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Abstract
A number of experimental and theoretical studies, performed in the field of technical
flow duct acoustics are presented in this thesis. The acoustical methods treated are
implemented on turbocharged IC-engines and engine gas exchange system
components.
A new method based on the well-known two-load technique has been developed.
The method was applied to characterise the source data of various piston-engines with
non-linear behaviour including a 6 cylinder turbo-charged truck diesel engine. The
source characterisation results were compared to the results obtained using the linear
two-load technique. It was demonstrated that the new non-linear multi-load technique
gives improved results when the source is slightly non-linear.
The use of active one-port models has been tested to characterize an air terminal
device (ATD) as a source of flow generated noise. In order to predict the noise
generation at different operating points of the device a scaling law was derived and
verified. In the experimentally derived scaling law a flow speed dependence of 3 was
found for the narrow band spectra, corresponding to a dipole-like behavior of the
source in the plane wave range. The proposed technique was validated successfully
and the results indicated a good prediction of in-duct sound generation by the air
terminal device.
Sound reflection from hot flow duct openings has been investigated experimentally.
The reflection coefficient was measured for flow temperatures up to 500 ºC and jet
velocities up to 108m/s. The results have been compared with famous Munt’s theory.
It was concluded that at low Mach number and Helmholz number cases the results
agree well with the Munt’s model. This was the first experimental validation of the
theory for hot flow conditions.
Experimental procedures to determine the sound transmission through automotive
turbo-charger compressors were developed and described in detail. An overview of a
unique turbocharger testing facility established at KTH CICERO in Stockholm is
given. The facility can be used to measure acoustic two-port data for turbocompressors. Results from measurements on a passenger car turbo-compressor are
presented and the influence of operating conditions on the sound transmission is
discussed. Current wave action models developed in CMT for computation of the gas
exchange processes in I.C. engines have been implemented to determine the acoustic
wave transmission through the turbo- compressor. The models are validated with the
experimental data and the results are presented for different operating conditions of a
Volvo passenger car turbo-compressor.
Keywords: IC-engine, turbocharger, duct termination, flow duct, exhaust system,
inlet system, acoustic source, one–port, two-port, source model, transmission loss,
two-port matrix, reflection coefficient, source strength, multi-load method.
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1. INTRODUCTION
For effective application of noise control measures it is essential to acoustically
characterize noise sources and define the transmission properties of elements in the
propagation path.
An important contribution to automobile noise, both internally and externally,
originates from its duct systems. The sources related to engine gas exchange systems,
including inlet and exhaust systems, are important sources for exterior noise up to 30-50
km/h while the aero-acoustical noise from ventilation and climate control system pipeline
elements is crucial for sound quality in the passenger compartment.
The sound field in a duct system coupled to an in-duct element depends on both the
passive and active properties of the element. The passive properties are controlled by the
geometry of the element, the flow distribution and speed of sound and determine the
sound propagation through the system, while the active properties define the acoustic
sources in the system and describe how sound energy is generated.
In order to understand noise generation and transmission mechanisms and to
acoustically characterize an in-duct element one is often looking for the appropriate
source model and suitable techniques to determine the necessary source data.

Figure 1. A simplified schematic representation of
the turbo-charged IC-engine.
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For the low frequency (plane wave) region cases studied in this thesis, acoustic oneand two-port source models are appropriate to apply. These models are linear timeinvariant models. More complicated models include linear time-varying, hybrid and nonlinear models, in order of increasing complexity.
The techniques developed in this thesis to investigate the active and passive acoustic
properties are applied to in-duct noise problems ranging from turbocharged IC-engines
inlet and exhaust systems (see Fig. 1) to ventilation systems. For some of the cases
studied a complete and accurate source characterization is possible only by experiments,
primarily due to the complexity of the source mechanisms. In this thesis a number of
experimental methods are developed for flow duct elements to accurately determine the
acoustic data. The data is thereafter used for validation of current analytical models.
It must be noted here that the experimental methods developed are intended to be
general and therefore applicable for similar noise problems in other fluid machines.

2. ACOUSTIC SOURCE MODELS
2.1 LINEAR TIME-INVARIANT SOURCE MODEL
2.1.1 One-port model
If only plane waves are considered in the duct system the simplest model that can be used
to describe the source is the linear time-invariant frequency domain one-port model. If
there is only one degree of freedom at the interface between the source and the system the
one-port source models can be used. For in-duct fluid-borne sound sources this
corresponds to cases where there is a plane wave state in the connected duct. In-duct
sources normally have at least two openings which means that it further requires that the
external acoustic load only can vary at one of the openings, or the openings are
acoustically uncoupled from each other so that they can be treated separately.
In the frequency domain an acoustic one-port can be completely described by two
complex parameters: the source strength pˆ +S and the source reflection coefficient RS (or
alternatively the source impedance). The behavior of the one-port (see Fig. 1) can in the
frequency domain, be described by [1]:
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pˆ + = RS pˆ − + pˆ +S ,

(1)

where p̂− and p̂+ are traveling acoustic pressure amplitudes, RS is the source reflection
coefficient at cross-section, where x=0 (see Fig. 1), and pˆ +S is the source strength. The
source strength pˆ +S can be interpreted as the pressure generated by the source-side when
the system is reflection free.

Figure 1. An in-duct source modeled as an acoustic 1-port

In the literature the source model for one-ports is often expressed in terms of source
strength p̂S and normalized source impedance Z S

pˆ = pˆ S − Z 0 Z S qˆ ,

(2)

where p̂S is the source pressure, p̂ and q̂ are acoustic pressure and volume velocity,
respectively, and Z 0 is the characteristic impedance of the fluid. The source impedance
Z S represents the acoustic impedance seen from the reference cross-section towards the
source.
Fig. 2 shows the equivalent acoustic circuit for a linear time invariant source. In this
figure p̂L and Z L denote the acoustic load data (the load pressure and the load
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impedance), while p̂S , q̂S and Z S denote the source data respectively. Theoretically the
two representations of the source shown in Fig. 2 are equivalent and it is possible to go
from one representation to the other by using the relationship qˆ S = pˆ S / Z S . If there are
errors in the experimental data or deviations from system linearity it can be expected that
the error propagation is different for the two representations leading to different results
when source data is extracted using over-determination. This technique was tested in
Paper I to assess the linearity of engines as acoustic sources. Extracting source data

using both formulations and comparing the resulting source impedance is a possibility to
see if experimental data are in agreement with linear time-invariant source model. It can
also be expected that if the source is close to a constant velocity source the velocity
source model will give smaller errors than if a pressure source model is applied and vice
versa.

Figure 2. Equivalent acoustic circuits for linear time invariant source

The linear time-invariant equivalent source model will strictly be applicable only in
situations where the pressure-fluctuations are small. Several authors however have found
the linear time-invariant model to give reasonable results for modeling the systems with
relatively large pressure fluctuations (> 1%), i.e., non-linear systems.
Paper II represents an effort to use 1-port models to characterize flow generated sound

which works as long as the source process is unaffected by the acoustic field. This kind
of assumption is consistent with the basic assumption used when writing down the source
term in Lighthills well-known equation. Therefore it holds in many cases with the
exception of situations where strong flow-acoustic feedback occurs, e.g., whistles. In
Paper II the use of this approach has been tested and proven for a flow constriction
12

(“device”) mounted at a duct opening (see Fig 3) an arrangement typical for ventilation
systems in vehicles and buildings. The purpose being to control the direction and
spreading of the air flow and for certain applications this type of device is called “air
terminal device”.

Figure 3. A schematic representation of the air terminal device
characterized as acoustic one-port.

In earlier works the approach has also been successfully applied to in-duct elements
that can be described as active 2-ports such as bends [2, 3]. The use of 1- and 2-port
models is of importance for modeling the low frequency plane wave range in duct
systems. This range is of particular interest to study resonance and standing wave effects
that significantly can affect the acoustic output in particular in the plane wave range.
To enable source data measured in Paper II at one operating condition of the air
terminal device to be used at other operating points (flow speeds) a scaling law is
necessary. As observed in earlier investigations, e.g. [4], the passive part of the source
data is often weakly dependent on the flow speed. Therefore it is mainly of interest to
find a scaling law for the source strength. Based on earlier works, e.g., Nelson & Morfey
[5] and Nygård [2], the in-duct plane wave sound power produced by flow separation
from a compact source region will scale as
GSS
= ρU 3 M α F ( St ) .
ρc
13

(3)

Where GSS is the source strength auto-spectrum, U is the mean flow speed, ρ is the
density, α depends on the aero-acoustic source type, F(St) is a dimensionless sourcespectrum depending on a Strouhal number, St = fd / U , f is the frequency and d is the
duct diameter.
In Fig. 4, the collapse of all the source strength data is shown, based on the scaling
law in Eq. (3) with α=0, which was found to give the best fit. The scatter (‘‘black
region’’) around the best fit points is a measure of the standard deviation, which is of the
order 3 dB. The α value found will create a flow speed exponent of 4 when integrated
over all frequencies or over a frequency band with constant relative band-width, e.g., a
1/3-octave band. This value corresponds to a ducted aero-acoustic dipole in the plane
wave range [5].
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Figure 4. Air terminal device: data collapse for the Strouhal number
dependent source spectrum F in eq. (3);
The source strength based on in-duct measurements, U=8.2 m/s (Circles);
The source strength based on in-duct measurements, U=12.3 m/s (triangles);
The source strength based on in-duct measurements, U=16.4 m/s (rectangles);
The best fit source model used in the validation (white stars).
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To validate the source model, including the scaling law for the source strength, a
modified duct was used in Paper II. In Fig. 5, example for the prediction of the pressure
cross-spectrum inside the validation duct is shown. As can be seen the agreement with
measurements is good for the in-duct case with a deviation of typically less than 2 dB up
to about 1000 Hz.

Figure 5. The cross-spectrum of the air terminal device with 7.0 m/s flow
velocity in the validation duct system; measurements (full-line), prediction (dotted-line).

Of interest in Paper II was also the sound generation and the determination of the sound
power radiated from the air terminal device. When the 1-port source data had been
determined according to the approach described in section 1, the resulting volume flow q̂
in the opening creates a monopole type of source. The volume flow in the opening can be
written as: qˆ = S ⋅ (u+ + u− ) , where u is the acoustic velocity in the +/- x-direction and S is
the cross-sectional area of the duct. It is known that: u+ =
equation for source strength pˆ +S = pˆ + (1 − RS RL ) , this implies

15

pˆ +
pˆ
and u− = − , using the
ρc
ρc

qˆ =

pˆ +S ⋅ S (1 − RL )
.
ρc(1 − RS RL )

(4)

For sufficiently low frequencies and small Mach-numbers the radiation resistance of the
ATD can be approximated by that of a monopole [6].
This implies that if the acoustic volume flow q̂ at the ATD is known then the radiated
power is
2

Wrad

ρck 2 qˆ
=
.
4π

(5)

Combining this with equation (4) leads to
2

Wrad =

π 3 f 2 d 4 1 − RL GSS
16 ⋅ c 3 ρ 1 − RS RL

2

,

(6)

where S = π d 2 / 4 , GSS is the source strength, k is the acoustic wave-number, RL is the
reflection coefficient of the load, ρ is the density and d is the duct diameter. Expressing
this as levels using the normal reference values gives the sound power radiated:
⎛ π 3 f 2 d 4 1 − RL 2 ⎞
⎟ + 26 ,
LW = LS + 10 ⋅ log10 ⎜
⎜ 16c 3 ρ 1 − R R 2 ⎟
S L
⎝
⎠

(7)

2
where LS = 10 ⋅ log10 (GSS / pref
).

In Fig. 6, an example for the prediction of the radiated sound power (Eq. (7)) is
shown in 1/3-octave bands. The predicted curve is calculated by using the same source
model for the air terminal device as for the prediction of the in-duct cross-spectrum,
described earlier. It should be noted here that the source model used for predictions was
derived from the data measured inside the duct.
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For the outside radiation the agreement with measurements is not as good as for the induct case (see Fig. 5).
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Figure 6. Sound power spectrum (1/3 octave band) in the reverberation room from the air terminal device
with 12.0 m/s flow velocity in validation duct system; measurements (full-line), prediction (dotted-line).

In order to investigate the reason for the less good agreement for the radiated sound
power the same source characterization procedure was performed with a simplified air
terminal device, an orifice plate with a circular hole. This and other tests led to the
conclusion that the resulting dipole generated by an obstruction at a duct opening often
has non-axial components. These components are created when the obstruction deflects
the flow from the axial direction by the fluctuating part of the external force components
needed for the deflection. When the source data is determined inside the duct only the
axial (along x axis) component of the dipole will excite a plane wave field. The source
data determined inside the duct will therefore only contain information about this
component. For the outside radiation a 3-D sound field exists and all dipole components,
axial and non-axial, can play a role. Also since for the air terminal device studied here the
source is located just outside the duct opening, around 1/10 of a wavelength at 1 kHz, the
full axial dipole strength will not excite the sound field inside the duct. This effect
17

together with the effect of non-axial dipoles creates a tendency to underestimate the
radiated sound based on in-duct (plane wave) source data. It can be noted that the
discussion above is in accordance with results presented in the paper by Heller and
Widnall [7].
2.1.2 Two-port model
A two-port is a linear system with an input and output. The properties of acoustical two-

ports can be determined either by theoretical models or by measurements. The relation
between the input and the output states of a time-invariant, linear and passive two-port
can, in the frequency domain, be written as: (I changed to vectors)

X = T× Y

(8)

where, X/Y are the state vectors ( pˆ , qˆ )t at the input/output as shown in Fig. 7 and T is a
[2×2]-matrix (transfer matrix).

Fig. 7. Turbocharger compressor, treated as an acoustic two-port in Papers V and VI.

In Papers V and VI an acoustic two-port model has been implemented to characterize
the sound transmission through automotive turbo-compressor. The dominating part of the
acoustic energy in automotive IC-engine inlet and exhaust system comes from the engine
pulsations related to the firing frequencies. As the main harmonics normally occur in the
relatively low frequency range (typically below 500Hz) the wavelength of the pulsating
pressure wave is considerably larger than the diameter of the main pipe the inlet and
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exhaust system components are connected to. Therefore the sound field in such a pipe
can be expected to consist of plane waves. This implies that an appropriate model to
describe the turbocharger compressor is an acoustic two-port model [8]. In Fig. 7 a sketch
of the turbo-compressor treated as an acoustic 2-port is presented.
The frequency domain relationship between the acoustic states at sections representing
the inlet (a) and outlet (b) of a two-port (see Fig. 7) can be written as [9]:
⎡ pˆ a ⎤ ⎡T11 T12 ⎤ ⎡ pˆ b ⎤
⎢ qˆ ⎥ = ⎢T T ⎥ ⋅ ⎢ qˆ ⎥ ,
⎣ a ⎦ ⎣ 21 22 ⎦ ⎣ b ⎦

(9)

where p̂ denotes the (complex) plane wave acoustic pressure, q̂ the (complex) acoustic
volume velocity in the in- and outlet of the acoustic two-port, T is the two-port transfer
matrix, representing the turbocharger compressor in this study. To make a complete
experimental determination of the properties of an acoustical two-port two independent
test states must be created. The technique used for determining the two-port matrix in this
paper is the two-source location (or the source switching) technique [10].

2.2 LINEAR TIME-VARYING MODEL
When determining the passive acoustic data, i.e., the source impedance Z S of a fluid
machine it is assumed that it does not change with time. If the operating machine is
studied it is observed that various parts, such as pistons, valves, or fan blades move.
Therefore it can be expected that even the passive acoustic properties should be timevarying. In mathematical terms this means that the source is described by linear
differential equations with time-varying coefficients. The time variation in the
coefficients is normally caused by the periodic motion of the machine and will therefore
be periodic [1].
A frequency domain linear time-varying source model was developed by Wang [1112] for an internal combustion engine inlet system. By assuming that the variables and
the coefficients have periodic time dependence, so that they can be expanded in Fourier
series, a frequency domain model for the source can be deduced. Here the source strength
is replaced by a vector containing the data for each frequency component, and the source
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impedance is replaced by a matrix which also describes the coupling between different
frequency components which can occur at the source. Bodén [13] presented a
measurement method for determining the source data for such a model. The method used
is similar to the multi-load methods used for time-invariant one-port sources.
In [11] it was found when comparing the experimental sound pressure levels with
analytical ones that time-varying model gave better prediction than time-invariant for an
automobile 4-stroke engine inlet system.

2.3 HYBRID MODELS
The hybrid linear/non-linear method, where a non-linear time domain model is used for
the source and a linear frequency domain model is used for the receiving system, was
introduced for in-duct sources in [14].
Generally one can say that the hybrid approach is the attempt to combine the linear
and the non-linear techniques. The main idea is to retrieve the advantages of both types of
methods. The main conclusions, after simulations on a simple 1-cylinder “cold” engine
model, were that the so called harmonic balance method (HBM) was preferable for
harmonic steady state simulations where parametric studies are performed. As the HBM
method is a steady state method, true transient behavior cannot be modeled correctly. The
1-cylinder “cold” engine model following the HBM method was used in Paper I to
validate the new source characterization technique.
The hybrid methods can be divided into a number of main groups. One group is the
iterative techniques which can be further subdivided into frequency domain iterative
techniques [14, 15] and time domain iterative techniques [16] depending on in which
domain the convergence check and the coupling is performed. For applications to ICengine exhaust systems the frequency domain iterative method was suggested by Jones
[17] and tested by Bodén [13] for a modified compressor with unstable results.
Another group is the convolution techniques where the frequency domain boundary
condition for impedance is transformed into the time domain. There are works on ICengines exhaust and inlet systems where the convolution technique using the reflection
function [18] or scattering matrix [19] has been used.
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2.4 NON-LINEAR MODEL
Many fluid machines such as compressors and IC-engines generate high sound pressure
levels or high flow velocities and are therefore considered as high level acoustic sources.
The validity of modeling them as linear time-invariant systems may therefore decrease
the accuracy of the results. It has been noted [20] that using a linear time-invariant source
model when experimentally determining the source data of high level sources frequently
gives unphysical negative source resistance values. For a linear time-invariant passive
system the real part of the impedance must be positive since this shows the direction of
energy. Energy can only be lost into the system – it cannot be created since the system is
passive. For a non-linear system energy can be transferred from one frequency to another.
This could at certain frequencies create the effect that the system no longer appears
passive by creating a negative real part of the impedance. Linear time varying system can
also produce this negative resistance as shown by Peat and Ih [21].
Therefore as an alternative to linear techniques, non-linear models can be used to
describe the complete system, see, e.g., Jones [17]. Non-linear methods are often used for
systems with high sound pressure levels or when clearly non-linear effects are present.
The non-linear time-domain methods are based on numerical simulations of the
unsteady flow. The advantage, compared to the linear description, would be that the
system is more correctly modeled. The results agree generally well with experimental
results but the methods are time consuming. These methods also require a good
knowledge of engine modeling, such as the combustion process, mechanics and timing of
the valve movement, exact knowledge of the system geometry, temperature and so on.
To improve the described source characterization methods, especially for applications
where non-linear effects are expected, such as for IC-engines, a technique was suggested
by Jang and Ih [22]. The idea was to include non-linear effects in the direct methods for
source impedance determination. This method was suggested without showing any
experimental results and without making it clear how the time domain volume velocity

q (t ) would be obtained from experiments.
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In Paper I the method has been modified for applications with indirect or multi-load
methods. The time domain representation of the source model with a non-linear term is
described by

∫z

S

(τ )q(t − τ )dτ + ∫ hS (τ )b(t − τ )dτ = p S (t ) − p(t ) ,

(10)

where p(t ) and q(t ) denote the pressure and volume velocity at the source cross section,
z S (t ) is the time domain representation of the source impedance, pS (t ) is the source
strength, b(t) is the non-linear input and hS (t ) is the source data coefficient for the nonlinear part. When applying this technique in section 3 it has been assumed that
b(t ) = q 3 (t ) which is the first higher order series expansion term obtained for the
pressure drop over an orifice. It can be expected that the main type of non-linearity for
many applications will be caused by the flow through a constriction characterized by the
⎛ ρ ⎞
pressure difference over the constriction being equal to Δp(t ) = ⎜ 02 ⎟ ⋅ q(t ) ⋅ q(t ) . It is
⎝ 2S ⎠
shown in [23] that, under the assumption that q(t ) follows a zero mean Gaussian

⎛ ρ ⎞
distribution, the third-order polynomial least-squares approximation to ⎜ 02 ⎟ ⋅ q(t ) ⋅ q(t )
⎝ 2S ⎠
is
⎡
⎛ 2
⎜
⎢⎛
⎞
2
⋅ σ ⋅
⋅ q (t ) + ⎜ π
p (t ) =
⎟
2 ⎢⎜ q
π⎠
⎝
2⋅S
⎜ 3 ⋅σ q
⎢⎣
⎝

ρ0

⎤
⎞
⎟ 3 ⎥
⎟ ⋅ q (t )⎥ ,
⎟
⎥⎦
⎠

(11)

where σ q is the standard deviation of q(t ) . Taking the Fourier transform of (11) gives

⎡
⎤
⎛ 2 ⎞
⎜ π⎟
⎢
⎥
⎞
⎛
2
ˆ
ˆ
⋅ ⎜σ q ⋅
pˆ ( f ) =
π ⎟⎠ ⋅ q( f ) + ⎜⎜ 3 ⋅ σ q ⎟⎟ ⋅ q3 ( f )⎥ ,
2 ⋅ S 2 ⎢⎝
⎢⎣
⎥⎦
⎝
⎠

ρ0
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(12)

where pˆ ( f ) , qˆ ( f ) and qˆ3 ( f ) are the Fourier transforms of p(t ) , q(t ) and q 3 (t ) . The
⎛ ρ ⎞
original “square-law system with sign” ⎜ 02 ⎟ ⋅ q(t ) ⋅ q(t ) can therefore to the third order
⎝ 2S ⎠
be replaced by a linear system in parallel with a cubic system.
In the frequency domain Eq. (10) can be formulated as

pˆ S Z 0 Z − pˆ Z 0 Z S − H S B = pˆ Z

(13)

where H S and B are the Fourier transforms of hS (t ) and b(t ) . This equation has
compared to Eq. (2) a third complex unknown H S , which means that now at least three
acoustic loads will have to be used in order to solve the equation and to obtain the source
data.

3. CHARACTERIZATION OF IN-DUCT ELEMENTS
A number of different methods exist for determining acoustic source data from
experiments. An overview of the state of the art of experimental methods for determining
the 1-port source data for in-duct fluid-borne sound sources was described in the review
papers [1] and [24]. The measurement methods can be divided into direct (with an
external source) [25] and indirect or multi-load methods (without an external source)
[26].

3.1 DIRECT METHODS

The direct methods are two-step methods. First, the passive source data e.g., source
reflection coefficient, is determined using the external source and the two-microphone
technique [27] (see Fig. 8). As shown in section 4 this technique can also be applied to
measure the passive data (sound transmission) of an acoustic 2-port (turbocharger
compressor). Then with the external source off or removed a known acoustic load is
applied to the source and the source strength is obtained.
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Figure 8. A schematic representation of the two microphone technique used in
Papers II, III, and IV for characterization of the passive acoustic data of duct terminations.

One problem with this method is that in the first step when the external source is used
only the signal from this source and not the signal from the source under test must be
picked up by the transducers. Increasing the level of the external source can in principle
solve the problem. This has been attempted for IC-engines [25], [28] but did not succeed
completely and good results could not be obtained in the low frequency region, where the
engine produced the highest sound levels.
Another possibility is to use a reference signal correlated with the sound field from the
external source, e.g., an electric signal exciting a loudspeaker, but not correlated with the
sound field from the machine under test [29] and by signal processing methods extracting
the signal from the external source. Still there are sometimes difficulties to find an
external source that produces sufficiently high sound levels. There may also be practical
problems in mounting the external source in, e.g., hot and “hostile” environments. This
makes the indirect methods attractive in many applications. However, in Paper V a
procedure to experimentally characterize the passive acoustic properties of an automotive
turbo-compressor (see section 4) by using the direct method has successfully been
proved. The quality of the results obtained exhibited a significant improvement compared
to the data published earlier. For these experiments (section 4, Papers V and VI) the
external source was adopted to work in the “harsh” environment encountered in the inlet
and outlet test sections of the compressor rotating faster than 100kRPM, charging around
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100kPa of boost pressure and raising the pressurized air temperature to about 120 deg of
Celsius, and the flow velocities in excess of 70m/s.
In Paper III, experimental investigations of plane acoustic wave reflection at duct
openings where a hot jet flows into relatively cold surrounding media have been carried
out in order to validate the existing theory on duct openings.
It is believed that the Munt model [30, 31] for duct terminations is presently the most
refined and accurate and is therefore often used for predictions. However it has only
partly been validated by the published experimental data and accurate measurements of
the reflection coefficient for hot gases or two gases with different acoustic properties are
of interest [32]. There have been attempts [33, 34] to experimentally investigate the
radiation properties of ducts exhausting hot gases using the potentially less accurate and
more time consuming standing wave technique. The temperature ranges studied have
typically been rather limited in case of heated air or with less determined chemical
consistency of the jet when burners have been used.
The purpose of the study in Paper III was to precisely measure the acoustic reflection
from an open ended pipe exhausting a high temperature low speed jet and to validate
Munt’s theoretical model for this problem. Hereby the standard two-microphone
technique was further developed for experiments in hot environments to determine the
reflection properties of the duct opening treated as acoustic one-port. For well determined
and homogenous chemical consistency along the duct axis a heated air was used as a
testing media inside the duct during the experiments. A dedicated test-rig (see Fig. 9) was
built to investigate the acoustic wave reflection in jet temperatures ranging from room
temperature to 500 ºC. A number of experiments were performed and the results obtained
agree well with the ones calculated by using the Munt model. An example of the results
for three different temperature conditions, showing a good correlation between the
theoretical and experimental data, is presented in Fig. 10. Hence it has been demonstrated
that the theory can be used with reasonable accuracy to predict the sound reflection from
the open duct termination in high jet temperature conditions in case of low Mach and
Helmholtz numbers.
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Figure 9. Application of the direct method during duct termination characterization experiments in hot flow
conditions using the two microphone technique. Notice the two piezoelectric pressure transducers mounted
to the test section via water-cooling jackets (left figure).

Figure 10. The magnitude of the reflection coefficient for a duct open termination;
Flow velocity v=2.5m/s;
measured at t=21 ºC, (blue triangles), predicted by using Munt’s theory (blue dash-dotted line).
measured at t=200 ºC, (green diamonds), predicted by using Munt’s theory (green dashed line).
measured at t=400 ºC, (red squares), predicted by using Munt’s theory (red solid line).
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In Paper IV the aim was to investigate the Mach number effects on the reflection
properties of the flow duct opening exhausting a high speed hot jet. A new testrig (see
Fig. 11) was developed to perform the experiments with heated air flow (up to 180 °C
and Mach no. M<0.31). The acoustic pressure reflection at the test duct termination was
determined by following the classical two microphone approach.
It was found that the magnitude of the reflection coefficient is strongly dependent on
the jet Mach number and that it increases significantly with increased flow velocity by
forming a characteristic hump above unity in a critical Helmholtz number region. The
results obtained in this paper for hot conditions further confirm this behaviour, reported
in earlier investigations for room temperature flow conditions [32]. It was also noticed
that at high flow velocities the magnitude of the reflection coefficient tends to decrease
when the jet temperature is being increased. Similar trend had recently been reported by
the authors in Paper III for the low speed hot jet case. In practice this result means that
more acoustical energy is being transmitted into the surrounding fluid from the pipe
opening by the exhausting jet in case of higher temperatures.

Figure 11. A dedicated testrig developed for the determination of the acoustic behavior of duct openings in
high speed hot jet conditions in Paper IV.
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An example of the experimental results obtained for the reflection coefficient magnitude
at 3 different subsonic flow velocities and high temperature conditions is presented in
Figure 12. In Fig. 13 the experimental result is compared to the Munt theoretical model.
As can be seen there is a notable difference between the results. This deviation is
believed to be caused by the experimental errors originating from the lack of accuracy in
the speed of sound and flow Mach number data. As well as from the less perfect flow
conditions around the microphone cross-sections due to the cavities in the water-cooled
pressure transducer mounts. To solve this problem there are further modifications for the
testrig planned including the adoption of the multi-microphone technique [32]. The latter
will help to define the actual speed of sound together with the damping of acoustic waves
simultaneously with the wave decomposition performed in the pipe test section and
reduce the uncertainty in the experimentally determined reflection coefficient.
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Figure 12. An example of the reflection coefficient magnitude
for open-ended duct; Temperature: 180°C; 50m/s (blue diamonds),
72m/s (black triangles), 108m/s (red crosses)
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Figure 13. The magnitude of the reflection coefficient compared to
the Munt’s theory; Temperature: 180C, Mean flow velocity: 41m/s;
Experimental result (blue circles) Munt’s theory (black solid line).

3.2 INDIRECT METHODS
When using the indirect methods the two unknowns, the source strength and the source
impedance, are determined via a multi-load procedure, i.e., by applying known loads Z
and measuring the acoustic pressure at the source receiver interface p . Since there are
two unknowns, two loads should be sufficient to obtain the source data p̂S and Z S ,
which leads to the two-load method [35].
In case of the linear time-invariant one-port model the pressure at the source crosssection can be expressed by the equation,

pˆ = pˆ S

Z
ZS + Z

(14)

or with the unknown source data on the left hand side,

pˆ S ⋅ Z − pˆ ⋅ Z S = pˆ ⋅ Z
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(15)

Eq. (15) has got two complex unknowns, which means that it can be solved if we have at
least two complex equations. If we use n acoustic loads we get

⎡ Z1
⎢Z2
⎢
⎢M
⎢⎣ Z n

pˆ 1 ⎤
⎛ pˆ 1 ⋅ Z1 ⎞
⎥
pˆ 2 ⎛ pˆ S ⎞ ⎜ pˆ 2 ⋅ Z 2 ⎟
⎟,
⎥⋅⎜ ⎟ = ⎜
M ⎥ ⎜⎝ Z S ⎟⎠ ⎜ M ⎟
⎜ pˆ ⋅ Z ⎟
pˆ n ⎥⎦
⎝ n n⎠

(16)

where we have included more acoustic loads than we need, in order to get an overdetermined system, which can be useful for improving the measurement results [13,36],
and for checking if the source behaves as a linear system [20,29].
Alternatively the one-port model for the volume velocity source (see Fig. 2) can be
expressed as:

qˆ − pˆ

pˆ
1
=
,
Z0 Z S Z0 Z

(17)

or with n loads:

⎛ pˆ 1
⎡1 − pˆ 1 ⎤
⎢1 − pˆ 2 ⎥ ⎛ qˆ S ⎞ ⎜ pˆ 2
⎟⎟ = ⎜
⎥ ⋅ ⎜⎜
⎢
(
)
⎜
1
Z
Z
M
M
0 S ⎠
⎥ ⎝
⎢
⎜ pˆ
ˆ
1
p
−
n⎥
⎦
⎣⎢
⎝ n

(Z0 Z1 ) ⎞
(Z0 Z 2 )⎟⎟
⎟
M
(Z0 Z n )⎟⎠

,

(18)

where we now solve for q̂S and 1 Z S . In order to determine the normalized impedances
of the acoustic loads Z i , used for experiments, a number of pressure transducers are
usually mounted in the exhaust pipe (see Fig. 14). In the plane wave range we can use
this information to perform wave decomposition and to determine the reflection
coefficient looking into the acoustic load, which in turn gives the normalized load
impedance.
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acoustic load varied

6-cyl. truck engine
turbo

Figure 14. Pressure transducers mounted in an exhaust system of a 6-cylinder turbocharged diesel engine
during source characterization experiments (described in Paper I) using the indirect approach.

To determine the complex load pressures p̂i we need a reference signal to ensure that the
pressure time histories for the different acoustic loads start at the same point in the engine
cycle. The pressure time histories are then Fourier transformed and used to calculate the
load pressures and load impedances and subsequently the source data.
For a linear source it can be expected that the source impedance results from both the
source formulations (see Fig. 2) should converge towards the same results when a large
degree of over-determination is used. Any discrepancy between the results can therefore
be an indication of a non-linear source behavior.
As described above the two-load method requires complex pressure measurements
and a reference signal unaffected by acoustic load variations, which is related to the
sound generating mechanism of the source. For fluid machines with periodic operation
cycle the normal solution is to try to obtain a trigger signal for instance giving one pulse
per revolution [13]. This procedure can catch harmonic part of the spectrum generated by
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machine but not the broad band part. It can also be noted that a trig signal can also be
used to reduce flow noise disturbances from measured pressure signals.
Although the two-load method is strictly valid only for a linear time-invariant source
model it has been reported to give useful results also in situations that are not exactly
time-invariant or linear [1,13,24]. By using a number of extra loads, a solution which is
the best fit in least squares sense, can be obtained.
As described above the two-load method requires complex pressure measurements and
a reference signal unaffected by acoustic load variations, which is related to the sound
generating mechanism of the source. For fluid machines with periodic operation cycle the
normal solution is to try to obtain a trig signal for each period [13]. This procedure can
catch harmonic part of the spectrum generated by machine but not the broad band part. It
can also be noted that a trig signal can be used to remove the flow noise disturbances
from measured pressure signals. An alternative method, used for flow noise suppression,
is to create a “noise-free” acoustic reference signal, by using one or several reference
microphones [29].
Although the two-load method is strictly valid for linear time-invariant equivalent
source characterization, several authors have reported that it gives useful results also in
situations that are not exactly time-invariant or linear, if applied by using a number of
extra loads to average out the measurement errors in the least squares sense.
For situations where no suitable source reference is available alternative methods have
been developed, where the auto-spectra of the pressures are measured instead of the
complex pressures. The first such method was the three-load method [37].
By taking the squared magnitude of the equation (2), describing the one-port source,
one gets, after substituting: qˆ = pˆ / Z o Z S , a real-valued equation with three unknowns,

i.e., G S = pˆ S

2

and the real and imaginary parts of Z S , Re( Z S ) and Im(Z S ) . To

determine the unknowns measurements using three different loads are needed. The
resulting system of equations is non-linear and can have more than one real-valued
solution. This method is quite impractical to use and has also been reported to give large
measurement errors. A four-load method for evaluation of source impedance in ducts was
introduced by Prasad [38]. Following this method, the magnitudes of sound pressures in
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terms of sound pressure level, and measured with single channel instrumentation, were
used to obtain the source data. In the four-load method a fourth measurement is used to
2

eliminate the non-linear term containing Z S . This method has also been reported to be
very sensitive to errors in the input data and can therefore sometimes give erroneous
results. Bodén [39] showed that the four-load method can be formulated as a linear
system of equations, if the non-linear term is interpreted as an independent unknown. By
analyzing this formulation it was concluded that the main reason for previously reported
is the choice of loads. A new improved method for analyzing the same experimental data
used for the four-load method was also presented [39]. This method is based on a direct
numerical fit of the data to the non-linear model using least squares methods. A
comparison between the results, obtained when applying the described measurement
methods to various sources, was also made. It was concluded that generally the direct
methods give better results than the indirect methods in situations where it is suitable to
use them. A further improvement of the technique of [39] has been presented by Jang and
Ih [22].
An extension of the conventional two-load method, to characterize the linear timevariant sources, was presented by Boden [13]. This method is called the multiple-load
method and it requires 1+2N loads, where N denotes the number of harmonics to be
included in the source spectrum.
The multiple load method was derived assuming that the time variance was caused by
parametric excitation. In deriving the expressions a second order differential equation
was used as an example [24]:

A(t ) ⋅ q&&(t ) + B(t ) ⋅ q& (t ) + C (t ) ⋅ q(t ) = pS (t ) − p(t ) ,

(19)

where q(t) is the volume velocity, p(t ) is the pressure at the outlet of the source and

pS (t ) is the source pressure. The time variation in coefficients A(t), B(t) and C(t)
represent for instance time varying volumes in a cylinder or time varying cross sectional
areas in valves, giving a parametric excitation of the system.
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For a typical fluid machines all time varying quantities in (19) are periodic and can be
expanded in complex Fourier series,

q( t ) =

∞

∑ qn exp( jnω0t ) ,

p (t ) =

n = −∞

B(t ) =

∞

∑ pn exp( jnω0t ) ,

A(t ) =

∑ bn exp( jnω 0 t ) ,

C (t ) =

n = −∞

∞

∑c

n = −∞

∑a

n = −∞

n = −∞

∞

∞

n

n

exp( jnω 0 t ) .

exp( jnω 0 t )

(20)

Inserting (20) in (19) and identifying terms with the same time variation gives, e.g.,
for the term with time variation ( exp( jnw0t ) ),

∑ (− ω
∞

k = −∞

2
0

)

k 2 a n − k + jω 0 kbn − k + c n − k ⋅ q k = p sn − p n .

(21)

The result can also be expressed in matrix form,

[Z S ]⋅ (qˆ ) + ( pˆ ) = ( pˆ S ) ,

(22)

where Z S is the source impedance matrix, and q̂ , p̂ , and p̂S are vectors. The matrix
and vectors will have infinite dimension, but in practice only a limited number of terms
can be included. The number of terms, i.e. frequency components included, must be
chosen so that sufficiently good description of the main characteristics of the studied
source is given.
In Paper I a modified version of the two-load method to improve the characterization
of the non-linear acoustic 1-port sources has been developed and tested.
The procedure for obtaining (13) is that p(t ) and q (t ) are first determined from
measurements or simulations. The nonlinear function b(t ) is then calculated followed by
the Fourier transform of these quantities. It should be noted that an anti aliasing filter
should be applied on b(t ) to avoid aliasing problems caused by the presence of frequency
components higher than half the sampling frequency. The load impedance Z is obtained
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from the ratio of the Fourier transform of p(t ) and q(t ) ( Z = pˆ qˆ ). By using n acoustic
loads (13) gives

⎡ Z 0 Z1
⎢Z0Z2
⎢
⎢ M
⎢⎣ Z 0 Z n

− Z 0 pˆ 1
− Z 0 pˆ 2
M
− Z 0 pˆ n

− B1 ⎤ pˆ ⎞ ⎛ pˆ 1 ⋅ Z 0 Z1 ⎞
⎛ S
− B2 ⎥ ⎜ ⎟ ⎜ pˆ 2 ⋅ Z 0 Z 2 ⎟
⎟.
⎥ ⋅ ⎜ ZS ⎟ = ⎜
⎟
M ⎥ ⎜ ⎟ ⎜
M
H
⎜
⎟
S
⎝
⎠
− Bn ⎥⎦
⎝ pˆ n ⋅ Z 0 Z n ⎠

(23)

A minimum of three loads is required to solve for the source data while overdetermination is used to reduce effects of measurement errors and deviations from the
model just as for the two-load method. It should be noted that one difference between the
method proposed in Paper I and the method of Jang and Ih [22] is that in the method
proposed in Paper I the non-linear term is expressed using boundary conditions seen
from the source side towards the load while situation is reverted for method of Jang and
Ih [22]. This makes the method of Jang and Ih [22] potentially more relevant for
characterization of non-linear source behavior. In their method it is however difficult to
see how the particle volume velocity q (t ) at the source cross section can be determined
from experiments. In the method suggested in Paper I this is easier. It is also possible
that the extra non-linear term introduced will anyway give an improved result compared
to the linear time-invariant model for non-linear sources.
The new non-linear indirect source characterization technique proposed in Paper I
requires one additional acoustic load compared to the two-load technique. Since overdetermination is anyway used in many cases the additional data would often be available.
It has been shown that the new technique gives improved results compared to the twoload technique if the source is non-linear or time-varying.
In Fig. 15 an example of the sound pressure prediction in a load duct is presented for
a simulated highly non-linear 1-cylinder engine model configuration with geometrical
parameters similar to those used in diesel powered IC-engines. It can be seen that the
non-linear multi-load technique gives a significantly better result for this case.
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Fig. 15. Sound pressure level in a load duct of 1-cylinder engine model; New non-linear multi-load
technique (blue dash-dotted line), Two-load technique (red dashed line), Direct simulation (black full-line).

For cases when the source is linear and time-invariant the new technique gives the
same result as the two-load technique. This means that there is no risk for increased
errors when the source is linear and time-invariant.

4. ACOUSTICS OF TURBOCHARGERS
Noise from turbo-chargers is increasingly becoming an issue. Partly due to improved
noise control of other components and partly due to increased specific mass flows and
higher RPM:s.
A turbo-unit (see Fig. 16) always consists of a compressor which normally is driven by
an exhaust turbine. Both the turbine and the compressor will have an influence on how
the low frequency engine pulsations propagate in the intake or exhaust system. This is
referred to as the passive acoustic property of the turbo-unit. If linear acoustic models are
applied the passive properties can be described using reflection and transmission
coefficients. A turbo-unit will also produce high frequency aerodynamic sound, which is
referred to as its active (“sound generating”) acoustic property. The sound generation is
associated with the rotating blade pressures and for modern turbo-units, with supersonic
tip speeds, also with rotating shock waves (“buzz-saw noise”).
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Figure 16. A passenger car turbocharger (BorgWarner Turbo Systems K14).
The interior of the turbine housing is red colored and the compressor housing is blue colored.

The output work of an internal combustion engine (IC-engine) is primarily determined
by the amount of air and fuel mixture burned in its cylinders and by the crankshaft
rotational speed. Turbochargers are used to increase the thermodynamic efficiency of an
IC-engine. It is achieved by supplying air to the engine at higher pressure, therefore
allowing cylinders to be filled with more combustible mixture by using the energy
available in the exhaust gas (see Fig. 1, in section 1).
A turbocharger turbine is commonly driven by the engine exhaust gases. At a temperature
reaching up to about 1000 ºC, exhaust gas is directed onto the turbocharger turbine at
high pressure and speed. In the turbine the energy of the exhaust gases is being converted
into mechanical energy to drive the compressor wheel that is mounted onto the same
shaft as the turbine wheel. Turbocharger compressors (see Fig. 17) are generally
centrifugal compressors consisting of wheel, diffuser and housing that includes inlet and
outlet sections. As the compressor wheel rotates, ambient air is drawn in axially through a
filter-silencer system, accelerated to high speed and then expelled in a radial direction to
the outlet.
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Figure 17. A photo of an operating turbo-compressor studied in Papers V and VI.
On this photo the compressor inlet pipe has been removed revealing the rotating compressor wheel.

To further improve the efficiency the turbo-charging system typically includes a heat
exchanger (intercooler) downstream of the compressor to reduce the temperature of the
compressed air. After the intercooler the air is led to the intake manifold that is connected
to the cylinders (see Fig. 18).

Figure 18. A simplified schematic representation of the turbo-compressor mounted in the
IC-engine inlet line.

Due to the presence of after treatment devices and an efficient silencer system on the
exhaust side, noise problems from turbo units are as a rule associated with the intake side
and the turbo-compressor. Even if the noise generated by the compressor inlet can
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effectively be reduced by air intake filters, un-attenuated high frequency tones can still
radiate from the pipes connecting the compressor to the intake filter and the intercooler.
In general the aerodynamic output of a centrifugal compressor will increase
proportional to the RPM raised to the power 3. However, the aero-acoustic power
dominated by dipole type of mechanisms can be expected to be proportional to the RPM
raised to the power 5 to 6. This implies that unless measures are taken turbochargers will
become more and more important noise sources as the pressure ratio and swallowing
capacity is increased.
Despite the first exhaust-driven turbocharger being developed in the early years of
the 20th century by A. Buchi, and the strong present motivation to use turbochargers, the
acoustical performance of these devices is still not so well investigated. Most of the
existing research [40-42] on rotating flow machines has focused on the axial type,
because of its aeronautical use.
The state of the art in the turbocharger related acoustic research was recently
reviewed in [43]. It was summarized that presently there is a lack of published
information, both experimental and theoretical, on high performance centrifugal
machines especially as compared to the axial machines.

4.1 THE ACTIVE PROPERTIES
The active properties refer to the aerodynamic sound generated by the turbo-charger
itself, which is dominated by high frequency tones often in the kHz range.
According to Lighthills classical theory there are three basic mechanisms that can
create sound in a fluid:

•

fluctuating volume flow – monopole type of source;

•

fluctuating surface pressures – dipole type of source and

•

free turbulence – quadrupole type of source.

Recently, a systematic research was carried out to study the sound generation in turbocompressors by Raitor et. al. [44]. The work included a detailed discussion on the source
mechanisms and the radiation into the surroundings.
In a rotating machine (see Fig. 19), such as a turbo-compressor treated in Papers V

and VI, the blades will generate a monopole type of source only when the blades move
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close to the speed of sound or supersonically. In the supersonic case there will be rotating
shock waves attached to the blades. The spectrum of the monopole contribution will in
the supersonic case be harmonics of the rotation frequency f 0 . This type of rotating shock
wave noise is referred to as “buzz-saw” noise and exists for instance on modern aeroengines. Supersonic tip speeds are also common for modern high speed turbo
compressors. A number of dipole or fluctuating pressure sources can be found in rotating
machines. One is the blade pressure. The most important contribution to time varying
blade pressures is inflow disturbances. These can be of two types: stationary and nonstationary flow distortions, e.g., turbulence. The stationary distortions will lead to
periodic acoustic signals and the turbulence to a broad band signal. The periodic signals
will consist of harmonics of the blade passing frequency (BPF). Without inflow
disturbances these tones are referred to as rotor-alone tonal noise.

Figure 19. Summary of noise sources for rotating machines.
For subsonic rotors only dipole (fluctuating surface pressure)
is important. For supersonic rotors rotating shock waves are also important.
The quadrupole – noise from free turbulence is normally negligible.
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A second source of dipole noise on rotating machines is rotor-stator interaction, e.g.,
fluctuating pressure fields created on outlet guide vanes by the rotor. This noise is also
periodic in time and consists of harmonics of the BPF. For purely axial machines there is
a possibility to block the generation of the first rotor-stator harmonic by using the so
called Tyler-Sofrin rule, which states that the number of guide vanes at least must equal
twice the number of blades. A third dipole mechanism is associated with the leakage flow
between the high and low pressure side of a blade, which under certain conditions creates
unsteady vortex shedding. This can generate a peak in the sound spectrum, referred to as
tip clearance noise (TCN), since the effect is most predominant at the blade tips.
Finally the turbulence in the flow will act as a broad band acoustic source but
normally this source is not important unless the flow forms a jet with a Mach-number
close to 1. This quadrupole type of source is normally important only at the outlet of jet
engines and high pressure valves, but for turbochargers it is of little interest.
The flow conditions responsible for the noise generation in turbocharger compressor
are illustrated in Fig. 20.

Figure 20. Schematic representation of the flow
conditions in turbocharger compressor that are
responsible for the noise generation.

Recently, a new research centre, KTH CICERO, for investigations on IC-engine gas
management has been established in Stockholm. The centre is a combined effort between
KTH, the Swedish Energy Agency (STEM) and the leading vehicle manufacturers in
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Sweden and research on pulsed compressible flows and turbo-charging are central
themes. The centre will have access to special test rigs in particular a unique rig for
acoustic characterization of turbochargers treated in Papers V and VI. A sketch
illustrating the layout of this test-rig is presented in Fig. 21. Besides measurements for the
passive data the rig can also be used to measure the active acoustic data of turbocompressors.

Fig 21. A dedicated testrig designed for the KTH CICERO Centre for acoustic characterization of
turbo-compressors (see Papers V and VI).

4.2 THE PASSIVE PROPERTIES
In common with the other elements of an IC engine gas exchange system, a turbocharger
has a passive acoustic effect on the propagation of pressure pulses. The passive properties
refer to the interaction between the turbocharger and low frequency engine pulsations,
i.e., the scattering of incident pressure pulses or waves from the unit.
During an EC-project ARTEMIS an investigation into the passive acoustic effect of
the turbine in an automotive turbocharger was performed by Peat et al. [45]. This
included measurements to determine the acoustic response [45-47]. It was found that the
magnitude of the acoustic reflection coefficient of the turbine was strongly affected by
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turbine RPM and the mean flow rate. The turbine was found to behave nonsymmetrically, due to geometrical reasons and the mean flow present for real operating
conditions. For low frequencies the turbine was reported to be almost transparent to
transmission in the upstream direction.
The first systematic experimental investigation on the sound transmission in a turbocompressor working at realistic operating conditions was recently published in Paper V.
In order to simulate the operating conditions of the turbo-compressor supercharging an
inlet of the IC-engine, a turbocharger specific compressor map was followed. The
experiments were performed at 7 selected operating points (see Fig. 22) covering the
region of the map where the device is normally operated.
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Figure 22. The compressor map of the turbocharger studied in Papers V and VI together with the
operating points (OP1…OP7) selected for experiments.

One of the most common parameters in engineering to characterize the acoustical
performance of IC-engine intake and exhaust system components (treated as acoustic 2ports) is the transmission loss (TL). The transmission loss is the difference in sound
power level between the incident and the transmitted sound wave when the termination of
the duct element studied is anechoic. As it is a property of the duct element only the TL is
an attractive parameter often used in exhaust and intake system design. By using the
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measured two-port data (see section 2.1.2) the transmission loss in Papers V and VI was
calculated by applying the following expression [48]:

⎛ T +T
⎛ Z (1 + M a )2 ⎞
⎜ 11 12 + T Z + T22 Z a
⎟
TL = 10 log10 ⎜⎜ b
10
log
+
10
21 a
2 ⎟
⎜ Zb
Zb
⎝ 4 ⋅ Z a (1 + M b ) ⎠
⎝

2

⎞
⎟,
⎟
⎠

(9)

where Z a = ρ a ca and Z b = ρ b cb are the acoustic wave impedances in the in- and outlet of
Ab

Aa

the turbo-compressor and M a and M b are the Mach numbers respectively.
In Paper V the influence of the operating points on the transmission of sound was
analyzed and the flow velocity was found to have the largest effect. The damping of the
incident sound waves to the compressor was found to be strongly dependent on the
propagation direction and exhibited higher transmission loss values for the upstream
direction. The experimentally determined transmission loss (TL) of the Volvo turbocompressor (KKK 2474) for seven different operating conditions in downstream (in the
same direction as the air mean flow through the unit) and upstream direction is shown in
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Figure 23. The transmission loss of the turbo-charger compressor in the downstream (left) and upstream
direction (right); OP1 - Stationary compressor (red line), OP2 (magenta line), OP3 (blue line),
OP4 (grey line), OP5 (black line), OP6 (green line), OP7 (orange line).

The focus in Paper VI was on the modeling of the passive acoustic effect of the
turbo-compressor.
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The standard models are based on non-linear 1-D gas-dynamics, which is used to
simulate engine performance in the time domain. Description of such models can be
found in the literature (e.g. in [49] and [50]). These models represent “0-D” models, i.e.,
models that neglect wave propagation effects in the turbocharger and therefore are valid
in the low frequency range.
Under the assumption of an adiabatic flow, and imposing conservation of mass and
energy the influence of the compressor on the flow was computed by using a 1-D wave
action code [51] developed in CMT. Such 1-D pulse-flow models created for engine
performance prediction can effectively handle the acoustic performance, as the fluid
pulsations in the flow can be regarded as the sound waves.
One of the early attempts to model turbocharger turbines by using this 1-D code, was
presented by Payri et. al [52]. The geometric model of the turbine was based on the
substitution of the turbine by two ideal nozzles discharging to and from an intermediate
chamber. Two types of turbines were studied and the resulting pressure signatures
simulated inside the exhaust pipes of an IC-engine agreed well with the experimental
ones.
In [46] another model for the turbo-compressor, was proposed by Torregrosa. This
model described the compressor by using two volumes as illustrated in Fig. 24.

Fig 24. A scheme of the 1D gas dynamic compressor model
(set up and solved by using CMT WAM software [51]).
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In Paper VI the “two-volume” compressor model mentioned above, was composed
of simple geometrical elements provided in the CMT WAM (Wave Action Method)
software as shown in Fig. 24. The volume of the intake and the volume of the outlet
volute were determined for the particular compressor and represented by the “two
volumes” in the compressor model respectively.
To the authors knowledge Paper VI represents the first effort to successfully
implement a 1D wave model for extracting the acoustic 2-port data of an automotive
turbo-compressor working at realistic operating points.
In Fig. 25 an example of the results where the modeled and measured transmission
loss data are compared, is presented. As can be observed the agreement between the
results is good in the low frequency range (up to 500-600 Hz). It should be noted here
that the frequency range predicted well is the region of main interest in engineering point
of view since this is where the lower engine harmonics and thus the dominant noise
radiation is expected. It was demonstrated that the simple 2 volume model is suitable to
predict the acoustic 2-port data in the low frequency range for a working turbocompressors.
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Fig 25. The transmission loss of the compressor working in operating point: OP03;
Prediction in the upstream direction; Experimental results (solid line), simulation results (stars)
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5. CONCLUSIONS
Methods to study the acoustical behavior of flow duct elements mainly used in
connection with IC-engines have been treated in this thesis. The focus has been on
developing improved experimental techniques and methods. The work has resulted in six
papers with the main contributions summarized below.

5.1 THE MAIN CONTRIBUTIONS OF THE THESIS
The following are the main original results of this thesis:

Paper I. A new nonlinear source model and a multi-load technique for extracting
one-port source data have been presented. It has been proved that the new source
characterization technique gives better results compared to the classical two-load
method if the source under test exhibits non-linear or time-varying behavior.

Paper II. A measurement method to acoustically characterize flow constrictions at
duct terminations as acoustic one-port sources has been tested and validated. The
present work represents the first efforts to apply active one-port models to
describe flow generated noise.

Paper III. The reflection coefficient magnitude and phase for a hot low speed jet
have been studied and compared with Munt theory [30, 31]. This result is a first
experimental validation of the well-known Munt theory for hot flow conditions.

Paper V. A novel experimental facility has been designed and set up for acoustic
characterization of turbochargers in the KTH Cicero centre. The first systematic
investigation on the sound transmission in a turbo-compressor working at realistic
operating conditions has been performed.

Paper VI. The first effort to successfully implement a 1D wave model for extracting
the acoustic 2-port data of an automotive turbo-compressor working at certain
realistic operating points.
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5.2 FUTURE RESEARCH
An interesting continuation of the work presented in Paper II would be to try to establish
methods to estimate one- and two-port source data directly from CFD calculations. Since
the passive part of the source data is often weakly affected by the flow it could be
sufficient “only” to estimate the active part (source strength).
To continue the investigations about the duct open terminations treated in Papers III and

IV one idea would be to perform the tests with different duct opening geometries that are
in practice often used in hot jet conditions (bends, diffusers, oblique cuts). In order to
provide a reliable validation of the Munt’s theory also in hot subsonic flow conditions,
the testrig (see Paper IV) should to be further developed to improve the quality of
experimental results. This can possibly be done by implementing the multi-microphone
technique [32] which allows determining extra parameters affecting the result and by
improving the microphone mountings.
The test facility described in Papers V and VI has proved to be successful for
characterization of the passive acoustic effect of turbo-compressors and can in a future be
utilized to produce new data for both compressors and turbines. It can also be noted that
the experimentally determined two-port data presented in Paper VI for a turbo-charger
represents a dynamic turbo characterization. By transforming the measured two-port data
back to the time domain, such data could be used in 1D simulation codes for prediction of
engine gas-dynamics. A natural extension of this part of the work is to also develop
methods to determine the active (“source”) data. Furthermore investigation of the effect
of high amplitude pulsations on turbo-chargers is an important future step.
As a possible continuation of the turbo-compressor modeling work described in Paper

VI more complex models should be tested aiming for a better prediction of the high
frequency range.
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