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Aeroacoustics is a research field which has its origin in the papers from Sir James Lighthill in the 1950:s.
Originally the focus was on understanding sound generation from jet engines but later it came to include
all aspects of sound generation and sound transmission in flow fields and also sound flow interaction such
as whistling phenomena. At KTH research in this topic started in the 1980’s with a focus on sound
generation and sound transmission in flow ducts in the low frequency plane wave region. Applications
included fluid machines such as fans, compressors, and IC-engines. To study sound generation and
propagation within such systems, sound pressure levels can be measured at multiple points along the duct.
From experiments information about sound generation and sound transmission in duct systems connected
to these machines can be extracted. This information can be in the form of multi-port models or black-box
models. Early work at The Marcus Wallenberg Laboratory for Sound and Vibration Research (MWL) at
KTH focused on developing experimental techniques for linear frequency domain characterisation and
determination of one-port and two-port models for sources and sound transmission. Later work has included
nonlinear effects for sources and the effect of flow and high level nonlinear excitation on perforations which
are commonly used in IC-engine mufflers and aeroengine acoustic liners. The paper gives a short overview
and some highlights of this work in characterization of in-duct sources and sound reducing devices

1 Introduction

The paper has a focus on highlights of contributions made at KTH in low frequency plane wave aeroacoustics and duct
acoustics research since the 1980’s. An accompanying paper [1] will cover higher frequency multi-mode research
contributions.

2 Aeroacoustics research

2.1 Two-microphone wave decomposition

Two microphone wave decomposition is today a standard technique for impedance tube measurements but also in flow
duct experiments. The method was introduced by Chung and Blaser [2] and Seybert and Ross [3] around 1980 when the
introduction of FFT-analyzers made it possible to replace classical Kundt tube method with the faster and simpler two-
microphone technique. At KTH investigations were made into the sensitivity of these techniques to errors in the input
data first without flow [4] and later including the effect of mean flow [5]. These are well cited publications and can be
considered as standard references when errors in wave decomposition is discussed. Figure 1 shows the basic configuration
for two-microphone wave decomposition in a flow duct. There is an incident wave with peak amplitude p, which is
reflected at the passive termination causing a reflected wave with amplitude p_ . The plane wave pressure field at the two
microphones can be written as,



P =D+ +D-, (1)
D, = Prexp(—jks) + p_exp(jk_s) , 2)

where j is the imaginary unit k+ = k/(1+M) is the wave number in the direction of flow and k- = k/(1+M) is the wave
number in the direction against the flow, k = w/c, the angular frequency divided by the speed of sound and M is the mean
flow Mach-number. Equations (1) and (2) can be solved as a linear system of equations if the position of the microphones
and the wave numbers are numbers are known quantities. References [4] and [5] discussed the sources of error in the
input data such as: the determination of the correct microphone positions and it is influenced by the presence and finite
size of the microphones, the speed of sound which is influenced by the in-duct temperature and the propagation losses
which can be included as a complex wavenumber. When the pressure wave amplitudes are known other quantities such
as the reflection coefficient, normalized impedance, and absorption factor can be calculated.’

One of the main findings in [4,5] was a recommendation that the range of Helmholtz numbers used in the analysis should
be confined to,

0.17(1 — M?) < ks < 0.8m(1 — M?), 3)

This expression was found by a combination of numerical investigations and series expansions of the data reduction
equations where you for small errors (such that second order terms can be neglected in the series expansion) you can
investigate the effect of each type of error separately. In the region described by (3) the increase of errors in the input data
in the final result should be less than a factor 10. It should be pointed out that the sensitivity to errors is smallest in the
middle of this region where ks = /4.
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Figure 1: Sketch of setup for two-microphone wave decomposition measurements in a flow duct [5].

In [6] the effect of multi-microphone over-determination was investigated and in [7,8] a very detailed investigation was
made of the errors in impedance tube measurements. Figure 2 shows the contributions of errors in: microphone pressure
measurements, temperature and microphone position for a reflection coefficient measurement [7].
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Figure 2: The relative contribution of each error source, microphone pressures (pink), temperature (blue) and
microphone positions (green) to the variance of the error in the magnitude of the reflection coefficient (left) and the
phase of the reflection coefficient (right) [7].

2.2 One-port and two-port measurements

Measurement of reflection coefficient, normalized impedance and absorption factor as discussed in section 2,1 can be
regarded as one-port measurements. The plane wave decomposition can also be used for two-port configurations, see
Figure 3, where microphones are placed on both sides of a test sample in a flow duct, and the aim is to determine the

reflection and transmission properties of the sample.
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Figure 3: Sketch of two-port experimental setup.

Multiple microphones can be used to extend the frequency range and to have over-determination. More than one
loudspeaker on each side of the sample can be used to increase the level of excitation but also to avoid adverse effects of
positioning loudspeakers at positions in the duct where standing wave effects makes it difficult to excite the system. For
experiments at higher flow speed flush mounting of microphones and methods to extract the acoustic pressures from the
turbulent pressure flutyuations in the duct becomes important. One can use stepped sine excitation and noise free reference

signals for this purpose [9].
2.3 Source characterisation

A comprehensive overview of experimental in-duct source characterization techniques is given in [10]. Source
characterization requires knowledge about the strength of the source but also about how it interacts with the duct system
it is connected to. An estimate of the degree of interaction can be obtained by looking at the Helmholtz number for
propagation in the connected duct system.

He = kd ).



where k is the wave number and d a typical length scale for the propagation, for instance the duct diameter in a circular
duct. If the Helmholtz number is much larger than one the interaction is typically weak and the source can be described
by its sound power. For lower He such that only the plane wave or a few modes propagate the interaction is stronger and
a complete source model is needed to take the source load interaction into account. For plane wave propagation conditions
one would typically use a one-port or a two-port model. A further classification introduced in [10] is whether the source
has: linear and time-invariant properties, linear but time-varying properties or non-linear properties.

2.3.1 Linear time-invariant one-port sources

In this case the source data consists of a source strength (p3 or py) and a source reflection coefficient (R) or normalized
source impedance (), se Figure x. The interaction between the source and the system can be described by the equations:

p+ = Rsp_ +pi %)
P =Zolsq + s (6)

where Z0 is the characteristic impedance of the medium. These two expressions give an equivalent description of the
source load interaction, and one can easily move from one set of source data to the other using the expressions:

p=ps+p- @)
Zoq =p+ —P-, (3
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Figure 4: Sketch of one-port source models. a) Reflection coefficient formulation, b) Impedance formulation.

Methods to extract source data was further developed in [12], including error analysis for the so-called two-load method
in [11] and application to the understanding of source data for fans in [13]

2.3.2 Linear time-invariant two-port sources
For fluid machine sources with a strong coupling between the inlet and out let, such as an axial fan sitting in a duct, a
two-port model is required, see Figure 5.
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Figure 5: Sketch of tw-port source determination test rig.

The source data consists of an active part with two source strength components and a passive part with a four scattering
matrix components, see (9)



S :{p‘l Tb:| (ptuj_s .[pa]+[pi+]
K = s
T. P , Dy Dy Do )
An example of the result obtained using two-port source characterisation on an axial fan is shown in Figure 6. It can be
seen that there is a very good agreement between sound pressure determined using the source data model and directly
measured pressure.
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Figure 6. Sound pressure level in fan duct, directly Figure 7. Sound pressure level in Diesel engin.e exhaust
measured and predicted using tw-port source data [15]. system for 50% engine load and 1600 rev/min; two-

load technique (dashed line), nonlinear multiload
technique (dash—dotted line), direct measurements (full
line) [19].

2.3.3 Linear time-varying sources

Fluid machines which are studied as acoustic sources typically have moving parts: pistons moving in an IC-engine, fan
blades moving etc. This opens the possibility that the source will have time-varying properties which can cause coupling
between frequency components. In [16] a model for the source data of linear time-varying sources and experimental
multi-load techniques to determine the source data was developed.

2.3.4 Nonlinear sources

High level sources such as IC-engines and compressors have weakly non-linear properties meaning that the source data
can in general not be considered to be independent of the properties of the duct system to which it is connected. Linearity
tests to investigate if measured data indicates a non-linear source behavior were developed in [17, 18]. A source model
to take weak non-linearity into account was developed and tested in [19]. Methods to investigate how non-linear time
domain descriptor can be coupled to frequency domain were investigated in [20]. Figure 7 shows a result from [19].

2.4 Acoustic liners

A number of projects at KTH has focused on the acoustic properties of acoustic liners used for sound reduction in
aeroengines and gas turbines. These typically include perforated plates as an important part for giving absorption of sound.
The acoustic properties of these perforates are since a long time known to be influenced by environmental factors such
as: grazing flow, bias (through) flow and high level acoustic excitation causing nonlinear effects. There has also been a
need to develop experimental techniques to determine the acoustic properties of liners in terms of their normalized
impedance.

2.4.1 Development of liner impedance measurement techniques

The acoustic liner is an absorbing wall treatment used for instance in acroengine nacelles. To develop new liner designs
and to verify models for their acoustic properties there has been a need to develop experimental methods to extract (educe)
the boundary condition, in terms of an acoustic impedance, at the wall of the duct. At KTH contributions were made by
developing an experimental method based on mode matching at the interfaces between the lined and hard test ducts
[21,22}. An empirical model for the liner impedance based on information from the literature and new investigations was
also presented, The model included the effects of grazing flow, bias flow and nonlinearity. In [23] an error analysis was
introduced for one method for determination of liner impedance.



2.4.2 Effects of grazing flow

It has been found [24] that the impedance eduction methods developed to determine liner impedance give different results
for the impedance boundary condition depending on if the sound is propagating mainly in the same direction as the flow
or against the flow. KTH has contributed in the efforts to try to understand this phenomenon in a number of studies
[25,26]. More recently the acoustic properties of perforates exposed to: grazing flow, bias flow and high level acoustic
excitation as well as combination effects between these types of influence has been investigated using a 3-port technique
[27-29].
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Figure 8. Identified liner impedance with uncertainty bars. Resistance - solid line, reactance -dash-dot line, downstream
propagating wave - black line, upstream propagating wave - red line [23].

2.4.3 Effect of bias flow

Acoustic properties of orifices and perforates with bias flow and in combination with high level excitation was
investigated in [30,31]. Combination of bias and grazing flow was also included in the studies made in [27-29].

2.4.4 Effect of high level acoustic excitation

Nonlinear effects on the acoustic properties of perforates has been investigated n a number of studies at KTH [27-29, 33-
44]. A major focus has been the effect that excitation by multi-tone, harmonic or non-harmonic excitation including
relative phase relations has on the resulting experimentally determined impedance. The effect of combination of
broadband and tonal excitation was observed and reported in [40,42]. Polyharmonic distortion models and nonlinear
scattering matrix models were tested for attempting to model the interaction between different frequency components
[35-37]. It was observed [32,33,39-41,44] that the resulting measured impedance depends not only on the level of
excitation for complex multi-tone excitation but also on the phase relations between frequency components. This lead to
the conclusion that it is the time variation of the particle velocity which determines the acoustic properties.
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Figure 9. a) Sketch of three-port test rig. b) Normalized nonlinear correction factor to the imaginary part of perforate
transfer impedance as function of the inverse Strouhal number based on acoustic particle velocity. Black and blue
experimental results, red and magenta model results [29].



2.5 Acoustic properties of other duct discontinuities

Examples of other flow duct discontinuities studies include. The effect of flow at area changes [45] and in-duct tube
bundles [46].

3  Summary

Highlights from research at KTH on low frequency aeroacoustics has been presented. Major contributions has been made
for instance regarding source characterization of fluid machines and in understanding of the acoustic properties of liners
and perforates. Focus has been on the influence of realistic flow conditions and on high level acoustic excitation causing
nonlinear effects.
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