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Abstract
For the aeroacoustic design of expansion chambers, commonly installed in e.g. HVAC ducts or automotive
exhaust systems, the aerodynamic noise generation mechanisms as well as the transmission characteristics
of acoustic waves propagating in a non-quiescent medium have to be taken into account. The attenuation
of downstream propagating acoustic waves should be maximized with a minimum of additional flow noise
generation and often a compromise between both performance parameters has to be made. In this paper, these
two aeroacoustic properties are experimentally analyzed for a simple expansion chamber carrying a mean
flow which is uniform in time. This is achieved using an active two-port representation which is validated for
a straight duct with a loudspeaker placed at its center. The different experiments are carried out on an open
circuit aeroacoustic wind tunnel where the test objects are located inside a semi-anechoic room. This allows
to determine the noise emission and radiation in free-field environments and correlate the far-field pressure
levels with the aerodynamic noise generation mechanisms described by the active two-port components.

1 Introduction

In exhaust ducts, expansion chambers are commonly installed to attenuate the noise emitted by e.g. IC en-
gines, compressors and other rotating machinery. The energy of this engine noise is mostly concentrated
around the harmonics of the engine firing frequency. Their contribution is dominant for low to medium
engine speeds since aerodynamically generated noise sources are rather inefficient at low Mach numbers.
When the engine speed increases, flow noise effects become more important and can even become the dom-
inant source of exhaust noise [1]. In this framework, expansion chambers can become flow-excited noise
generators rather than silencers.

The emitted flow noise spectrum contains both broadband, generated by the turbulent structures in the con-
fined jet and tailpipe, and tonal components. Tonal components can either be generated by a flow-acoustic
feedback-loop inside the expansion chamber [2] or by the broadband excitation of the acoustic modes of the
expansion chamber and tailpipe [3]. At present, the research towards aerodynamic noise generating mecha-
nisms in expansion chambers is rather scarce but of growing interest due to the decreasing noise generation
achieved by most engine, compressor and fan manufacturers. Besides these undesirable noise generation
mechanisms, expansion chambers are traditionally designed to damp out engine noise, fan noise and flow
noise sources, generated at flow discontinuities or irregularities inside the exhaust system upstream to the
expansion chamber. In contrast to the internally generated flow noise sources, the upstream and downstream
noise attenuation principles are quite well understood [4, 5].

Since both the noise generation and propagation characteristics are of utmost importance for the aeroacoustic
design of expansion chambers, an active two-port formulation, describing both phenomena by a matrix rep-
resentation, is determined experimentally in this paper. The experiments are carried out on an open-circuit
aeroacoustic wind tunnel in which a rootsblower is used to generate a time-uniform mean flow. Additionally,
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the free-field radiation of the aerodynamically generated noise is investigated by acoustic pressure measure-
ments performed inside a semi-anechoic room. The preliminary results, presented in this paper, are merely
used to validate the experimental procedure and the aeroacoustic test set-up. Based on these findings modi-
fications of the aeroacoustic wind tunnel design and the active two-port characterization are proposed which
will be carried out in future research.

The outline of this paper is the following. The next section discusses in more detail the lay-out of the aero-
acoustic test set-up, specifically designed to analyze both the noise generation and propagation mechanisms
in confined subsonic flows. Subsequently, the measurement procedure to obtain the active and passive bi-port
characteristics is discussed and validated for a straight duct with a center loudspeaker excitation. In the next
section this active two-port measurement procedure is used for the for the aeroacoustic characterization of a
simple expansion chamber carrying a uniform mean flow at different Mach numbers (M < 0.3). Finally, the
major conclusions, drawn from this analysis are summarized.

2 Description of the test set-up

A schematical overview of the experimental test set-up is shown on the left of figure 1. The general purpose
of the test rig is the determination of the aeroacoustic noise generation and propagation mechanisms as well
as the far field acoustic radiation for confined subsonic flow applications with inflow conditions that are
representative for HVAC and automotive muffler applications. For this goal, an open-circuit test set-up is
used which can be subdivided into three major components: the flow generation, the flow preparation and
the measurement sections.

Figure 1: Schematical overview of aeroacoustic test set-up (left) and the flow generators (right).

2.1 Flow generation

Two flow generators, shown on the right of figure 1, can be used: a rootsblower to generate a time-uniform
flow field or a cold engine simulator for experiments in 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 equals0.3 for duct diameters equal to0.05 m. Both the duct diameter and
maximum Mach number are representative for automotive exhaust system applications.
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As second flow generator, a cold engine simulator can be used to obtain pulsating inlet conditions. This elec-
tronically driven simulator produces a cold flow by using compressed air with similar mean flow velocities
and velocity fluctuations as compared to a real automotive combustion engine. The cold engine simulator is
specifically developed to carry out experiments of new concepts of exhaust systems in an environment that is
less violent for measurement equipment [6]. This type of time-pulsating flow fields are not further analyzed
in this paper.

The inlet flow profile for the time-uniform inflow, generated by the rootsblower, is measured using hot wire
anemometry. The hot wire probe is traversed along the duct diameter and the mean flow profile and turbulent
intensity of the velocity fluctuations are shown in figure 2 for a rotational speed of the rootsblower of25 Hz,
which corresponds to an average flow velocity along the inlet duct diameter of the the test object of32.7 m/s.
A good agreement with the empirical1/7th power law equation is obtained, known to give a good agreement
with experimental data in a smooth pipe atRe ∼ 105. The turbulent intensity at the centerline is lower than
2%, indicating low turbulence inlet conditions.

Figure 2: Mean profile (left) and turbulent intensity (right) along the inlet duct diameter with a rootsblower
rotational speed of25Hz.

2.2 Flow preparation

The rootsblower is responsible for an increase in temperature of more than60o C. These relatively high tem-
perature differences change the propagation speed of the acoustic waves and can modify the aerodynamic
noise generation mechanisms. All results, presented in this paper, are carried out at these relatively high
temperatures and, based on these measurements, it is concluded that temperature effects largely dominate
the convective effects. For this reason, an aftercooler is being installed immediately after the rootsblower.
The heat exchanger generates an outlet temperature of the compressed air of10o C above the ambient tem-
perature. Together with the thermal inertia of the ducts of the acoustic labyrinth, the additional piping and
the flow expansion inside the flow conditioner, a flow temperature at the outlet of the test object of2o C
above the ambient temperature is achieved with temperature fluctuations less than5% between different
measurements.

After the heat exchanger, the flow passes an acoustic labyrinth, consisting of approximately10 m of circular
silencers. These ducts have a dual purpose: on one hand, they reduce upstream generated noise sources, re-
sulting in anechoic inflow conditions at the entrance the test object, which is preferable to validate numerical
aeroacoustic simulations. On the other hand, small pulsations onto the mean velocity, are filtered out since
the acoustic labyrinth behaves as a long expansion chamber. A total transmission loss of around50 dB is
achieved by the acoustic labyrinth in both the upstream and downstream direction.

Subsequently, the flow is guided through a flexible piping inside a semi-anechoic room. A flow conditioner
(left of figure 3) containing a divergent, a perforated straight duct with acoustic damping material, screens,
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honeycombs and convergent nozzle is installed to obtain low-noise and low-turbulence inlet conditions. Due
to the scarce space, a130o bend with guiding vanes is used to direct the measurement section into the
diagonal of the room, as indicated on figure 3. The flow temperature, flow rate and pressure entering the
semi-anechoic room are continuously monitored, as well as the temperature and pressure difference at the
convergent of the flow conditioner. The sensors signals can be coupled with a PID controller and frequency
convertor to determine the rootsblower’s rotational speed in order to obtain identical inlet conditions during
different measurement campaigns.

Figure 3: Flow conditioner (left) and measurement section directed in the diagonal of the semi-anechoic
room (right).

2.3 Measurement section

Two different measurement sections can be used:

• A first one, consisting of two straight ducts (L = 5m) (with attached loudspeakers and flush-mounted
dynamic pressure transducers) between which the test object can be placed. In this way, the passive
two-port characteristics are straightforward to obtain using a combined multiple-load, multiple-source
method (section 3.1). This measurement section can also be used to determine the performance of
lining material and perforated plates with a grazing mean flow.

• The second measurement section (right of figure 3) is located inside a semi-anechoic room to avoid
the influence of external noise sources, such as the flow generators or other laboratory equipment.
This part of the set-up is used to determine the actual aerodynamic noise generating mechanisms with
flush-mounted pressure transducers, hot wire anemometry and PIV measurements as well as the far-
field radiation of the flow noise sources using microphone and acoustic intensity measurements.

3 Description of the experimental procedure

3.1 Active bi-port characteristics

Acoustic systems, located between two straight ducts in which acoustic plane wave propagation is occurring,
are often referred to as acoustic two-ports (fig.4). Every acoustic two-port, in which no acoustic generation
or dissipation is occurring, the so-called passive two-port, is uniquely characterized by an acoustic transfer
matrix T. This transfer, transmission or scattering matrix links the one-dimensional acoustics variables
at the inlet(p′1, u′1) (with p′ andu′ respectively the acoustic pressure and velocity fluctuations in the x-
direction) with those at the outlet(p′2, u′2). The major advantage of using such a linear network representation
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is its independency of the number or type of acoustic elements lying before or after the element under
consideration.

Figure 4: Acoustic bi-port representation for an element in a duct system.

One of the most commonly used representations of the scattering matrix is using the pressure of the right-
and left-running acoustic waves(p+, p−) (instead of the pressure and velocity fluctuations) at both ends of
the bi-port. In this way, the four scattering matrix elementsT+, T− andR+, R− can be directly interpreted
as the transmission and reflection coefficients in, respectively, the downstream and upstream direction.

If active noise generation and/or dissipation processes occur inside the filter, an active bi-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 [7]. 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+ andR− are independent of the in-
ternal 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 downstreamp+s

2 and upstream directionp−s
1 can be dependent on the upstream and downstream

impedance [8].

3.2 Experimental determination of the active two-port parameters

The active and passive two-port parameters can be determined analytically [4], numerically [9] or experi-
mentally. In this paper an experimental three-step procedure is adopted, consisting of:

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

2. Characterization of the scattering matrix (passive two-port components).

3. Identification of the active two-port parameters.

3.2.1 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 on both ends are needed. The left-
and right running amplitudes are directly linked to the acoustic velocity and pressure fluctuations, since at
any locationx in the duct following relations hold for plane acoustic wave propagation:

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

with x = 0 the position of the reference plane andk+ ≈ k0/(1 −M) andk− ≈ k0/(1 + M) the acoustic
wavenumbers of, respectively the downstream and upstream propagating waves andk0 = ω/c0. For non
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space-uniform mean flows a more accurate formulation fork+ andk− can be obtained using a quasi 2D
approach [10]. Equation (2) can be written for alln microphone positions and solving following overdeter-
mined system ofn equations with two unknowns, resulting in a solution forp+ andp− at both ends of the
bi-port:

{
p+(f)
p−(f)

}
=


e−jk+x1 ejk−x1

e−jk+x2 ejk−x2

...
...

e−jk+xn ejk−xn



⊗
p′(x1, f)
p′(x2, f)

...
p′(xn, f)

 (3)

with
⊗

the Moore–Penrose pseudo matrix inverse andxk the location of thekth microphone with respect to
the reference plane. The exact locations of the microphone positions are determined for each measurement
section with a white noise excitation and a rigid wall termination. Using the transfer functions between the
different microphones, the exact location are easily obtained since the pressure signals show a first minimum
for each microphone when the distance between the rigid termination equals1/4 of the acoustic wavelength.

The overdetermination of this system of equations is desired to minimize the influence of aerodynamic pres-
sure fluctuations, ‘noisy’ signals and small measurement errors. Since the aerodynamic pressure fluctuations,
present in the microphone signals, do not satisfy equation (3) they are largely filtered out by these equations,
leading to an increase in the signal-to-noise ratio. Further elimination of noise from the microphone signals
caused by aerodynamic pressure fluctuations, internal aerodynamic sound sources and non-suppressed noise
from the source 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 correlated with the imposed sound field in the duct but uncorrelated with these noise
sources. In this sense the electric signalse which drive the external sources of them different experiments are
a convenient choice. For clarity reasons, the notation, used in this paper, still uses the pressure fluctuations
of thekth measurement:pk(f) instead of the transfer functionHk(f) = pk(f)/ek(f).

3.2.2 Passive two-port characteristics

In order to determine the four-pole parameters, at least two measurements need to be performed varying
from each other by the position of an external sound source (two-source technique) [11, 12], by the outlet
impedance (two-load technique) [13] or a combination of both techniques. Equation (4) can then be written
for m experiments without active components, since with a strong enough loudspeaker excitation the aero-
dynamic noise generation can be neglected (p+s

2 = p−s
1 ≈ 0). As a result a combined overdetermined system

of m equations with four unknownsT+, T−, R+ andR− is obtained, which can be solved following a least
square strategy:

[
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)

Solving this system of equations directly results in the passive two-port components. The different scattering
matrix components can easily be used to determine the acoustic properties such as reciprocity, impedance
and transmission loss of the acoustic filter [4]. The transmission performance of acoustic filters e.g. is
often characterized by the transmission loss (TL), which is directly linked to the downstream transmission
coefficientT+:

TL = 20 log
(

1
T+

)
(5)
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3.2.3 Active two-port characteristics

Opposite to the passive two-port components, the active noise generation components in the downstream
p+s
2 and upstream directionp−s

1 are dependent on the upstream and downstream impedance [8]. 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 characteristics. Also multiple sources techniques cannot be used
since they can masque 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 the
system of two equations (eq. 4) 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

}
(6)

In order to further increase the signal-to-noise ratio a large number of averages is needed and transfer func-
tions are used in equation (6). As reference signal two additional microphones are used which are located
further away from the inlet and outlet reference planes. The aerodynamic pressure fluctuations is 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.

3.3 Validation of the active two-port characterization

This experimental procedure is validated for a straight steel duct (fig.5) with a length and diameter of respec-
tively 0.5 m and0.04 m. In the middle of the duct a loudspeaker is placed which is excited with different
excitation signals in order to validate whether the input signal is correctly retrieved by the active two-port
estimation. The validation is carried out without the presence of a flow field for six different configurations,
varying the position of the external speaker and the impedance at both ends of the test set-up. For the ex-
periments, two flush-mounted pressure transducers are used at the upstream end and three sensors at the
downstream end. Three different excitation signals of the central loudspeaker are used:

• A white noise excitation to determine the loudspeaker characteristic.

• A single frequency excitation at220 Hz, 440 Hz and 1000 Hz to determine the capability of the
experimental procedure to capture narrow-band tonal phenomena.

• A broadband spectrum which is representative for the aerodynamic noise generation in expansion
chambers.

Figure 5: Test set-up for the validation of the experimental procedure.

3.3.1 Passive two-port characteristics

The real and imaginary parts of the scattering matrix coefficients are shown in figure 6. As expected for a
straight duct a reciprocal behavior (T+ = T− andR+ = R−) is observed with a sinusoidal pattern with a
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unity amplitude for the real and imaginary parts of the transmission coefficient and a value close to zero for
the reflection coefficients [14]. Small discrepancies are caused by a jump of the wall impedance at the place
where the central loudspeaker is placed and the connections between the plexiglass measurement ducts and
the test duct made of steel. Between1500 Hz and2000 Hz additional errors are observed due to resonances
between the different microphone positions, resulting in a singular system of equations for the determination
of the left- and right running acoustic waves (eq. (3)). The use of more microphones would eliminate these
errors. For the goal of this paper, the validation of the experimental procedure and of the aeroacoustic test
set-up, this is not further investigated. In the remaining part of this paper results are thus only shown up to a
frequency of1250 Hz.

Figure 6: Real and imaginary part of the scattering matrix coefficients for a straight duct with center-placed
loudspeaker.

3.3.2 Active two-port characteristics

In order to validate the active two-port characterization, detailed knowledge about the loudspeaker charac-
teristic, placed in the center of the test duct, is needed. This characteristic is determined using a white noise
excitation and measuring the acoustic response of the system. The result, shown in figure 7, shows a rela-
tively flat response starting from400 Hz. Below this frequency a reduced response of the excitation signal
by the loudspeaker is expected.

Figure 7: Characteristic of the central loudspeaker, determined with a white noise excitation.

The previously determined scattering matrix is now used to predict the noise sources which are generated
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by the loudspeaker in the middle of the acoustic element. In order to simulate the influence from possible
upstream noise sources, generated in the aeroacoustic wind tunnel by e.g. flow noise sources inside the flow
conditioner, the test object is excited at its front end by an additional (low-amplitude) broadband signal.
The active two-port characteristics, obtained with a sine excitation of the central loudspeaker are shown in
figure 8. It is noticed that the tonal behavior at all frequencies (220 Hz, 440 Hz and1000 Hz) is retrieved.
As can be expected, the noise is radiated equally in the upstream and downstream direction. Thus, the
experimental procedure is able to retrieve narrow-band tonal phenomena, even with noise levels, generated
by the frontal loudspeaker, which are of the same order of magnitude as those of the sine waves generated
by the center loudspeaker.

Figure 8: Active two-port components with a tonal excitation at220Hz (left), 440Hz (center) en1000Hz
(right).

Similar results hold for the broadband excitation signal, shown in figure 9. The whole frequency content
of the original signal is retrieved with some small differences at low frequencies which follow the same
trend as the loudspeaker characteristic (fig.7). Similar as for the tonal excitation, no significant difference
between the upstream and downstream radiation is observed. It can be concluded that the active two-port
characterization is able to predict both tonal and broadband noise generation inside an acoustic element.

Figure 9: Active two-port components with a broadband excitation. Bottom line: excitation signal; Top
lines: active two-port components

3.4 Noise radiation

The free-field radiation of the aerodynamic noise sources, generated inside the expansion chamber is deter-
mined using 9 microphones, placed in a quarter circle (radius=1.00 m, angular resolution10o), around the
exit of the test object. In this way, the radiated directivity pattern and the free-field pressure field is deter-
mined. A comparison between the free-field pressure obtained with the expansion chamber installed as test
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object and with a straight duct of an equal length as the expansion chamber gives a first idea about the aero-
dynamically generated noise sources since, due to the acoustic labyrinth and the absorbent material of the
flow conditioner, the inflow inside the measurements section can be assumed to be anechoic. The insertion
difference (ID) is defined as:

ID = 20log

(
p′with

p′without

)
(7)

with p′with andp′without the pressure measured inside the semi-anechoic, respectively with and without the
expansion chamber installed.

Tailpipe resonance are known to be the dominant tonal aeroacoustic source in the radiated noise spectrum
of expansion chamber type of applications [3]. These resonance cannot be predicted with the active two-
port technique since only the expansion chamber is treated as a two-port element. As a result, it is difficult
to directly compare the frequency content of the active two-port components with the radiated noise spec-
trum. Therefore, the overall sound pressure levels (OSPL), containing also a contribution from the internally
generated broadband flow noise sources, are compared for various flow speeds with those of the active two-
port parameters. In this way, possible noise generating mechanisms inside the expansion chamber, which
influence the final acoustic radiation can be identified.

4 Discussion of the results

4.1 Description of the expansion chamber

The geometry of the expansion chamber, studied in this paper, is shown in figure 10. The inlet and outlet
pipes of the expansion chamber are placed with an offset of25 mm from the central axis of the expansion
chamber. The diameters of the inlet and outlet pipes equal40 mm and the expansion chamber has an ex-
pansion ratio equal to22.6. The plexiglass muffler is connected, at its inlet, to the flow conditioner and at
its outlet by two0.5 m pipe with the same inner diameter as the muffler inlet and outlet pipes. The acoustic
pressure signals are measured with two and three flush-mounted microphones at respectively the upstream
and downstream end of the expansion chamber. Plexiglass test object are used because of optical access and
its low wall roughness, which makes it possible for future research to carry out flow visualization techniques
and to easily validate numerical aeroacoustic simulations.

Figure 10: Geometry of the expansion chamber.

4.2 No flow

Four different measurements are performed to determine the scattering matrix elements of the expansion
chamber by varying the loudspeaker excitation (upstream and downstream end of the test object) and the
outlet impedance. Since the inlet and outlet diameters equal0.04 m, the plane wave assumption, on which
the two-port formulation is based, is valid for frequencies below the cut-on frequency of the traversal modes,
equal to approximately1.84c0/πD ≈ 5000 Hz. Figure 11 shows a comparison between the transmission
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and reflection coefficients in both directions of the expansion chamber obtained with the four different mea-
surements and an analytical one dimensional calculation.

The reciprocal behavior of the system is accurately predicted together with the transmission and reflection
coefficients, which respectively show a maximum and minimum value at a frequency of577 Hz and its
higher harmonics, which equals the longitudinal resonance frequencies of the expansion chamber. Three-
dimensional wave propagation inside the expansion chamber occurs starting from the first traversal reso-
nance of the expansion chamber, occurring at approximately1050 Hz. This results in a larger amplitude
of the transmission coefficients. Below this frequency only small differences between the 1D solution and
the experiments are observed which are mainly caused by the offset between the inlet and outlet pipe, not
taken into account in the analytical results. Due to the small signal-to-noise ratio at frequencies with a low
transmission coefficient [15], the results show some spurious noise on top of the signal in these regions.

Figure 11: Comparison between the transmission and reflection coefficients (dB) for the expansion in ab-
sence of a flow field and reference 1D solution.

4.3 Uniform mean flow

The same measurements are taken with a time-uniform mean flow to evaluate the performance of the current
aeroacoustic wind tunnel. The measurements are carried out with different flow velocities by changing the
rotational speed of the rootsblower. The mean flow velocities, obtained with hot wire anemometry, near the
inlet of the test object that are considered, correspond to21.7 m/s (18 Hz), 24.7 m/s (20 Hz), 32.7 m/s
(25 Hz), 41.3 m/s (30 Hz), 50.7 m/s (35 Hz), 60.9 m/s (40 Hz) and 69.7 m/s (45 Hz). It should be
mentioned that the results, discussed in this paper, are performed in absence of the heat exchanger which
makes it difficult to control the temperature of the air flow. Temperatures inside the flow conditioner between
20o C and50o C are observed and measurements over long periods of time, needed to take a large number of
averages, could not be performed in order not to destroy the flexible piping between the rootsblower and the
semi-anechoic room. As already mentioned before, a heat exchanger is now included in the test set-up which
allows to control the inlet temperature and to perform measurements over longer periods of time. Future
research is focused on the further improvement of the preliminary results shown in the remaining part of this
paper.
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4.3.1 Passive two-port parameters

Figure 12 shows the amplitude of the upstream and downstream transmission and reflection coefficients at
different flow speeds. The reciprocal behavior is not noticeable since the presence of a mean flow is respon-
sible for a different propagation pattern in both directions. In comparison with the no flow measurements
the presence of spurious noise is more apparent and of growing importance with increasing flow velocities.
This is caused by the presence of non-acoustic pressure fluctuations, also known as ‘pseudo-sound’. Further-
more, the aerodynamic noise generation becomes larger when the flow velocity increases. This can result
in the aerodynamic noise generation inside the expansion chamber becoming not negligible anymore with
respect to the external acoustic excitation on which the determination of the passive two-port characteristics
is based. A further increase of the sound levels generated by the external loudspeaker can result in a non-
linear acoustic wave behavior, which typically occurs at in-duct sound pressure levels above140 dB [16].
Future research will investigate the use of more microphones in both directions and applying a larger amount
of frequency averages to minimize these ‘noisy’ perturbations and the influence of non-acoustic pressure
fluctuations.

Figure 12: Comparison between the transmission and reflection coefficients (dB) for the expansion chamber
at various flow velocities and reference (quiescent) 1D solution.

In general, the passive two-port parameters follow the same trend as the 1D analytical results and the no flow
measurements. Besides the increase in spurious noise on top of the signal, not much difference is noticed
between the experiments at different flow velocities. Due to the high expansion ratio of the chamber, the
Mach number becomes very small inside the chamber. Even at the maximum flow speed of69.7 m/s, the
surface averaged Mach number inside the expansion chamber is of the order of magnitude of0.01 and, as
a result, convection effects are not very pronounced. The maximum values of the transmission coefficients
slightly move towards higher frequencies at increasing flow velocity in both the upstream and downstream
direction. This is mainly caused by the higher temperature inside the expansion chamber, which results in an
increase in sound speed at growing flow velocities.

The transmission coefficient in the downstream direction increases with higher flows speeds. This is also
noticed when looking at the reflection coefficient in the upstream direction which decreases with increasing
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flow speed, independent of the frequency. The opposite phenomenon, although less pronounced, is noticed
for the reflection in the downstream and transmission in the upstream direction. This effect can be caused
by a convective amplification effect or acoustic refraction by the mean flow gradients. Further research is
however needed to confirm these findings since the unstable temperature between different measurements
and the presence of aerodynamic pressure fluctuations makes it difficult to draw final conclusions from these
results.

4.3.2 Active two-port parameters

One additional measurement without external loudspeaker excitation is carried out to determine, in combi-
nation with the previously obtained scattering matrix coefficients, the active two-port characteristics. These
parameters are shown in figure 13 for the maximum flow velocity of69.7 m/s. For the experiments carried
out with lower flow velocities, similar results are obtained. From this figure it is clear that the major noise ra-
diation is occurring in the downstream direction (p+

s > p−s ). The generated noise spectrum has a broadband
nature and some tonal phenomena, mainly in the upstream components can be notified.

Figure 13: Active two-port characteristics (dB) in the downstreamp+
s (left) and upstreamp−s (right) direction

in the expansion chamber with a flow speed of69.7 m/s.

This tonal behavior may be caused by a flow-acoustic feedback coupling, also known as Rossiter modes [17],
where the presence of acoustic resonances, in this case the longitudinal chamber resonances, trigger the
shear-layer instabilities. The fact that this type of tonal flow noise generation is not apparent in the down-
stream direction can be caused by two reasons. On one hand, the broadband noise generation in the down-
stream can be of larger amplitude, thus masking the tonal components. On the other hand, due to the experi-
mental procedure, the noise present in scattering matrix coefficients, especially in the downstream direction,
results in a large amount of spurious noise on the active two-port components.

The active two-port characterization technique is a design tool to identify aerodynamic noise radiation rather
rather than to provide a physical explanation of the noise generating phenomena that are identified. The
acoustic filter is modeled as a ‘black box’ which only takes into account the noise propagation and radiation
at the upstream and downstream end of the acoustic element. As a result, direct information about the
noise generating mechanisms occurring inside the element is not present. For this reason, flow visualization
techniques using Particle Image Velocimetry (PIV) are going to be used to further characterize the actual
aerodynamic noise generating mechanism inside the expansion chamber.

4.3.3 Noise radiation

A last type of measurements, performed on the expansion chamber with a time-uniform mean flow excitation,
are free-field measurements inside the semi-anechoic room with the expansion chamber or a straight duct
with the same length installed on the test rig. In this way, the additional aerodynamic noise generation that
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is obtained by replacing a straight duct with the expansion chamber (insertion difference) is evaluated. The
insertion difference with two different lengths of the tailpipe (0.225 m and0.975 m) are shown for a mean
flow velocity of 69.7 m/s in figure 14. A similar acoustic pressure field is obtained by measurements on a
number of automotive muffler geometries [3].

Figure 14: Insertion difference (dB) of the expansion chamber (flow velocity equal to69.7m/s with short
(0.225m) and long (0.975m) tailpipe.

In contrast to the active bi-port components, a strong tonal behavior is observed at a frequency of about
700 Hz for the short tailpipe. This peak occurs at the tailpipe resonance of the system, which could be
theoretically estimated to be around760 Hz (without flow correction) for a length of the tailpipe equal to
0.225 m. To verify wether these resonances are generated by tailpipe resonances a longer duct was used and
resonances at approximately175 Hz and its higher harmonics are observed, corresponding to the theoretical
resonances of a tailpipe with a length of0.975 m. Tailpipe resonances are thus clearly identified to be the
dominant source of tonal aeroacoustic noise generation for the expansion chamber geometry discussed in
this paper.

Figure 15: Influence of the flow velocity on the acoustic pressure radiation with and without expansion
chamber, the active two-port parameters and the tonal radiated noise.

Figure 15 shows the influence of the flow velocity on the overall sound pressure measured in the semi-
anechoic room with and without the expansion chamber. In this figure the influence of the velocity on the
active two-port parameters and the amplitude of the tonal peaks in the radiated noise is also shown. For
confined subsonic flows, the radiation efficiency of a monopole, dipole (interaction of turbulence with rigid
walls) and quadrupole (free-stream turbulence) source scales respectively linear, with the third power and the
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fifth power of the flow velocity [1]. A linear dependency with respect to the flow velocity is observed for the
radiated sound power without expansion chamber and the tonal tailpipe resonances, while the third power
scaling is observed for the sound power radiation with expansion chamber and both active two-port compo-
nents. This evidences that the major broadband noise radiation is caused by the interaction of turbulence with
the rigid walls of the expansion chamber while tonal noise sources are generated by tonal resonances. The
relative importance of broadband noise sources with respect to the tonal noise sources grows with increasing
flow velocity due the the third power scaling with the flow velocity.

5 Conclusions

This paper presents and validates an active two-port measurement technique to study the effect of a mean flow
field on the propagation and generation of acoustic waves for confined subsonic flow applications, commonly
encountered in HVAC ducts or automotive exhaust systems. For this purpose a low-noise, low-turbulence
aeroacoustic wind tunnel is used in which the flow is generated by a three lobe rootsblower. The three-step
procedure to determine the active two-port parameters consists in the determination of the left- and right-
running acoustic waves based on multiple microphone measurements; the characterization of the scattering
matrix components based on a combined multiple-load, multiple-source technique; and the identification of
the active noise generation components in the upstream and downstream directions based on the previously
obtained parameters. This measurement technique is successfully validated for the no flow case of a straight
duct with center loudspeaker.

The preliminary results, obtained on a simple expansion chamber configuration, are used to further refine the
aeroacoustic test set-up and the experimental two-port characterization methodology. A very good agreement
of the scattering matrix components between the experiments and a analytical 1D solution are obtained for
a quiescent medium. The same behavior is observed in the time-uniform flow case, although a large amount
of noise, caused by aerodynamic pressure fluctuations and large temperature fluctuations make it difficult
to investigate the effect of a flow field on the transmission characteristics of the expansion chamber. The
noise generation inside the expansion chamber has a broadband nature and mainly occurs in the downstream
direction, scaling with the third power of the velocity. This indicates a dipole aerodynamic noise generation
mechanism, caused by the interaction of turbulence with the expansion chamber walls. It is shown that this
mechanism is responsible for the final broadband acoustic radiation, measured inside a semi-anechoic room.
Tonal noise radiation, scaling linearly with the flow velocity is also observed and is caused by the excitation
of tailpipe resonances, not taken into account in the two-port formulation.

Future research will focus on an improvement of the aeroacoustic test set-up including a heat exchanger to
control the temperature variations. This also permits to measure over longer periods of time which makes
it possible to incorporate a larger amount of averages in the data processing. Together with the inclusion of
more pressure transducers the presence of non-acoustic noise on the measurement results can be reduced,
which enables to study in more detail the mean flow effects on the acoustic propagation and the radiation
of aerodynamically generated noise sources. The generation mechanisms of these flow noise sources will
be investigated more thoroughly using flow visualization techniques. In this way, this work is the first step
towards the construction of an aeroacoustic test set-up which allows to study the aeroacoustic behavior of
confined subsonic flow applications and to validate advanced numerical methodologies to simulate both noise
generation and propagation mechanisms in the presence of non-uniform mean flows.
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