for perforates in an stationary medium of Sullivan and Crocker [18].

In general, for the no flow case, a good agreement between the numerical simulations and the
experimental values of the transmission loss. However, in the frequency range between 250 Hz and
400 Hz a systematic overprediction of the TL with approximately 7 dB is noticeable. This is caused
by the presence of the connection pieces between the round cross section of inlet and outlet duct of
the mufflers and the square cross section of the measurement section. This was verified (not shown in
this paper) by performing an additional TL measurement using only the connection pieces. The TL
values that were obtained in this way, indeed exhibit an increased value of the TL in this frequency
range. The errors in the TL prediction, originating from these connection ducts, can be removed by
using circular measurement sections or by compensating for the connection pieces using a matrix

AEROACOUSTICS AND FLOW NOISE 679



0 200 400 600 800 1000 1200 1400 1600 1800 2000
−10

0

10

20

30

40

50

60

Frequency [Hz]

T
L

[d
B

]

EXP M = 0.3
EXP M = 0.2
EXP M = 0.1
EXP M = 0
FEM

(a) V2-001

0 200 400 600 800 1000 1200 1400 1600 1800 2000
−10

0

10

20

30

40

50

60

Frequency [Hz]

T
L

[d
B

]

EXP M = 0.3
EXP M = 0.2
EXP M = 0.1
EXP M = 0
FEM

(b) V2-002
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(c) V2-003
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Figure 10: Transmission loss (dB) of the various muffler configurations with different values of the
Mach number.
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multiplication with the scatter matrices of the connection ducts. This will be investigated in future
research.

At high flow velocities (M > 0.2), a large amount of additional noise is present in the TL predictions,
mainly occurring at lower frequencies (below 900 Hz), high values of the TL and for mufflers with a
strong turbulent outflow (V 2−002, V 3−002 and V 3−003). The reason for this to occur is twofold.
High TL values are, on the one hand, responsible for low-amplitude signals at the pressure sensors
located on the unexcited measurement section of the acoustic two-port. This strongly decreases the
signal-to-noise ratio, which is furthermore already reduced by the presence of the flow field inside the
measurement ducts. The turbulent flow field in the measurement section, on the other hand, causes
so-called hydrodynamic pressure fluctuations or ‘pseudo-sound’. Since, these pressure fluctuation
propagate with the mean flow velocity, their effect is mainly noticeable at lower frequencies and is
more dominant at high flow velocities. Future research will investigate the use of a larger amount of
averages; different types of excitation signals; an improvement in the pressure sensor placeholders;
and the use of other types of dynamic pressure transducers to improve the signal-to-noise ratio at
the different microphones and to obtain a more accurate scatter matrix prediction.

The position of the resonance frequencies at which a zero TL is obtained, does not significantly
change with the presence of a mean flow. This is due to the fact that the large expansion ratios
(between 16 and 25) of the muffler geometries result in very low space averaged velocities inside the
expansion chamber and thus a very limited shift of these frequencies. Convective effects rather seem
to influence the regions where a maximum value of the TL is obtained. For most configurations, a
slight increase in TL is observed with growing flow velocities. This conclusion, however, cannot be
fully evidenced since, as mentioned before, the interpretation of the experimental data at high TL
is difficult due to the ‘noisy’ signals. For an in-depth analysis of the influence of a flow field on the
attenuation performance of mufflers an accurate prediction of the frequency regions where the TL
is high is indispensable, especially since this region is, from a design point of view, the most import
region.

When comparing the TL of the different muffler configurations, it is clear that the presence of acous-
tic absorbent materials (V 2 − 003) results in a good performance over the whole frequency range,
as such, they are ideally suited for broadband applications and acoustic materials and applications
which are not prone to a degradation of the absorbent properties of the acoustic material. For tonal
or narrowband applications, as e.g. encountered in automotive applications, they do not exhibit a
significant peak performance and the geometrical mufflers are possibly superior, especially at lower
frequencies, where a large thickness of acoustic absorbent material is needed to obtain a significant
noise reduction. It should be mentioned that although adding geometrical complexity to the muffler
configuration improves the acoustic attenuation, it will also, most likely, increase the back pressure,
thus decreasing e.g. the I.C. engine performance. As a result, the choice of an appropriate muffler
configuration is often a compromise between maximum acoustic attenuation and a minimal back
pressure.

5.2.2 Aerodynamic noise generation

Based on the scatter matrix coefficients, discussed above, an additional measurement is carried out
to obtain the active source vectors. For all muffler configurations a broadband spectrum of the source
vector components is observed with an overall increase in amplitude with growing Mach number.
Only for muffler V 2 − 001 a high-amplitude whistling frequency is observed at a frequency close
to 3500 Hz, which is outside the frequency range of the current analysis and, as a result, this phe-
nomenon is not discussed in this paper. The upstream and downstream source vector components
exhibit a very similar frequency content with a larger amplitude of the downstream component,
indicating a preferable radiation direction of the aeroacoustic sources in the downstream direction.
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(a) 125 Hz to 500 Hz third octave bands (b) 630 Hz to 2000 Hz third octave bands

Figure 11: Frequency spectrum (in third octave bands) of the downstream component (dB) of the
active source vector for the various muffler configurations (M=0.3).

Given the broadband nature of the spectrum of the source vector and since the downstream com-
ponent is dominant and more relevant for the aeroacoustic design of mufflers, a third octave band
analysis is performed for only the downstream component of the active source vector. The results
for the various muffler configurations are shown in figure 11 for a mean flow Mach number equal to
0.3. For the other flow velocities, similar figures are obtained.

For all muffler configurations a decrease of aerodynamic noise generation for higher frequencies is
observed, with exception of the third octave bands with center frequencies of 1600 Hz and 2000 Hz
where a systematic increase of aerodynamic noise generation can be noticed. This is probably caused
by the presence of the connection duct between the inlet and outlet ducts and the measurement
ducts but this assumption needs to be confirmed by future research. The muffler configurations
with sharp edges (mufflers V 2 − 002 V 3 − 002 and V 3 − 003) have a larger amount of flow noise
generation, since the sudden detachment of the flow results in strong mean flow gradient and, as a
result, a larger amount of turbulence generation.

The presence of acoustic absorbent materials (muffler V 2 − 003) or a baffle (mufflers V 3 − 002
and V 3 − 003), which divides the expansion chamber in different components, reduces the flow
noise generation. This is caused by the fact that the generated aeroacoustic sources are already
partly damped out by the acoustic dissipation of the acoustic absorbent material or the geometrical
reflections of the second chamber component. For mufflers V 3 − 002 and V 3 − 003, strong mean
flow gradients occur at the exit of the inlet duct inside the downstream end of the expansion
chamber, these large amplitude flow noise sources are partly damped out by the upstream part of
the expansion chamber, which is especially the case for higher frequencies. Due to the lower flow
velocities through the baffle holes, the additional aerodynamic noise generation is of low amplitude,
which explains the relatively good aeroacoustic behavior of these mufflers. It can thus be concluded
that adding geometrical complexity to the muffler by introducing sharp edges or a flow reversal to
improve the acoustic attenuation, does not necessarily results in an increase in aerodynamic noise
generation.

6 Conclusions

In this paper, an experimental characterization technique for acoustic filters in general, and auto-
motive muffler applications in particular, based on an active two-port formulation is presented and
validated on various muffler configurations. The experimental procedure uses an overdetermination
of the number of microphones and the number of experiments to increase the signal-to-noise ratio
for the prediction of the scatter transfer characteristics in the presence of a mean flow field. An addi-
tional measurement can be be carried out to determine, in combination with the previously obtained

682 PROCEEDINGS OF ISMA2010 INCLUDING USD2010



scatter matrix coefficients, the radiation of aeroacoustic source in the upstream and downstream
direction. This approach is successfully validated for a simple rectangular expansion chamber with
no flow and an artificial loudspeaker excitation.

The two-port characterization procedure is applied for four different flow velocities to six muffler
configurations which contain a number of internal components that are of engineering relevance
such as absorbent materials, extended inlet and outlet ducts, perforated ducts and baffles. At first
the most commonly design parameter for an acoustic filter, the transmission loss is considered. The
results that are obtained for the no-flow case are in good agreement with numerical finite element
solutions, except for a small frequency range where the specific construction of the experimental
test rig causes an overestimation of approximately 7 dB. The influence of the flow velocity on the
acoustic resonance at which a zero TL is occurring is negligible and the signal-to-noise ratio need
to be further improved to draw final conclusions on the influence of the flow speed in the regions
where a high value of the TL is observed.

The second aspect that needs to be taken into account in the aeroacoustic design of an acoustic
filter is the aerodynamic noise generation, represented in an active two-port formulation’s source
vector. For the studied muffler configurations a broadband flow noise generation with a preferable
downstream radiation is observed in the frequency range under consideration. Aerodynamic noise
generation is of growing importance with increasing flow velocities and can be partly damped out by
the different interior components of the muffler, such as sound absorbing materials and a partitioning
of the expansion chamber. As a result adding geometrical complexity to a given muffler configuration
can improve both the acoustic attenuation and aerodynamic noise generation properties.

Future research will focus on a further improvement of signal-to-noise ratio by considering other
excitation signals, microphone placeholders and types of microphones and by optimizing the data
processing. Based on these findings, it is expected that more accurate scatter matrix and active
source vector predictions will be obtained for the various muffler configurations. These results will
be used for the generation of an benchmark database for the validation of future computational
aeroacoustics simulation. As such, a reliable and straightforward experimental methodology is de-
veloped which can be used for the aeroacoustic design and the development of a numerical prediction
tool for acoustic filters.
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