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INTRODUCTION 
 
Traffic noise is one of the major noise sources in modern society. Although the noise 
radiation from a vehicle has been decreased continuously, noise pollution is still a 
problem due to the increasing intensity of the road transport. 

The noise radiation from a vehicle originates from different sources and mainly 
depends on the engine load and speed of the vehicle. In order to successfully 
decrease emitted noise from the vehicle, the sources of the noise have to be localized 
and acoustic properties thoroughly understood. In the search for quieter engines there 
is a need for a better understanding of the acoustic properties of engine intake and 
exhaust system components. Besides silencers, successfully used over a century with 
the purpose of reducing acoustic pressure pulses originating from the internal 
combustion engine, a modern car intake and exhaust system consist of a number of 
elements, e.g. catalytic converter, particulate filter, turbocharger etc., which 
acoustical performance still needs to be better understood.   

Recent trend in acoustic product design is so-called virtual prototyping, where 
computational models are used to optimize design. Although there are several 
commercial software programs available for acoustics, current simulation 
methodologies are still too generic to give accurate solutions e.g., for objects with 
complex geometries. In order to develop new computational models and improve 
existing ones, accurate experimental data is essential. This in turn creates a need for 
development of experimental methods. 

 
Problem settings 

 
The aim of the current study is to explore existing experimental methodologies for 
induct acoustic characterization and to improve these methods. To obtain accurate 
results, accuracy of the sensors, effective data acquisition systems, improvement of 
methodology etc., have to be considered. Development of measurement methods 
also highly depends on the application. The ambition here is to test methods 
applicability in harsh environment by using three different automotive inlet and 
exhaust system elements (turbocharger, catalytic converter, exhaust tailpipe) in 
conditions they are used in practice. 

For the study of automotive turbochargers, accurate and efficient measurement 
methods to characterize compressor and turbine, have to be developed. This allows 
measuring acoustic data in the range where turbocharger is typically used in practice 
and could lead to generalized results, where conclusions about the turbocharger 
passive acoustical behavior can be drawn. In addition to the sound scattering in the 
turbochargers, it is also a high frequency aero-acoustic source. To investigate sound 
generation at different operating points and identify source mechanisms, reliable 
methods need to be developed. 

With acoustic two-port method, sound scattering below the cut-on frequency of 
the first higher order propagating duct mode can be determined. Often measurement 
objects consist of a cascade of different objects with complex geometry. In order to 
focus on the acoustic effect of the smaller elements, decomposition of the complex 
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system can be performed, where elements are studied separately by using two-port 
method. An example here would be catalytic converter, where relatively good 
models exist to predict acoustic effect of the casing, whereas predicting an acoustic 
performance caused by the viscous-thermal losses in the narrow tubes of honeycomb 
element can be a difficult task. 

Acoustic reflection from an open end flow duct is a well studied problem in 
acoustics. There are different numerical models available to predict acoustic 
reflection in high temperature and flow conditions. To evaluate existing models, 
accurate methods for measuring the reflection of plane acoustic waves from a duct 
termination in hot gas flow have to be developed. Representing the acoustical 
conditions at the exhaust tailpipe, the data obtained is also important for e.g., 
effective modeling of exhaust systems. 

 
The objectives of the present thesis are as follows: 
 

1. To modify the acoustic one-port and two-port methods in order to reduce 
measurement error and measurement time in harsh measurement conditions. 

2. To test the applicability of modified acoustic one-port and two-port methods 
by characterizing the flow duct elements in high flow, temperature and static 
pressure conditions. 

3. By using the two-port method, experimentally investigate acoustic properties 
of automotive flow duct elements, such as turbocharger and catalytic 
converter.  

4. By using the one-port method, experimentally investigate plane acoustic 
wave reflection from a hot jet flow duct termination. Also, compare obtained 
results with existing theory for hot flow duct termination, developed by 
Munt. 

 
To reach the objectives the following tasks have to be completed: 
 

1. Methodology for experimental investigation, together with related software 
and hardware, has to be developed in order to experimentally verify the 
proposed improvements in acoustic one- and two-port methods. 

2. To investigate one-port method in high flow speed and high temperature 
conditions, an acoustic test-rig, to generate flow velocity up to 0.3M   and 
temperature up to 200 CT   , has to be developed. 

3. To investigate modified two-port method applicability in harsh measurement 
conditions, experimental setup for acoustic characterization of turbochargers 
and catalytic converters has to be developed.  

4. To increase the accuracy of measurement process, improved data acquisition 
system has to be developed for experimental investigation. 

5. In order to implement modified one-port and two-port models, a powerful 
external source capable to create an acoustic field dominating over the flow 
noise, has to be developed. 
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LIST OF ABBREVIATIONS AND SYMBOLS 
 
BOV  blow-off valve 
BPF  blade passing frequency 
CC  catalytic converter 
CCGEx  Competence Centre for Gas Exchange 
CPI  cells per inch 
cRIO  compact reconfigurable input output module of National   
  Instruments DAQ systems 
DAQ  data acquisition 
FPGA  field-programmable gate array 
FWDM  full wave decomposition method 
GUI  graphical user interface 
ICE  internal combustion engine 
IL  insertion loss 
MMM  multi microphone method 
MSS  multi step sine 
NI  National Instruments 
NR  noise reduction 
OP  operating point 
PID  proportional integral derivative 
RPM  rotations per minute 
SPL  sound pressure level 
SS  stepped sine 
SWR  standing wave ratio 
TC  turbocharger 
TCN  tip clearance noise 
TL  transmission loss 
TMM  two-microphone method 
VTG  variable geometry turbine 
WDM  wave decomposition method 
WN  white noise 



10 

 
 
 
A  cross-sectional area of the duct 
A  acoustic absorption coefficient 
a  duct radius 
c  speed of sound 
d  diameter of the duct 
f  frequency 
fu  upper frequency limit 
G  pressure cross-spectrum 
H  transfer function 
He  Helmholtz number 
i  imaginary unit 
k  wave number 
l  length between cross sections 
m   mass flow rate 
M  Mach number 
n  number of samples 
p  acoustic pressure 
q  acoustic volume velocity 
R  acoustic reflection coefficient 
s  microphone separation 
S  scattering matrix 
St  Strouhal number 
T  acoustic transmission coefficient 
T  temperature 
T  two-port matrix 
TL  transmission loss 
U  cross-sectional averaged mean flow velocity 
Ucl  centreline flow velocity  
W  acoustic power 
ρ  density 
η  efficiency 
λ  wave length 
ω  angular velocity 
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1 EXPERIMENTAL TECHNIQUES 
 
To experimentally describe the sound field in ducts and determine in-duct acoustic 
properties, two standard methods are used. Although the standing wave ratio (SWR) 
[1] method with traversing microphone can be used to get accurate results, it is time 
consuming and difficult to use in flow ducts [2]. Faster and more reliable 
measurements over a wide frequency range can be performed with two-microphone 
method (TMM) [3]. The method uses transfer functions between measurement 
microphones in order to completely describe sound field. This method is also 
applicable in a harsh measurement conditions e.g. in a presence of turbulent flow. To 
improve the accuracy of TMM, extra microphones are used, which leads to the multi 
microphone method (MMM), also often used. In the current chapter TMM will be 
described. 
 
 

1.1 Wave decomposition method 
 
In general, sound propagation in a duct with a presence of mean flow is a complex 
problem. However, in a straight cylindrical duct and below the first cut-on 
frequency, a sound field in frequency domain can be written as: 
 

 ( , ) ( )exp( i ) ( )exp(i ) ,p x f p f k x p f k x                            (1) 

  1
( , ) ( )exp( i ) ( )exp(i )  ,u x f p f k x p f k x

c                         (2) 

 
where p  is the Fourier transform of the acoustic pressure, u  is the Fourier transform 

of the particle velocity, x  is the coordinate along the axis, + and – in subscript 
denote the wave propagation in negative and positive x-axis direction, f  is the 

frequency, k  is the wave number,   is the density, c  is the speed of sound and i is 
the imaginary unit. 

Because of the superposition of the sound waves propagating in negative and 
positive direction, no direct in-duct measurements could be performed to describe 
sound propagation. The theory underlying the decomposition of the sound wave into 
its two propagating wave amplitudes consists of two acoustic pressures, determined 
by the flush mounted microphones at two locations on the duct wall (see Figure 1). 
This method is known as the two-microphone method [3]. 
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Figure 1. Schematic representation of a decomposition of sound waves 
 
Acoustic pressures at microphones 1 and 2 (see Figure 1) can be presented as: 
 

 1 1 1( ) ( ) ( ) ,p f p f p f                                             (3) 

 2 1 1( ) ( )exp( i ) ( )exp(i ) ,p f p f k s p f k s                          (4) 
 
where subscripts 1 and 2 denote the acoustic pressure wave at microphones 1 and 2 
correspondingly and 2 1s x x   is the microphone separation. By combining the 

equations (3) and (4), p  and p  in the reference cross section 1x  can be expressed 
as: 
 

 1 2
1

( )exp(i ) ( )
( )  ,

exp(i ) exp( i )

p f k s p f
p f

k s k s



 




 
                                 (5) 

 2 1
1

( ) ( )exp( i )
( )  .

exp(i ) exp( i )

p f p f k s
p f

k s k s



 

 


 
                               (6) 

 
In equations (1)-(6), the wave number k  can be determined [4] as 

2 / ( (1 ))k f c M    where /M U c  is the Mach number, c  is the speed of 

sound and U  is the flow velocity.  
In equations (1)-(6), the sound attenuation has not been taken into account. There 

are several models available to describe sound attenuation in a duct; mainly 
associated with viscosity, heat conduction and interaction between sound and flow 
field. An overview of the developed models was given by Allam and Åbom [5]. To 
include the effects of visco-thermal damping the wave number can be obtained by 
using the model proposed by Dokumaci [6]: 
 

 0

0

2
.

(1 )

Kf
k

c K M


  

                                           (7) 

 
A model to describe dissipation of acoustic energy in a quiescent fluid is based on 
theory of Kirchoff [7], where the propagation coefficient 0K  is given by: 
 



13 

 

 0 2 2

(1 i) ( 1) i 1 1
1 1 1  ,

22
K

ss

   
  

     
       

   
              (8) 

 

where /p vC C   is the ratio of specific heats, 2 /p thC    is the Prandtl number, 

0 /s a     is the shear wave number,   is the dynamic viscosity, pC  is the 

specific heat coefficient, th  is the thermal conductivity, a  is the duct radius, 0  is 
the ambient density and   is the dynamic viscosity. At short propagating distances 
the sound wave attenuation is negligible. 

The wave decomposition method (WDM) described by equations (5) and (6) is 
limited by the cut-on frequency of the duct, thus only the one dimensional plane 
wave mode will propagate in the duct. For a circular duct the cut-on frequency [8, 9] 
can be determined as: 
 

2 1/21.841
(1 )  ,c

c
f M

d


 
                                         (9) 

 
where d  is the diameter of the duct. Also, in the plane wave range, the TMM will be 
valid if the microphone pressure signals are linearly independent, i.e. if 

2/ (1 )ks M n   where 0,1,2...n  . According to this, frequencies where 
microphone separation is multiple of half a wavelength should be avoided. The 
sensitivity for different type of errors was also studied by Åbom and Bodén [10] 
where the frequency range measured by the microphones separated by distance s, 
was restricted to the frequency range, described by: 
 

    2 20.1 1 0.8 1  .M ks M                                    (10) 

 
To extend the frequency range in the plane wave range, an extra microphone with 
different separation s  is used [10]. 

Measurement errors can be reduced by using multi-microphone method (MMM) 
[11, 12]. By using more measurement microphones, it is possible to suppress the bias 
errors by forming and solving an over-determined system [11] as: 
 

 



1 1

2 2

i i
1

i i
2

i i

,

m m

k x k x

k x k x

k x k x
m

e e p

ppe e

p

pe e

 

 

 










   
                   

p

PE

 



                                     (11) 
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where vector p  consists of the positive and negative propagating pressure waves in 
the reference cross-section. Measured acoustic pressures will be in matrix P  and the 
system can be solved by using a Moore-Penrose pseudo-inverse, if at least two rows 
in E  are linearly independent. 

Instead of the over-determination, the system of equations could be used to obtain 
an extra variable e.g. speed of sound or flow velocity [5]. By following the three-
microphone method [13] the sound field at the microphones can be obtained by 
solving the nonlinear system of equations expressed as: 
 

 1 1 1( ) ( ) ( ) ,p f p f p f                                          (12) 

 2 1 2 1 2( ) ( )exp( i ) ( )exp(i ) ,p f p f k s p f k s                          (13) 

3 1 3 1 3( ) ( )exp(i ) ( )exp( i ) .p f p f k s p f k s                          (14) 
  
In order to have the same frequency range, the same microphone separation 1 2s s  
must be used. The nonlinear system of equations in (12)-(14) can be solved by using 
e.g. Gauss-Newton iterative procedure and obtain three unknowns as p , p  and c  
or U. The flow velocity and speed of sound obtained by the three-microphone 
method, compared to the results calculated with analytical model, can be seen in 
Figures 2-3. 
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Figure 2. The flow velocity determined by using the three-microphone method (markers), 
compared to the theoretical (line) 
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Figure 3. The speed of sound in air (dashed line in bold), argon (dashed line) and helium 
(dotted line) measured with three-microphone method [13], the speed of sound (solid lines) 
calculated 
 
Note, that the fluctuations of experimentally determined speed of sound in Figures 2-
3 present only the bias error due to numerical calculation method. Therefore it is 
essential to use the constant speed of sound over the frequency range.  

Extra microphone positions were used by Allam and Åbom [5] for a full wave 
decomposition method (FWDM). In FWDM, in addition to the complex pressure 
amplitudes, complex wave numbers can be determined with at least four microphone 
positions. Another important aspect for the wave decomposition is the choice of the 
microphone positions. Instead of the uniform distribution suggested by Jang et al. 
[14], microphones were positioned in to two clusters, separated by long distance in 
order to determine damping of the propagating wave [15]. 

In order to use multiple microphones for the measurement, the microphones must 
be calibrated. The calibration procedure gives the relative response of the 
microphones to the identical sound pressure.  This is usually performed by using a 
calibration duct in which all microphones are exposed to the same sound field. 
Calibration data is expressed as the transfer functions between the reference 
microphone and the microphone which is calibrated 1 n calH . Then the measured data 

1 n measH  is used to calculate the resulting transfer function 1nH  as: 
 

 1 1 1 /  ,n n meas n calH H H                                          (15) 
 
where n in subscript refers to the microphone number and 1 to the reference 
microphone respectively. 

Acoustic sound pressure values in the measurement duct can also be acquired by 
using a single microphone. The measurement error in case of using a single 
microphone will be smaller, since there is no need for the relative calibration of the 

He 
 
 
 
Air 
Ar
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microphone. However, this method is often not preferred due to the multiple 
measurements needed, leading to increased measurement time. 

In Paper IV, it was found that in case the pressure transducers were used, the 
calibration curve was also considerably affected by the measurement conditions. 
Therefore, the transducer calibration must be performed for all measurement cases 
with different flow velocities and the open end calibration duct was inevitable. The 
discrepancy between the calibration curves apparent for the different flow cases can 
be seen in Figure 4. 
 

 
 
Figure 4. The magnitude and the phase recorded during the pressure-transducer calibration: 

 , 21H  measured at 0M  ; _______ , 21H  measured at 0.15M  ;    , 31H  

measured at 0M  ;    , 31H  measured at 0.15M  . MSS technique with five 

frequency regions I - V, excitation direction indicated by the arrows 
 
 
1.2 Acoustic two-port model 
 
Two-port method, originally developed with the theory of electric circuits, is an 
effective way to analyze sound propagation inside duct networks e.g. intake and 
exhaust system of an internal combustion engine. 

There are different formulations of the two-port [4, 16, 17]. The key element of 
the model is the “black box” or two-port, where linear relation between two state 
vectors on each side exists. If the propagating pressure wave amplitudes p  and p  
(see equations (5) and (6)) are used as state variables, a scattering matrix form can be 
used to express the relationship between the two ports. Regardless of the form of the 
two-port calculated, all other forms can be obtained from linear transformation [18]. 

In Figure 5, a schematic representation of acoustic two-port is presented. Two 
ports (the inlet and outlet) of the element are referred to as side a  and b , in respect 
to the direction of the mean flow. The acoustic pressures p  are measured at the inlet 
and outlet side and the propagating pressure waves are determined by using the wave 
decomposition as described earlier in section 1.1. External sources (electro-dynamic 
drivers) A and B are used to excite the system from the up- or downstream side. The 
x-axis direction denotes the positive direction for the propagating pressure waves. It 
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should be noted here, that the two-port model is valid for any kind of geometry of 
the acoustic test object, represented as a “black box” in Figure 5. 
 

 
 
Figure 5. Schematic representation of an acoustic two-port 
 
 
1.2.1 Passive two-port 
 
Passive two-port has no noise sources between reference cross-sections a and b. 
Scattering matrix in passive acoustic two-port [19] contains 4 complex quantities at 
discrete frequencies, describing how incoming acoustic waves are reflected and 
transmitted through the acoustic element. To experimentally determine these 
unknowns, at least two microphones in the inlet and outlet side must be used to 
decompose acoustic pressure waves to p  propagating in positive and p  
propagating in negative direction, so the two-port can be represented as: 
 

 
 

11 12

21 22

,a a

b b

p pS S

S Sp p
 

 

    
     
    

+ -p pS


                                     (16) 

 
where elements 11S , 22S  describe the reflection and 12S , 21S  describe the 
transmission of the incoming waves respectively. 

To suppress the flow noise, the transfer functions H  between the microphone 
signals and the reference signal can be used instead of sound pressures [20]. For the 
reference, electric signal driving the external sources can be used. The choice of the 
excitation signal was investigated by Allam in [21]. By using transfer functions, 
equation (16) can in matrix notation be expressed as: 

 
 . H SH                                                 (17) 

 
To obtain the S  matrix elements the acoustic state variables on the inlet and outlet 
side must be measured for two independent test cases. These test cases are created by 
using acoustic sources on the inlet and outlet side leading to the so-called two-source 
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technique [18]. By performing the two different test cases, two states in equation 
(17) can be expressed in measurable quantities as:  
 

 ,    ,
I II I II
ea ea ea ea

I II I II
eb eb eb eb

H H H H

H H H H

   
 

   

   
    
      

H H                        (18) 

 
so S  matrix elements can be expressed as: 
 

 

11

12

21

22

( ) / det( )

( ) / det( ) ,

( ) / det( )

( ) / det( )

I II II I
ea eb ea eb

II I I II
ea ea ea ea

I II II I
eb eb eb eb

II I I II
eb ea eb ea

S H H H H

S H H H H

S H H H H

S H H H H

   

   

   

   

 

 

 

 

x

x

x

x

H

H

H

H

                          (19) 

 

 ( ) ( ) ,I II II I
ra rb ra rbH H H H    xH                               (20) 

 
where e  in the subscript refers to the transfer function between the microphone 
signal and reference signal e.g. loudspeaker voltage, I  and II  in the superscript 
indicate to the two independent test cases and Ae e , Be e  are the electrical signals 
from the sources respectively. By applying the wave decomposition, the transfer 
functions in equation (18) can now be obtained from directly measurable quantities 
as: 
 

 

1 2

1 2

1 2

1 2

[ exp(i ) ]

[ exp( i ) ] ,

[ exp(i ) ]

[ exp( i ) ]

ea a ea a ea

ea a ea a ea

eb b eb b eb

eb b eb b eb

H F H k s H

H F H k s H

H F H k s H

H F H k s H

 

 

 

 

 

   

 
   

                      (21) 

where 

 1[exp(i ) exp( i )]  .F k s k s 
                                (22) 

 
Matrix S  can now be obtained by rewriting the equation (17) as: 
 

 .-1
+ -S = H H                                                (23) 

 
Sampling of acoustic variables is typically performed at a distance from the test 
object and the phase shift of the scattering matrix elements can be compensated as 
[22]: 

 , -1
+ -S = T ST                                             (24) 
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where S is the modified scattering matrix moved to the test object. In equation (24), 

±T  can be expressed as: 
 

 
exp( i ) 0 exp(i ) 0

 ,    ,
0 exp( i ) 0 exp(i )

a a a a

b b b b

k l k l

k l k l
 


 

   
       

+T T        (25) 

 
where al  and bl  are the distances from the reference cross section to the test object. 

The performance of the in-duct acoustic element is typically described by using 
one or two of the following values: noise reduction, insertion loss or transmission 
loss coefficient. The measurement of level difference or noise reduction (NR) is 
widely used in experimental work due to the simplicity of the method. The method 
does not require anechoic termination or knowledge of the source impedance. Noise 
reduction is the difference between sound pressure levels (SPL) measured in 
upstream and downstream of the acoustic element, and can be expressed as: 
 

 
2

,

2
,

10 log  .RMS before

RMS after

p
NR

p

 
    

                                          

(26) 

 
Insertion loss (IL) is defined as the change in SPL at the duct outlet: 
 

 10 log  ,ref

all

W
IL

W

 
   

 
                                              (27) 

 
where refW is the transmitted sound power for a reference system e.g. straight duct 

and allW  is the measure with test object. 
Wave decomposition described earlier, leads to the determination of the complex 

acoustic pressures from which transmission loss (TL) as the reduction of acoustic 
power can be determined. Since the transmission loss depends only on the properties 
of the test object and is independent of the source and radiation impedance, it is 
widely used in engineering to characterize intake and exhaust system components. 
The transmission loss is directly related to the transmission part of the S-matrix 
elements and can be calculated as follows [18]: 
 

 

 
 
 

 

2

2 2
12

2

2 2
21

1
,  upstream

1
10 log 10 log

1
,  downstream,

1

b b a a

a a b bin

tr a a b b

b b a a

M A c
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where   is the air density, M  is the Mach number, A  is the cross-sectional area of 

the duct, c  is the speed of sound and inW , trW  are the incident and transmitted 
acoustic powers respectively. 

In order to characterize two-port in terms of energy propagation, power 
reflection, power transmission and power absorption coefficients can be obtained 
from the S  matrix elements as: 
 

 
2

2 2
112

(1 )
,

(1 )
a

a

M
R S

M





                                           (29) 

 

 
2

2 2
212

(1 )
,

(1 )
b

a

M
T S

M





                                           (30) 

 

 
2 2 2

1  ,A R T                                                (31) 

 
where M  is the Mach number and 11S  and 21S are the scattering matrix elements 
describing the reflection and transmission respectively. 
 
 
1.2.2 Active two-port 
 
Besides the passive two-port described in previous section, there can also be a sound 
source inside the two-port. If so, the passive acoustic two-port presented earlier (see 
equation (16)) should be modified as: 
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where sp  is the source vector describing the sound generation in a plane-wave range 
inside the two-port. To obtain the source vector, one more measurement, this time 
without external sources, is required. By following the procedure described by 
Lavrentjev et al. [22] the source strength part of the two-port can be determined by 
using the cross spectra only. They also validated the theory by using loudspeakers as 
a reference source and applied the theory on experimental investigation of a fan. 
Source vector was obtained with the following expression: 
 

 -1=( - )( + )  ,sp E SR E R p                                           (33) 
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where E  is the identity matrix, p  the measured pressures and R  is the reflection in 
up- and downstream of the object: 
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Since the data was obtained at different cross sections, the transformation relation 
similar to equation (24) is needed. As shown by Lavrentjev et al. [22] this can be 
done by using equation (25) as: 
 

 1 1 ,   , 
  

  s sp T p R T RT                                      (35) 
 

where R  and sp  are the transformed reflection matrix and source vector 
respectively. The method to determine source vector was also studied and improved 
by Holmberg [23] by introducing the over-determination.  

Since the method presented above is only valid for plane wave frequency region 
up to first cut-on frequency, sources which generate noise predominantly at higher 
frequencies e.g. automotive turbocharger, cannot be characterized by using described 
approach. The sound generation of automotive turbocharger in the plane wave region 
is mainly of interest for conditions close to surge, where low frequency noise is 
generated [24]. Beyond the plane-wave range, assuming that the reflections at the 
duct terminations are small or can be suppressed by spatial averaging, the strength of 
acoustic modes G  propagating in the duct away from the source can be estimated 
as:  
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where mn  is the pressure cross-spectrums between a pair of pressure transducers 
and N  is the number of spectra. 

The passive two-port measurement technique presented in equation (16) does not 
assume anechoic terminations. The quality of the active part will be improved if the 
reflection free terminations are used [25]. In practice, it is challenging to build 
perfectly anechoic terminations. It requires horns that become quite large in 
dimensions for low frequencies [26]. In the current study (in Paper I and Paper II) a 
termination with some absorption was obtained by using a commercial dissipative 
car silencer. To direct the flow, rubber hose was used after the silencers that even 
further decreased reflections. The typical reflection coefficients for this type of 
terminations are presented in Figure 6. 
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Figure 6. Anechoic termination measurement results: black dotted line is dissipative silencer, 
red and blue solid lines represent rubber hose with length of 4.7 m and 18.7 m respectively 
 

As can be seen in Figure 6, a good result could be obtained from an 18.7 m 
rubber hose. The oscillations in the results correspond to the length of the hose. To 
measure the noise generated above the plane wave range, combination of rubber 
hose with the dissipative silencers could be used, giving the improved reflection for 
higher frequencies. It must be also noted here that during the measurement session 
there are also loudspeaker sections connected via side-branches to the inlet and outlet 
ducts. Giving extra reflection, these side branches should be designed as short as 
possible or be removed when the loudspeakers are not actively used. 

Instead of direct (with an external source) method [27] described in the previous 
section, the two-port can be described also by multi-load methods (without an 
external source) [28]. Although the external source method provides better control of 
the sound spectrum, it is typically used in cases, where the acoustic field created by 
external loudspeakers is not suppressed by background noise [23].  

At least two independent test cases with different load configurations [29] are 
necessary to obtain four unknown scattering-matrix complex values (see equation 
(37)). The over-determination of the measurement cases, initially suggested by 
Åbom [30] and experimentally tested by Allam et al. [31], can be used to improve 
measurement quality and can be expressed as: 
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where , ...J I II N  in superscript denote pressure amplitudes from different load 
cases. To obtain the scattering matrix from equation (37), the Moore-Penrose 
inversion algorithm can be used. 
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1.2.3 Enhanced external sources 
 
In harsh measurement conditions, determination of the pressure signals can be a 
challenging task. To improve signal to noise ratio, similar to the study of Johnson 
and Fuller in [32], a number of external sound excitation sources can be applied 
simultaneously in order to maximize sound pressure level in the duct. In the current 
study, acoustic excitation was provided by powerful electro-dynamic driver (DAS 
ND-8) driven by a software-based signal generator trough the amplifier. The drivers 
were equipped with titanium diaphragm to avoid dome fracture due to mechanical 
fatigue and equipped with neodymium magnets for negligible magnetic strength loss 
at the highest operating temperatures.  

The loudspeakers were modified to operate in high static pressure (up to 4 bar) 
and temperature (up to 200 °C) conditions. To avoid damage to the membrane due to 
sudden static pressure changes, the front and back of the driver was connected with a 
narrow tube to equalize the pressure. It was vital to remove all leakages trough the 
loudspeaker casing especially with high temperature conditions, where the flow 
through the casing can heat up the driver. Because of the heat transfer from the duct, 
the drivers were equipped with water-cooling units, mounted between duct and 
loudspeaker (see Figure 7). This solution gave the cooling capacity necessary to keep 
the temperature in a nominal range over a long period of time. 

In Paper I, external source method was used to characterize the passive acoustic 
properties of an automotive turbocharger turbine, working at realistic operating 
conditions. To be capable to dominate over the high background noise levels, three 
excitation sources were used simultaneously to increase the SPL. To avoid pressure 
minimum occuring for all drivers at the same time, separation according to “golden 
cut ratio” was used. Electro-dynamic drivers were connected with the duct via side 
branches with minimal length in order to reduce reflections from the sudden area 
change. At the flow duct, perforated connecting area (>30% to be acoustically 
transparent) was used to retain the flow profile and reduce flow instabilities. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Picture showing the electro-dynamic drivers (with modifications) used as an 
acoustic external source 
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Because of the separation between the drivers, wave cancellation at certain 
frequencies would occur. To ensure resulting waves to interfere constructively, phase 
shift to the source signal driving the loudspeaker was applied. For all frequencies 
measured, one loudspeaker was considered as reference. Phase difference relative to 
the other two was measured by comparing the transfer functions from the 
loudspeaker input voltage to the microphone response (see Figure 8). This phase 
difference was applied during the actual measurement, to correct the signals fed to 
the loudspeakers. 
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Figure 8. Phase shift measured between two loudspeakers relative to the first loudspeaker 
 
The results before and after applying the phase compensation can be seen in Figure 
9. By using all three loudspeakers and the phase shift technique, the sound wave 
amplitude propagating in the positive direction is maximized as expected. 
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Figure 9. Pressure wave amplitude propagating in positive direction (p+) relative to 
loudspeaker voltage (e): one loudspeaker was playing (green dashed line), three 
loudspeakers without phase shift calibration (red dotted line) and three loudspeakers by 
applying phase shift (blue solid line) 
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Figure 10. Test-rig to find maximum p+ value 
 

In order to get the maximum sound pressure level (SPL) from the loudspeakers, it 
was important to run these drives close to maximum excitation level. Here this was 
defined as a certain maximum electric power fed to the loudspeakers, which will 
guarantee that they are not overloaded and damaged. To measure the power output 
fed to each speaker a custom made power meter was used (see Figure 10). Due to the 
variation in input impedance at the different loudspeaker positions the actual power 
fed to the speakers can vary significantly (see Figure 12). To keep a constant level 
for all excitation frequencies as close as possible to the maximum allowed, a 
proportional-integral-derivative (PID) feedback loop was set using the NI cRIO unit. 
As the name suggests, a PID algorithm consists of three basic parts - multiplication 
with a constant, integration and differentiation, where the constant and the time 
scales for integration and derivation are set to minimize the error (see Figure 11). 
The error, being the difference between the actual and the desired output of the 
system under control, was here the power fed to a loudspeaker. The PID output 
signal was then used to modify the voltage signal output from the NI cRIO unit 
which via the amplifier drives the loudspeakers (see Figure 10). 
 
 

 
 
Figure 11. Block diagram of a basic PID control algorithm where ( )u t  is the set point, 

( )e t is the error and ( )y t  is the process variable 
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Figure 12. Loudspeaker power without controlling (red dashed line) and by using PID 
function (blue solid line). The prescribed power is set to 10 W 
 

Figure 12 represents a typical example of how the PID control acts under 
measurements, keeping the power to the preset maximum (10 W). The two steps 
described in this section, i.e., the phase compensation and PID control are done for 
each frequency step just before the actual measurement starts. This phase calibration 
and amplitude (power) adjustment operation takes less than ten seconds before the 
measurement can start at a given frequency. 

All the improvements described above made it possible to use the external source 
method in harsh conditions, to experimentally determine scattering matrix properties 
of the acoustic two-port. 
 
Another improvement proposed and experimentally evaluated was external source 
method with simultaneous excitation. In harsh measurement conditions present in 
Paper I and Paper II, due to the unstable conditions (variation in temperature, 
pressure etc.), time to extract acoustic data was kept minimum to reduce 
measurement error.  

With two-port model, to reduce the measurement time, both acoustic sources in 
the inlet and outlet side can be excited at the same time. To implement this technique 
a stepped sine excitation was used, where all the sound energy is concentrated into a 
single frequency, thus improving the signal-to-noise ratio. In Paper I, 20 was 
considered as an adequate number of averages to obtain the acoustic data. Both 
measurement cases to obtain the state variables for two-port model are performed 
simultaneously and the final result is combined from those two cases. The use of 
parallel excitation for two-port measurements has also been discussed by 
Pedrosa et al. [33] where uncorrelated white noise (WN) signals are used to excite 
the system. In the current study, white noise as an excitation signal was found to be 
unsuitable for measurements in harsh conditions, indicated also by the decreased 
coherence value in the experiments. 

With external source method together with simultaneous excitation it was 
possible to reduce time for measurements and in the same way error in the result due 
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to variations of the operating point (see Figure 22 and Figure 23). By using the 
simultaneous excitation method, it was possible to reduce the time for a 
measurement by a factor two or alternatively take twice as many averages. 
 
In order to reduce measurement time a multi stepped sine (MSS) excitation 
technique was proposed and tested. The method was implemented in Paper IV in 
one-port model to determine acoustic pressure reflection from duct opening in a 
presence of high flow velocity. With this method a number of uncorrelated sine 
waves will be excited simultaneously and transfer functions will be calculated from 
the same data by using sine waves as different reference signals. The method was 
tested with five frequencies excited simultaneously (see Figure 4) where good 
compromise between the signal to noise ratio and the measurement time was 
achieved. 

It should also be mentioned, that MSS method can be also implemented on two-
port models, where together with simultaneous excitation technique presented 
earlier, considerable advantage over the conventional excitation technique can be 
achieved. 
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2 CHARACERIZATION OF INDUCT ACOUSTIC 
ELEMENTS 
 
Besides the silencer, especially designed to reduce the noise level of the IC-engine, 
modern exhaust systems are equipped with many other components for various 
purposes. All these components, starting from the engine and ending with the 
tailpipe in the exhaust system, or the air intake on the inlet side, have an influence on 
the propagation of sound waves. To determine the sound radiation from an intake or 
exhaust system, knowledge about acoustic performance of all its components is 
essential. 
 
 

2.1 Experimental setups 
 
Acoustical methods presented in the previous chapter were used to experimentally 
characterize elements from automotive exhaust systems. Dedicated test-rigs were 
developed to determine properties of three induct elements: automotive 
turbochargers, catalytic converters and duct termination.  
 
 
2.1.1 Test-rig for automotive turbocharger 
 
Experimental investigation of acoustics of automotive turbochargers, presented in 
Paper I and Paper II, was performed at Royal Institute of Technology (KTH) 
Competence Centre of Gas Exchange (CCGEx) in Sweden. Within the laboratory of 
KTH CCGEx, acoustic test-rig was developed and used for complete acoustic 
characterization of automotive turbochargers. In particular, the passive and active 
acoustic effect of turbocharger compressor and turbine was investigated by 
implementing the acoustical two-port theory presented above. 

A turbocharger is a force induced device to afford greater power output from an 
engine of given size. This increase in power output, compared to the naturally 
aspirated engines, is achieved because of the forced air (also proportionally more 
fuel efficiently burned) in the combustion chamber and can be expressed by the 
following equations [34]: 
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where P  and T  are the power and torque output of the engine, f  and v  the fuel 

conversion and volumetric efficiencies, HVQ  is the lower fuel heating value, a  is 
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the inlet air density and /f aF  is the fuel/air ratio. As can be seen, turbocharging will 

increase the maximum power and torque by increasing a , whereas the other 
parameters remain constant. 

In Figure 13, main parts of an exhaust driven turbocharger are shown. A 
centrifugal compressor is composed of a static inlet, an impeller with blades, a 
diffuser and a compressor housing (volute) to direct compressed air to the engine. 
The turbine wheel, used to convert exhaust energy into shaft power to drive the 
compressor, is surrounded by the turbine housing that collects exhaust gases and a 
nozzle with standing or moving blades, to direct them to the turbine wheel.  
 

 
 
Figure 13. Cut-away view of a turbocharger with a centrifugal compressor (left) and a radial 
turbine (right) 
 

 
 
Figure 14. Turbocharger rotor assembly with the characteristic parameters 
 
The main components of the rotor assembly are impeller, rotor and connecting rod 
(see Figure 14). The inducer diameter is defined as the diameter where the air enters 
the wheel and the exducer diameter where the air exits the wheel. Based on 
aerodynamics and air entry paths the inducer for a compressor wheel is the smaller 
diameter, whereas for a turbine wheel the inducer is the larger diameter. Trim is a 
common term used to express the relationship between the inducer and exducer. For 
both, turbine and compressor wheels, trim is calculated as: 
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 2( / ) 100 .Trim Inducer Exducer                                 (40) 
 
Another geometric characteristic used to describe turbocharger housing size is A/R 
(Area/Radius - see Figure 15) ratio, defined as the inlet (for compressors discharge) 
cross-sectional area divided by the radius from the turbocharger connecting rod 
centerline to the centroid (perpendicular of that area). 
 

 
 
Figure 15. Illustration of housing showing A/R ratio 
 
In order to describe the performance characteristics of a particular turbocharger, the 
compressor and turbine maps are introduced. In Figure 16 an example of typical 
compressor map with the main components is shown. 
 

 
 
Figure 16. Example of the parts of the compressor data map 
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Corrected mass flow rate on the x-axis of the compressor map in Figure 16 
represents the mass of air flowing through a compressor per second and can be 
calculated as: 
 

 *
1 1( 273.15) / 302.78 / ( / 96.17) ,c cW W T p                    (41) 

 
where 1cT  is the temperature and 1cp  is the absolute pressure in compressor inlet 
respectively. Pressure ratio on the y-axis is defined as the absolute outlet pressure 
(compressor discharge pressure) divided by the absolute inlet pressure. Turbocharger 
speed lines are lines of constant speed and between these lines, speed can be 
estimated by interpolation. By increasing the turbocharger rotational speed, the 
pressure ratio- and/or mass flow rate increases. These three parameters have mainly 
been used in this thesis to describe the operational points of the turbocharger during 
the acoustic measurement. 

The surge line is defined as the left hand boundary (see Figure 16) of the 
compressor map. The region on the left of this line represents flow instabilities and 
can lead to premature turbocharger failure due to heavy thrust loading. To keep the 
compressor out of surge bypass or blow-off valves are used. These valves allow the 
airflow, at critical conditions, to be re-circulated back to the compressor inlet or 
directed to the atmosphere. 

The choke line is the right hand boundary of the compressor map (see Figure 16). 
Choke is typically defined by the line where the efficiency drops below a certain 
level but also related to the fact that choked flow conditions are reached. Beside the 
surge line on the left and choke line on the right, the compressor map is also limited 
by the maximum rotational speed line on the top. 

Finally, efficiency lines are concentric regions on the maps where the line near 
the center represents peak efficiency and as the rings move out from center, the 
efficiency drops until the surge and choke limits are reached. The most efficient area 
is typically indicated by the line between the surge and choke line. 

The acoustic test-rig for automotive turbocharger, developed at KTH CCGEx 
laboratory, was operated by supplying turbine with dried compressed air. Test-rig 
was connected with the compressors and tanks stored away from the laboratory 
through a duct system. In order to run the test-rig in stable conditions the installation 
was capable to maintain a stable mass-flow up to 0.5 /m kg s  with pressure 
fluctuation less than 1%. In addition to the flow rate measurements in acoustic rig, 
the mass flow rate of the compressed air was also accurately measured by a hot film 
flow meter (ABB FMT500-IG) connected to the laboratory inlet line. In the 
laboratory, upstream the test-rig, the air passes an 18 kW electric heater connected to 
the duct-work. The temperature of the compressed air entering to the turbine was 
increased up to 100 °C to avoid the temperature from dropping below the dew point 
downstream the turbine. The temperature of the compressed air was automatically 
set and maintained by a custom-built PID controller module with temperature 
fluctuations less than 1%. The status of the acoustic test-rig, developed during the 
studies, is shown in Figure 17.  
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Figure 17. Photo of the test facility in KTH CCGEx laboratory implemented for 
investigations of automotive turbochargers 
 
Experimental characterization of the acoustical properties of turbochargers is a 
challenging task, especially at the operating conditions where devices like 
turbochargers are designed to work. The test-rig was designed for complete acoustic 
characterization, including both the compressor and turbine of the turbocharger. To 
apply the acoustic two-port measurement technique a number of aspects had to be 
considered. Because of the harsh environment inside the duct, stronger acoustic 
excitation had to be developed in order to improve the signal-to-noise ratio, 
especially for turbine measurements. Other improvements were related to the quality 
of the measured data by implementing a two-source method with simultaneous 
excitation and better anechoic terminations. Measurement system was developed as a 
fully automated, where all test parameters (temperatures, pressures, RPM, flow 
speeds etc.) were saved automatically for later analysis. 
 
 
2.1.2 Test-rig for measuring acoustic properties of CC elements 
 
In Paper III, a dedicated test facility (see Figure 18) was designed in Tallinn 
University of Technology (TUT) research laboratory of Chair of Automotive 
Engineering, to determine the acoustic two-port data of the catalytic converter 
honeycomb elements (see Figure 29) in realistic operating conditions. The 
honeycomb was mounted into the test section by using the flanged steel ducts so that 
the duct diameter was constant (42 mm) for all the samples. 

To measure the CC elements close to realistic operating conditions, air flow up to 
60 m/s was generated by using the two-stage high pressure blower. Directly after the 
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blower, electric heater unit was used to heat the flow up to 200 °C. Pitot-tube and K-
type thermocouples were centrally mounted into the center line of the test duct for 
the flow and temperature measurements. Water-cooled piezo-resistive pressure 
transducers, conditioned and amplified by the dynamic signal analyzer, were used to 
perform the acoustic wave decomposition. Acoustic excitation was provided by 
using an electro-dynamic drivers and WN signal. Signal acquisition and the acoustic 
excitation were controlled by PC-based virtual instrument developed in LabVIEW. 
 
 

 
 
Figure 18. Drawing (left) and picture (right) of the experimental set-up test section, designed 
for acoustic characterization of catalytic converter samples in hot mean flow conditions 
 
 
2.1.3 Test-rig for open duct termination 
 
In Paper IV, a dedicated test-rig (see Figure 19 and Figure 20) was developed in 
TUT, research laboratory of Chair of Automotive Engineering, to investigate the 
acoustic wave reflection in air jets with temperatures ranging from room temperature 
up to 200 °C and flow speeds up to 130 m/s ( 0.3)M  . Measurements were carried 
out in a 2.0 m long stainless steel circular test duct with an inner diameter of 

0.042 md   and 1.5 mm wall thickness. A jet exhausting out of the termination was 
generated by high pressure centrifugal blower (Kongskilde 300TRV) driven by a 
22 kW electric motor. The outlet from the blower was equipped with a vibro-damper 
and a commercial ventilation silencer to suppress the flow fluctuations. To heat the 
airflow originating from the blower a 22.5 kW  electric heater unit, installed to the 
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stagnation chamber with a volume of 30.15 m , was used. The temperature of the 
exhausting jet was automatically set by a custom-built PID controller module. 

Acoustic excitation was provided by an electro-dynamic driver (DAS ND-8) via 
the power amplifier (Velleman VPA2100MN). Electro-dynamic driver, mounted into 
a side branch of 0.2 m and diameter of 0.042 m, positioned 30 duct diameters away 
from the duct opening allowed to assume fully developed turbulent flow profile. The 
driver was controlled by custom built software based signal generator (LabVIEW).  

To measure acoustic and static pressures, ¼ inch piezo-resistive pressure 
transducers (Kulite WCT-312M-25A) with signal conditioner (Dewetron) were used. 
The pressure transducers were flush mounted to the inner duct walls and evenly 
distributed around the duct cross-section. Due to the high temperature conditions 
during the tests (200 °C) all the sensors were water cooled. Signal acquisition was 
performed by a NI signal analyzer PCI-4474 and a purpose built PC based virtual 
instrument in LabVIEW. 
 

 
 

Figure 19. A sketch of the experimental set-up for the measurements in TUT 
 
 

 
 
Figure 20. A photo of the experimental set-up used for the measurements of acoustic wave 
reflection at the duct termination 
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To further improve the quality of the measured acoustic data, measurements were 
performed in a room with sound absorbing walls and ceiling. In addition, sound 
reflection from the floor [35] and duct wall vibrations induced by electro-dynamic 
driver [15] were considered. 

Accuracy of the measured reflection coefficient also depends on the determined 
state conditions e.g. temperature, speed of sound, flow velocity etc. For the 
experimental determination of flow profile a Pitot tube with outer diameter of 3 mm 
and inner diameter of 1 mm together with micro-anemometer (Delta Ohm HD 
2164.0) was used. The flow velocity profiles perpendicular to the centre axis of the 
duct were determined at the transducer reference cross-section, at points evenly 
distributed over the diameter of the duct. Another thermometer (TES-1312) with a 
K-type thermocouple was used to determine the room temperature. 

If the properties of the gas (e.g. air) are known, simple empirical equations can be 
used to calculate the speed of sound. In a number of practical applications however, 
due to unknown or non-stationary gas chemical content, temperature, pressure and 
humidity, the actual wave numbers are unknown. To obtain the acoustic pressure 
wave amplitudes and speed of sound, a three-microphone procedure (see equations 
(13 - 15)) can be used. To evaluate the theory, experiments were performed for three 
different gas environments (argon, air, helium) [13]. In addition to the speed of 
sound, the theory can be also applied in flow ducts to determine the flow velocity. 
 
 
2.1.4 Acquisition and control system 
 
Due to the complexity of the measurement process a purpose built program for data 
acquisition (DAQ), post processing and measurement control was developed (see 
Figure 21). Developed programs, for the measurements in Papers I-IV, were 
operated via the National Instruments (NI) measurement hardware and PC based 
virtual instruments programmed in LabVIEW. 
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Figure 21. GUI  for the turbocharger test-rig 
  
Together with NI cRIO, different modules were used for data acquisition. For 
acoustic and static pressure signals acquisition NI 9234 and NI 9205 modules were 
used. The NI 9211 module was used to measure thermocouple signals from K-type 
thermocouples. In order to monitor rotational speed an eddy-current speed 
measurement system (DZ135) together with the NI 9401 module was used. 

To control the loudspeakers, sine wave and random acoustic excitation was 
provided by software based signal generators in the NI cRIO through the NI 9263 
module. This solution gave the flexibility to entirely control drivers e.g. by applying 
phase shift technique, source level calibration, parallel excitation technique, MSS 
technique etc. NI 9263 module was also used to adjust the boost pressure by using an 
electronically controlled throttle valve. 

To increase the accuracy the entire measurement process was computer-based and 
fully automated. Besides acoustic data, all the parameters were monitored in real 
time and saved for later analysis. An example of deviation in measurement 
conditions during the averaging of acoustic data can be seen in Figure 22 and 
Figure 23. During the measurements all calculated results were plotted in real time - 
directly after the measured data was available.  
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Figure 22. Temperature drift in the turbocharger compressor inlet duct: measured 
temperature (blue solid line) and averaged temperature (red dashed line) 
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Figure 23. An example of deviation of the turbine operating point during a measurement 
 
 
2.2 Acoustics of turbochargers 
 

The acoustics of any fluid machine [19], for instance a turbocharger, can be 
separated in to the active and passive part. The passive properties (reflection and 
transmission) refer to the scattering of acoustic waves, while the active represents the 
sound generation of the machine. The reflection and transmission at a fluid machine 
will be affected both by variations in geometry (area changes) as well as changes in 
temperature (speed of sound) and density, in addition flow related losses will create 
acoustics losses. The transmission part of the scattering, often expressed in dB-s as a 
so called transmission loss (TL), can be directly related to the damping of sound 
waves passing the machine. For turbochargers one issue of interest is the added 
damping for pressure waves originating from the engine. This means that for the 
turbine the TL in the downstream direction and for the compressor in the upstream is 
of interest. A turbocharger is also a sound source producing high frequency 
aerodynamic noise. Because of the relatively good damping characteristics of 
modern silencers on the exhaust side, the noise of the turbocharger is believed to 
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mainly originate from the intake side. Although the noise from the compressor can 
effectively be reduced by air intake filters, high frequency tones can still radiate from 
the ducts connected to the compressor. 

Relatively few studies have been performed in the field of centrifugal 
compressors and much of the theory of the sound generation mechanisms comes 
from the study of axial fans. In the overview of turbocharger acoustics [36] Rämmal 
and Åbom included a summary of the aerodynamic sound generation mechanisms in 
rotating machines. In [37] Raitor and Neise performed an experimental study on a 
larger centrifugal compressor and measured the radiated sound field up to 50.000 
RPM. It was concluded, that the main aerodynamic noise generating mechanisms are 
tonal noise at BPF, buzz-saw noise and blade tip clearance noise. For normal 
operation the BPF is usually dominating the noise from turbochargers, in particular 
on the compressor side. This is true for heavy duty vehicles, but for light duty 
vehicles, because of the high RPM of the turbochargers, the BPF will be above the 
audible range. The buzz-saw noise appears at supersonic tip speeds and is associated 
with shock waves moving with the blades. This produces a set of harmonics at 
multiples of the RPM [37]. Tip clearance noise is associated with secondary flow 
effects around the blade tip or flow separation at the blade [37]. These effects are in 
particular important at low mass flow rates and close to the surge line and will cause 
a broad band peak typically at around 50% of the BPF. 

In Paper I and Paper II an investigation of automotive turbochargers acoustics is 
presented. In Paper I results for the passive acoustic effect are presented for three 
turbocharger compressors A, B and C (see below in Figure 24 and Table 1) and 
turbocharger B and C turbines. In Paper II analysis of active measurement results of 
the turbocharger B compressor are also presented. 
 

 

 
 
Figure 24. Photos of the turbine and compressor of turbochargers A, B and C 
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Table 1. Technical data of the three turbochargers investigated 
 

Turbocharger KKK K24 Garret GT1752 Garret GT1749V

A B C
Turbine
A/R ratio 0,41 0,47 0,42
Scroll inlet diameter [mm] 52 40 43
Approximate scroll length [mm] 300 285 380
Number of rotor blades 12 9 9
Radius of the rotor [mm] 29 22 21
Rotor length [mm] 21 20 25

Compressor
Scroll outlet diameter [mm] 41 43 38
Approximate scroll length [mm] 460 358 370
Number of rotor blades 6+6 6+6 5+5
Radius of the rotor [mm] 31 26 25
Rotor length [mm] 25 20 18  

 
Turbocharger A was a Volvo car turbocharger KKK K24, also used for the 
compressor passive measurements performed by Rämmal [38]. Compared to 
turbocharger A, turbocharger B was smaller in dimensions (see Table 1).  

Turbocharger C was a variable turbine geometry (VTG) type and both 
compressor and turbine passive properties were characterized. Three different 
turbine inlet geometry settings (VTG positions) were tested. First, the VTG was kept 
closed which is used in practice to raise the pressure upstream of the turbine, thus the 
exhaust gas energy is raised at low engine speeds. Secondly, a fully opened VTG 
position was used, corresponding to high engine speeds to avoid over-boosting and 
high engine backpressure. Thirdly, a position was chosen where the VTG was kept 
50% open. 
 
 
2.2.1 Passive part 
 
In order to determine the working conditions of the turbocharger an operating map 
provided by the manufacturers was followed (see Figure 16). Different static 
operating points (OP) were selected to systematically cover the region of the map 
where the turbocharger is normally operated. Transmission loss data up to the cut-on 
frequency at different operating points for turbocharger B compressor can be seen in 
Figure 25. 
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Figure 25. The transmission loss for the turbocharger B compressor where red line 
represents OP1, blue line is OP2, green line is OP3, grey line is OP4 and purple line is OP5, 
respectively 
 
All the results for the passive acoustic effect for turbocharger turbines and 
compressors are presented in Paper I and Paper II. In order to generalize and make 
results useful for any turbocharger independent of size (see Figure 26), the results 
were plotted against the Helmholtz-number ( 2 / )He ka fa c  . To calculate the 
Helmholtz number, an average value of the inlet and outlet duct data was used for 
the radius and the speed of sound. 
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Figure 26. The transmission loss results for different turbocharger compressors (upstream 
direction) and turbines (downstream direction) as a function of the Helmholtz-number 
 
In Paper I, based on Figure 26 it was concluded that for the low frequency region 
( 0.2)He   the transmission loss (TL) level, which is almost constant, is determined 
by the losses and the value will increase with mass flow. The mid-frequency region 
(0.2 0.35)He   gives an increase, which is determined by the inner free air volume 
of the unit that acts as a small expansion chamber silencer. This means, the larger the 
volume, the faster the increase. In the high frequency range ( 0.35)He   TL peaks 
start to appear, associated with resonances due to open/closed bypass gates and with 
cancellation associated with different sound paths through the blade sections [39]. 
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2.2.2 Active part 
 
In Paper II the sound generated by the compressor was investigated. Experiments 
were performed on the turbocharger B compressor to obtain the radiated pressure 
spectra. 

In Figure 27, a comparison of sound pressure spectral densities between OP3 and 
OP4 is shown. Two operating points have been measured by using the same mass 
flow rate but the RPM level was different. The difference between the results is 
mainly a shift in the blade passing frequency (BPF) peaks: 
 

 / 60 ,BPF n RPM                                             (42) 
 
where RPM is rotational speed per minute and n  is number of blades. Besides the 
impeller BPF, which was the main source of noise, RPM harmonics can be detected 
and the second highest mode was at double BPF. The broadband noise is more or 
less unchanged except for a 5 dB increase for OP3 on the outlet side. 
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Figure 27. Comparison of sound pressure spectral densities between OP3 (blue line) and 
OP4 (red line) in inlet side (left) and outlet side (right) 
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Figure 28. Comparison of sound pressure spectral densities between OP4 (red line) and OP5 
(blue line) in inlet side (left) and outlet side (right) 
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A comparison of sound pressure spectra densities between OP4 and OP5 (constant 
RPM) is shown in Figure 28. Close to the surge line (OP5) the tip clearance noise 
becomes more dominant. Up to 10000 Hz the average difference between the OP4 
and OP5 auto-spectrum levels is as large as 20 dB. 
 
 
2.3 Catalytic converters (CC) 
 
In order to correspond to more strict exhaust emission standards, modern IC engine 
has to be coupled with CC elements. Although the main purpose of CC is to reduce 
harmful emission by chemical reactions to convert toxic combustion products to 
less-toxic ones, they will also affect the acoustic emission of the IC engine. To meet 
legislations for the noise emission it is important to design effective acoustic systems 
where the knowledge of the sound propagation in these elements is essential. 

The purpose of the study in Paper III was to develop a measurement technique to 
provide an accurate data for further numerical studies. Instead of measuring 
complete unit, the element from the CC was detached and studied separately by 
giving an opportunity to measure acoustical performance caused by the viscous-
thermal losses in the narrow tubes. For the investigation, two different CC 
honeycomb materials (ceramic and metal core) were used (see Figure 29), both with 
the same length (76 mm) and cell density (400 CPI). Measurements were carried out 
up to flow velocity typical for exhaust duct of operating IC-engines. Due to the 
limited heating capacity, the temperature used for the measurement reached up to 
200 °C, representing conditions typical for engine idling. 

 

 
 
Figure 29. A photo and magnified microscope image of the catalytic converter samples 
studied; ceramic core (left) and metal core (right) 

 
In Paper III the experimentally determined transmission loss results for ceramic 

and metal core catalytic converter elements are presented (see Figure 30). Compared 
to the metal core, ceramic CC element offers a relatively higher transmission loss 
with maximum attenuation up to 7-8 dB around 1000-1200 Hz. By increasing the 
mean flow velocities, the transmission loss tends to increase over the frequency band 
for both CC cores, because of the losses in the flow separation in capillary tubes. For 
ceramic honeycomb a peak shift for higher frequencies by increasing the temperature 
can be explained by the change of speed of sound in the measurement section. 
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Figure 30. The acoustic transmission loss measured for the ceramic (left) and metal (right) 
core: 20 °C and 0 m/s (dashed green line, circles), 20 °C and 60 m/s (solid blue line, 
triangles), 200 °C and 60 m/s (dotted red line, stars) 
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Figure 31. The acoustic coefficients experimentally determined for the ceramic (left) and 
metal (right) catalytic converter core: 20 °C and 0 m/s (solid line), 20 °C and 60 m/s (dashed 
line), dissipation (red line, quadrates), reflection (green line, triangles), transmission (blue 
line, circles) 
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Figure 32. The acoustic coefficients experimentally determined for the ceramic (left) and 
metal (right) catalytic converter core: 20 °C and 60 m/s (solid line), 200 °C and 60 m/s 
(dashed line), dissipation (red line, quadrates), reflection (green line, triangles), transmission 
(blue line, circles) 
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In Figures 31 and 32, the influence of the flow velocity and temperature to the 
acoustic coefficients is presented. The dissipation effect tends to be insensitive to the 
flow speed, but exhibits a frequency shift due to the increased temperature. Small 
reflection of the pressure waves of the sample elements shows almost a negligible 
dependency on the flow speed and temperature, referring to the behavior similar to a 
dissipative type of silencer. 
 
 
2.4 Open duct terminations 
 
Knowledge of the open end reflection properties is important to determine the 
acoustic behaviour of systems ranging from wind instruments to exhaust systems of 
internal combustion engines. In many applications flow and high temperature 
conditions are involved, adding complexity to the problem. 

Despite of several investigations in this field, there is still a lack of experimental 
data available. In Paper IV experimental investigations of the acoustic plane-wave 
reflection have been carried out for Mach number up to 0.3 for cold jets and up to 
0.12 for jet temperature of 200 °C, in order to validate an existing theory on sound 
reflection from duct openings. 

Although there are several analytical models available to calculate the sound 
reflection at an open duct termination [40-42], the most general is the one proposed 
by Munt [40], which has been referred to in many investigations [5, 15, 43]. In 
Munt`s theory [40] the influence of the Mach number on the sound reflection 
properties at the duct termination was analytically studied by using a linear theory 
and including a so called Kutta condition. Munt’s model was first to predict values 
for the plane-wave sound reflection coefficient, that exceed unity at low frequencies 
in a presence of mean flow. Although it is believed that the Munt model [40] is 
presently the most accurate available and often used for predictions of acoustical 
properties of duct terminations, it is still only partly validated by published 
experimental data. 

Some earlier experimental investigations show a good agreement with Munt´s 
model under cold jet conditions, see e.g., Allam and Åbom [5], where reference data 
was published for mean flow conditions at 0.2M   and 1.3k a   for the room 
temperature air flow. In addition, a successful validation of the Munt theory was 
performed by Rämmal and Lavrentjev [44] up to 500 °C for very low flow speeds 
 5 m / sU  . The purpose of the experimental study in Paper IV was to further 

extend the data range as reported in [5, 44]. A dedicated test facility, described 
above, was designed to generate hot flow with Mach numbers up to 0.3 and 
temperature up to 200 °C and to determine accurate reflection coefficient values. 

The experiments in Paper IV have been performed at different jet temperatures 
and Mach numbers, as summarized in Table 2. By following the Munt’s model [40] 
the non-dimensional quantities (Ω, C) characterising the test conditions are also 
presented hereby.  
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Table 2. Physical properties of the experimental cases studied 
 

Case U cl  [m/s] T  [°C] c  [m/s] M Ω C Fig. marker

1 2 46 359 0.005 1.08 1.04  + + +

2 65 46 359 0.15 1.08 1.04 
3 130 46 359 0.30 1.08 1.04 

4 65 200 436 0.12 1.60 1.27 

 
_______


  

 
In Figure 33 the measurement results for the magnitude and phase of the reflection 
coefficient for all the flow cases (see Table 2) are plotted as a function of the 
Helmholtz number  2 /ka fa c  and compared with Munt`s theory [40]. To solve 

the theory of Munt [42] numerically the MATLAB® routine from In `t Panhuis [45] 
was used. 

A good correlation between the measured and calculated values (see Figure 33) 
was achieved up to cut-on frequency. When the Helmholtz number approaches zero 

 0ka  , the magnitude of the reflection coefficient becomes unity  =1R , as 

found by Munt [40]. For intermediate Helmholtz numbers, reflection coefficient 
values above unity  1R   are observed. In [40] this phenomenon was explained by 

the transfer of kinetic energy of the flow to the acoustic field via the interaction of 
the unstable vortex sheet at the lip of the duct, resulting in increased transmitted 
sound through the open end. For high Helmholz numbers ( cut-on)He  the 
magnitude of the reflection coefficient decreases for all the test cases due to the more 
efficient radiation from the duct opening to the far-field. For higher jet temperatures 
the maximum of the magnitude of the reflection coefficient is slightly shifted to a 
lower ka value and more efficient radiation from the duct opening for higher ka 
values can be seen. 

The value of the end-correction in Figure 33 is strongly dependent on the flow 
rate. For all flow cases studied, in a small Helmholtz number range ( 0)ka  , the 

value of end-correction approached to the value of 2/ 0.2554 1a M   , as 
predicted by Rienstra [41]. For higher Helmholtz numbers ( cut-on)ka  the values 
of the end-correction move toward the no flow result predicted by Levine and 
Schwinger [46]. By increasing the jet temperature compared to the ambient, higher 
end-correction values for intermediate Helmholtz number range can be seen. For the 
measurement case 4 (see Table 2), end-correction values above the value of no flow 
case predicted by Levine and Schwinger [46] can be seen. 
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Figure 33. The magnitude and the end-correction of the reflection coefficient for an open 
duct termination as a function of the Helmholtz number 2 /ka fa c  presented for different 

Mach numbers. Experiments: +, 1.04C   and 0.005M  ; , 1.04C   and 0.15M  ; ○, 
1.04C   and 0.3M  ; , 1.27C   and 0.12M  . Munt’s theory:     , 1.04C   

and 0.005M  ; _______ , 1.04C   and 0.15M  ;    , 1.04C   and 0.3M  ;  , 
1.27C   and 0.12M   

 

In Figure 34 the results of the reflection coefficient in a Strouhal scale  /St ka M  

are presented. For all the flow cases the peak value of the magnitude of reflection 
coefficient appears at / 2St  , which agrees with the theory presented by Munt 
[40]. For the end-correction, the results tend to collapse into a single curve for a low 
Strouhal number. 
 

 
 
Figure 34. The magnitude and end-correction of the reflection coefficient for an open duct 
termination as a function of the Strouhal number /St ka M . Experiments: , 1.04C   

and 0.15M  ; ○, 1.04C   and 0.3M  . Munt’s theory: _______ , 1.04C   and 0.15M  ; 
   , 1.04C   and 0.3M   
 
In Figure 35, the magnitude of the acoustic reflection coefficient is presented as an 
energy reflection coefficient [47]. For low flow speeds ( 0)M  , almost all the sound 

energy is reflected for low Helmholz numbers  0ka  . This is in accordanece with 

the theory of Levine and Schwinger [46] where the complete reflection at the duct 
end without any acoustic radiation from the duct opening to the surrounding is 
predicted.  
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The reflection of acoustic energy is strongly dependent on the presence of mean 
flow. For low Helmholtz numbers the value for the energy reflection coefficient is 
decreased by increasing the flow velocity. For intermediate Helmholtz number the 
value of the reflection coefficient increases up to a certain maximum value. This is a 
clear indication of sound absorption by vorticity shedding described by Bechert [48], 
Howe [49] and modelled by Munt [40]. After the reflection coefficient maximum 
value the duct termination starts to radiate acoustic energy more efficiently to the 
far-field, which can be confirmed by the lower reflection coefficient values for high 
Helmholtz numbers. It can be also noticed that for the maximum Helmholtz number 
( cut-on)He  the value for the reflection coefficient becomes close to 0 ( 0)ER   
for all the cases measured. For the high temperature case a higher energy reflection 
value at low Helmholtz numbers can be observed, indicating a weaker interaction 
between the acoustic field and the vorticity.  
 

 
 
Figure 35. The magnitude of the energy reflection coefficient for an open duct termination as 
a function of the Helmholtz number 2 /ka fa c . Experiments: +, 1.04C   and 

0.005M  ; , 1.04C   and 0.15M  ; ○, 1.04C   and 0.3M  ; , 1.27C   and 

0.12M  . Munt’s theory:     , 1.04C   and 0.005M  ; _______ , 1.04C   and 
0.15M  ;    , 1.04C   and 0.3M  ;  , 1.27C   and 0.12M   
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CONCLUSIONS 
 
In this thesis the methods to study sound propagation in automotive duct systems 
have been in focus where the experimental investigation was performed on 
automotive turbochargers, catalytic converters and duct termination. The thesis is 
based on four published papers. 
 
The following are the main conclusions of the current study: 
1. The two-port measurement method was improved in order to apply methodology 

in harsh measurement conditions. To improve the data quality special 
techniques, such as phase matching the acoustic drivers output, simultaneous 
driving of two external loudspeakers, multi-step sine method and the three-
microphone technique were developed and implemented. 

2. A unique acoustic turbocharger test facility was developed, together with the 
experimental procedures, to determine 2-port data for both the compressor and 
turbine side. Results from a number of tests on three different automotive 
turbochargers are given and used to draw general conclusions on the behavior of 
the transmission loss curves by making it applicable for any operating conditions 
or turbocharger geometry. 

3. Sound generation mechanism from automotive turbochargers has been 
determined and described. Concerning the measurement of acoustic power the 
main interest is beyond the plane wave range. For this range an approach based 
on using the microphone array already installed for the two-port measurements 
has been proposed and tested. Also the importance of losses to explain the low 
frequency transmission loss is pointed out and demonstrated by a simple quasi-
stationary model. 

4. Acoustical properties of ceramic and metal catalytic converter have been 
presented. Instead of complete catalytic converters, only the honeycomb 
elements were experimentally investigated. This study represents the first 
complete acoustic characterization and comparison of catalytic converter 
honeycomb types in different operating conditions (up to 60 m/s and 200 °C). 

5. The magnitude and end-correction of the reflection coefficient, covering the full 
plane wave range for circular duct termination, was experimentally determined. 
A dedicated test facility was designed to generate flow up to Mach numbers 0.3. 
Compared to previous publications the measurement range is considerably 
extended in terms of temperature ( 200 )T C   and flow velocity ( 0.12)M  . It 
was demonstrated that experimentally obtained reflection coefficient values for 
hot flow conditions agree with the well-known theoretical model developed by 
Munt. 

6. To improve the accuracy the transducer calibration with flow was proposed and 
implemented. It was shown that together with the over-determination and 
method improvements described above, it is possible to carry out precise 
measurements of the acoustic properties in flow ducts. 
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Future research 
Concerning the investigation of turbocharger acoustics an interesting continuation 
of the study would be to extend the test range to higher sound pressure levels (> 150 
dB) in order to estimate non-linear wave interaction effects. This cannot be done by 
using electro-dynamic drivers, instead different, more powerful pulsation sources 
e.g. oscillating valves must be used. For the active part or sound generation from 
the turbochargers, the thesis described a method based on an average of the pressure 
cross-spectra, to estimate the auto-spectrum of the modes propagating out from the 
source. Here, new methodologies can be applied to study in more detail e.g. how 
phenomena such as surge affects the emitted noise signature. 

An interesting continuation of the study of catalytic converters would be to use 
experimental data in order to validate the existing models of sound propagation in 
narrow tubes. 

The next step for the investigation of reflection at open duct termination 
would be to experimentally determine the acoustic plane-wave reflection 
coefficient for high subsonic jet speeds or using different gases with different 
acoustic properties for jet and the ambient room. Also, an investigation with 
different duct opening geometries would be an interesting continuation of the 
research. 
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ABSTRACT 
 
“Experimental Acoustic Characterization of Automotive Inlet and Exhaust 
System” 
 
This PhD thesis is based on four original publications which are also presented in the 
annex. The thesis examines and improves experimental methods for car intake and 
exhaust systems acoustic research, taking into account the complex physical 
conditions present in the system. The research was carried out in Tallinn University 
of Technology (TUT), Chair of Automotive Engineering, in collaboration with the 
Royal Institute of Technology (KTH), the Competence Centre of Gas Exchange 
(CCGEx), Sweden. 
 
The main objective of the thesis was to develop experimental acoustic methods, 
used to determine acoustic properties of induct elements. The aim was to investigate 
both the passive (sound reflection and attenuation) and active (sound generation) 
properties of the induct elements. The improved test methods are necessary to obtain 
acoustic data in high temperature, high flow velocity, high static pressure and high 
sound pressure level conditions. For the experimental investigation, improved 
measurement techniques were applied in harsh measurement conditions by using the 
following car intake and exhaust system components: turbocharger, catalytic 
converter and duct termination. 
 
The thesis consists of two parts. In the first part of the thesis, an analysis of the 
acoustic experimental methods used to characterize induct elements is presented and 
their applicability in harsh measuring conditions in investigated. In order to improve 
measurement methods, by reducing measurement error and measurement time, a 
number of modifications e.g. parallel excitation method, improved acoustic sources, 
multi stepped sine excitation technique and transducer calibration with flow, were 
proposed. 

In the second part of the thesis, the improved measurement techniques were 
experimentally tested on three different automotive inlet and exhaust system 
components. First, the unique experimental test facility with automated data 
acquisition system was designed at KTH CCGEx and used to study sound 
transmission through automotive turbocharger compressors and turbines at different 
operating conditions. Experimental procedures to determine the acoustic two-port 
data, together with techniques such as phase matching of the loudspeaker outputs to 
improve the quality of data, were introduced. For the passive acoustic effect, results 
were presented from a number of experiments on three different modern automotive 
turbochargers. Moreover, the results were re-plotted against the Helmholtz number 
and general behaviour of the transmission loss curves was drawn in order to make it 
useful for any turbocharger independent of the size. In Paper II, for the passive 
acoustic effect of the automotive turbocharger a simple quasi-stationary model was 
proposed to explain the unsymmetrical behaviour of the transmission loss (up- 
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versus downstream), related to the losses in the system. It was also suggested to 
apply a power balance in future works to study if there are regions e.g., close to the 
surge, where the compressor can amplify incident sound waves. The active part or 
the sound generation was also studied by using an average based measured pressure 
cross-spectra and the method is applied to study sound produced by a turbocharger 
compressor at various operating points. 

In the experimental investigation of catalytic converters two different elements, 
ceramic and metal honeycomb cores, were acoustically characterized. The 
attenuation of sound was determined close to realistic operating conditions. The 
experiments were carried out with the mean flow velocities (up to 60 m/s) selected to 
cover a typical flow velocity range from idling to the maximum load of internal 
combustion engine. Since the heating capacity of the test rig was limited, the 
maximum temperature of the flow was set to 200 °C, which represents the conditions 
typical for engine idling. To the authors knowledge, this study represents the first 
complete acoustic characterization and comparison of catalytic converter honeycomb 
types in a variety of operating conditions, by using the acoustic coefficients derived 
from the scattering matrix elements of the two-port. 

Finally, an over-determined two-microphone procedure for measurements in hot 
flow ducts was proposed. Measurements to determine the acoustic plane wave 
reflection coefficient and phase of the reflected wave for a circular duct were 
performed for flow velocities up to 130 m/s and jet temperatures up to 200 °C. The 
results were compared with the theory of Munt and a good agreement was found. 
This was the first validation of the theoretical model developed by Munt in high flow 
and high temperature conditions.  
 
The main results of this thesis: 

1. Modified acoustic sound sources are developed, which allows them to be 
used at high temperature and high static pressures conditions. It was shown 
that measuring with sound sources and using the phase matching outputs, it 
is possible to significantly increase the power output of sound sources and 
therefore, their usability for test objects with high background sound 
pressure levels. 

2. It was proved experimentally, that parallel excitation method and multi 
stepped sine excitation technique can reduce measurement time; 

3. For the first time the sensor calibration was performed directly in 
measurement position and in measurement conditions to reduce 
measurement error. 

4. Complete passive acoustic characterization of automotive turbochargers was 
performed in a range where turbocharger was designed to work in practice. 
To make the results useful for any turbocharger, independent of size, a 
generalized solution in Helmholtz scale for transmission loss was given. 

5. Noise radiation from turbocharger beyond the plane wave range was 
determined by using a method where an average of the pressure spectra was 
calculated, by using the same three transducers in the inlet and outlet side as 
for the passive measurements. 
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6. For the investigation of automotive catalytic converters the results represent 
the first complete acoustic characterization of catalytic converter honeycomb 
types in a variety of operating conditions, typical for internal combustion 
engine. 

7. By using the advanced test methods the sound reflection from open duct 
termination in high flow and high temperature conditions was determined.  
Experimentally determined result is also the first experimental validation of 
Munt’s theory for hot flow conditions. 

 
Keywords: reflection coefficient, sound scattering, sound source, internal 
combustion engine, inlet system, exhaust system, flow duct, turbocharger, 
compressor, turbine, catalytic converter, duct termination. 
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KOKKUVÕTE 
 
"Autode sisse- ja väljalaskesüsteemi akustilised katsetusuuringud" 
 
Käesolev doktoritöö baseerub neljal publitseeritud artiklil, mis on esitatud ka töö 
lisas. Doktoritöös uuritakse ja täiustatakse katsetusmeetodeid autode sisse- ja 
väljalaskesüsteemide akustilisteks uuringuteks, arvestades seal esinevaid keerulisi 
füüsikalisi tingimusi.  Uurimistöö viidi läbi Tallinna Tehnikaülikooli (TTÜ) 
autotehnika õppetoolis koostöös Rootsi Kuningliku Tehnoloogiainstituudi (KTH) 
gaasivahetussüsteemide kompetentsikeskusega  (CCGEx). 
 
Doktoritöö põhieesmärk on edasi arendada katsetusmeetodeid kanalisüsteemide ja 
nende  elementide akustiliste parameetrite määramiseks. Eesmärgiks oli uurida nii 
passiivseid (peegeldus, sumbumine) kui ka aktiivseid (heli kiirgamine) parameetreid. 
Parendatud katsetusmeetodid on vajalikud kasutamaks neid kõrge temperatuuri, 
suure voolukiiruse, kõrge staatilise rõhu ja kõrge helirõhu taseme korral. Eesmärgiks 
oli kontrollida täiustatud meetodeid, rakendades neid auto sisse- ja 
väljalaskesüsteemis turbolaaduri, katalüsaatorseadme ning süsteemi väljundava 
akustiliste parameetrite uurimisel. 
 
Doktoritöö esimeses osas on analüüsitud kanalites rakendatavaid akustilisi 
mõõtemeetodeid  ja uuritud nende rakendatavust keerukates mõõtetingimustes. Välja 
on pakutud lahendused meetodite täpsuse suurendamiseks ning mõõteaja 
vähendamiseks järgmiste täiustuste abil: väliste mõõte-heliallikate samaaegne 
kasutamine, täiustatud heliallikate ehitus mõõtmiseks rasketes tingimustes, 
samaaegne mõõtmine erinevates sageduspiirkondades, andurite otsene 
kalibreerimine mõõtepunktides tegelike mõõtetingimuste korral. 

Doktoritöö teises osas on täiustatud katsetusmeetodeid kasutatud ja kontrollitud  
auto sisse- ja väljalaskesüsteemi komponentide akustilistes uuringutes. 
Mõõteobjektina on kasutatud kolme sisse- ja väljalaskesüsteemi elementi: 
turbolaadur, katalüsaatorseade ning süsteemi väljundava. 

Turbolaadurite katsetusuuringud viidi läbi nende tegelikele töötingimustele 
lähedastel füüsikalistel tingimustel. Katsete läbiviimiseks on konstrueeritud 
mõõtestend  ja automatiseeritud andmekogumissüsteem KTH CCGEx laboris. 
Töötati välja mõõtmismetoodika heli leviku uurimiseks läbi turbolaaduri 
kompressori ja turbiini eesmärgiga kirjeldada turbolaaduri akustilisi omadusi. Töö 
tulemusena on läbi viidud kolme erineva turbolaaduri passiivsete akustiliste 
parameetrite määramine erinevates tööpunktides. Helmholtzi skaalal esitatud 
tulemused võimaldavad välja tuua üldistatud järeldused turbolaaduri akustilistest 
omadustest, sõltumata selle geomeetriast ja suurusest. On välja töötatud  teoreetiline 
mudel päri- ja vastuvoolu suunaliste akustiliste kadude ebasümmeetria uurimiseks 
turbolaadurites ning soovitatud kasutada akustilisel võimsusbilansil baseeruvat 
mudelit, millega on võimalik kirjeldada heli võimendumist turbolaaduris teatud 



58 

piirrežiimis. Lisaks akustiliste kadude kirjeldamisele on uuritud ka meetodeid 
turbolaaduri poolt kiiratava müra mõõtmiseks kuuldavas helisageduspiirkonnas. 

Katalüsaatorseadmete akustilistes katsetusuuringutes mõõdeti kahte 
katalüsaatoritüüpi: keraamilise ja metallist elemendiga katalüsaatorit. Mõõtmised on 
teostatud  füüsikalistes tingimustes, mis on lähedased katalüsaatorseadme tegelikele 
töötingimustele. Uuringutes kasutatud õhuvoolu kiirus ulatus kuni 60 m/s ja 
temperatuur kuni 200 °C, mis vastab minimaalsele katalüsaatorseadme tööks 
vajalikule väärtusele. Tegemist on esimese katseuuringuga, kus katalüsaatorelementi 
uuriti eraldi ilma seadme ümbrise ja ühendustorudeta. Katalüsaatori elementidi 
akustiliste omaduste iseloomustamiseks kasutati energiapõhiseid akustilisi 
parameetreid, mis arvutati akustilise hajuvusmaatriksi elementidest. 

Väljalaskesüsteemi väljundava akustiliste omaduste uurimisel vaadeldi helilaine 
peegeldumist erinevate voolukiiruste ja temperatuuride korral. Mõõtevea 
vähendamiseks moodustati helilainete levikut kirjeldavatest võrranditest ülemääratud 
maatriks, mis lahendati numbriliselt vähimruutude meetodil. Katseteks loodi 
unikaalne mõõtestend ning läbi viidi katsetused voolukiirusel kuni 130 m/s ja 
temperatuuril kuni 200 °C. Mõõtetulemusi on võrreldud Munt`i teoorial põhineva 
matemaatilise mudeliga, mis on esmakordne teooria kontroll nimetatud tingimustel. 
Mõõtmismeetodi täiustusena on välja arendatud tehnika erineva sagedustega 
helisignaalide rakendamiseks, mis võimaldab mõõtmise ajalist kokkuhoidu. Lisaks 
on tõestatud mõõtetäpsuse suurendamine juhul, kui mõõteandureid kalibreeritakse 
vahetult  mõõtetingimustes. 
 
Töö peamised tulemused on järgmised: 

1. On arendatud välja ja katseliselt kontrollitud modifitseeritud heliallikad 
akustilisteks mõõtmisteks, mis võimaldavad neid kasutada kõrgetel 
temperatuuridel ja suurte staatilite rõhkude korral. Tõestati, et kasutades 
heliallikate faasi ja võimsuse vastastikku kohandamist, on  võimalik 
oluliselt tõsta heliallikate summaarset võimsust ja seega nende kasutatavust 
uurimisobjekti kõrge helirõhutaseme korral. 

2. Katseliselt näidati, et mitme siinus-signaali samaaegne kasutamine mõõte-
heliallikas võimaldab oluliselt vähendada mõõteaega. 

3. Esmakordselt kalibreeriti mõõteandureid vahetult mõõtekohal tegelikes 
töötingimustes ja tõestati, et see võimaldab saavutada täpsemaid 
mõõtetulemusi. 

4. Mõõdeti turbolaaduri (turbiin ja kompressor) müra passiivsed akustilised 
omadused tegelikele töötingimustele lähedases olukorras. Esmakordselt 
võimaldavad mõõtetulemused Helmholtzi skaalal esitada üldistatud 
tulemusi kõigi turbolaadurite kohta. 

5. Mõõdeti turbolaaduri poolt kiiratud müra tasalaine levikust kõrgematel 
sagedustel. Parim tulemus saadi meetodiga, kus arvutati müraspektri 
kesktase, kasutades selleks samu andureid kui turbolaaduri passiivsete 
akustiliste parameetrite määramisel. 

6. Esmakordselt on mõõdetud väljalaskegaaside katalüsaatorseadme 
elementide akustilised omadused sisepõlemismootori väljalaskesüsteemile 
iseloomulikes tingimustes, kasutades energiapõhiseid akustilisi meetodeid. 
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7. Kasutades täiustatud katsetusmeetodeid,   uuriti heli peegeldumist kanali 
väljundavast kiire õhuvoolu ja kõrge temperatuuri tingimustes. Saadud 
tulemusi on võrreldud Munt’i teoreetilise mudeliga. Tegemist on 
esmakordse mudeli vastavuse kontrolliga samaaegse kõrge temperatuuri ja 
suure voolukiiruse korral. 

 
Märksõnad: akustiline peegeldus, akustiline sumbuvus, heliallikas, 
sisepõlemismootor, sisselaskesüsteem, väljalaskesüsteem, voolukanal, turbolaadur, 
kompressor, turbiin, katalüsaatorseade, kanali väljundava. 
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CURRICULUM VITAE 
 
1. Personal data 

Name    Heiki Tiikoja 
Date and place of birth  25.09.1981 Tallinn 
Citizenship   Estonian 
Marital status   Married 
Address     Paldiski mnt. 26A-16, Keila, Estonia 
Phone    +352 5153464 
E-mail    tiikoja@gmail.com 
 
2. Education 

 
3. Language competence 

Language Level 

Estonian native language 
English fluent C1 
Finnish average B2 
Russian basic skills A2 

 
4. Special courses 

Period Educational or other organisation 

14.09.11 – 15.09.11 
SIDLAB – Acoustic Design of Mufflers Course, KTH, 
Sweden 

03.07.10 – 05.07.10 
Summer School in Aeroacoustics in Low Mach Number 
Confined Flows, KTH, Sweden 

20.04.09 – 24.04.09 The CANTOR Advanced Course, Torino, Italy 
13.11.08 – 14.11.08 
29.09.08 – 30.09.08 

The Graduate School for Combustion Engineering 
(VINNPRO), KTH/ CCGEx, Sweden 

 
 
 
 
 

Educational institution Year Education 

Royal Institute of Technology 
(KTH), Stockholm 

2012 
Vehicle and maritime 
engineering, Licentiate degree 

Tallinn University of Technology 2007 Transport engineering, MSc 

Tallinn University of Technology 2005 
Mechanical engineering,  BSc, 
Cum Laude 

Saue Gymnasium 2000 Secondary education 
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5. Professional employment 

Period Organisation Position 

09.2012 – 07.2013 Tallinn University of Technology Assistant 
10.2009 – 12.2010 Tallinn University of Technology Researcher 
11.2007 – 10.2009 Tallinn University of Technology Extraordinary researcher 
 
6. Honors/awards 

Erik Petersohns Minne stipendium, KTH, 2010 
A scholarship for outstanding PhD student, TUT Development Foundation, 2009 
A scholarship for outstanding BSc student, TUT Development Foundation, 2004 
 
7. Thesis supervised 

Treimuth Tambet, MSc, „Control system design for an electro-magnetic brake in 
LabVIEW “, Tallinn, 2009 
Agnar Birk, MSc, „ Throttle flap drive projection to the motor“, Tallinn, 2008 
 
8. Main area of scientific work 

Technical acoustics. 
 
9. Other research projects 

Subject Nr of Project Duration 
Analysis and Development of Additive 
Manufacturing Processes 

ETF9441 01.01.12 – 31.12.15 

Optimal design of composite and 
functional material structures, products 
and manufacturing processes 

SF0140035s12 01.01.12 – 31.12.14 

Smart composites: design and 
manufacturing 

AR12139 01.07.12 – 31.12.14 

Experimental methods for acoustic studies 
of hot gas flows 

ETF7913 01.01.09 – 31.12.11 

Rapid Product and Process Realization - 
theory and methodology 

SF0142684s05 01.01.05 – 31.12.10 
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