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Abbreviations and symbols 
 

BPF  – Blade Passing Frequency 

CCGEx – The Competence Center for the Gas Exchange 

IC  – Internal Combustion 

MPP  – Micro-Perforated Panel 

SAE  – International Society of Automotive Engineers 

Mic.  – Microphone 

OP  – Operating point 

S-matrix – Acoustic Scattering Matrix 

SA  – Sound Absorbed 

SR  – Sound Reflected 

TL  – Transmission Loss 

 

 

A – area of the flow channel cross-section, m2 

D – diameter of the flow channel, m 

E – two by two unitary matrix 

G  – one sided cross-spectrum 

Gs – acoustic source cross-spectrum matrix, Pa2 

H – frequency response function 

Hm
(n) – Hankel function of n:th kind and m:th order 

K0 – acoustic wave propagation constant 

Lp – sound pressure level, dB 

M – mean flow Mach number 

Mg – the grazing flow Mach number of the micro-perforate 

N – Fast Fourier Transform of the measured pressure signal, Pa  

O – Fast Fourier Transform of the loudspeaker driving signal, V 

Qm – acoustic monopole source, s-2 

P – acoustic power, W 

R – acoustic reflection coefficient 

Re – the radius of the expansion chamber, m 

Rs – the surface resistance of the micro-perforated panel, Pa·s·m-1 

R – the reflection matrix of test rig terminations 
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S – acoustic scattering matrix 

Sp – acoustic power scattering matrix 

T – acoustic transmission coefficient 

T – transformation matrix of acoustic wave 

Z – normalized acoustic impedance 

Pr – Prandtl number 

 

a – the cross-section height of the rectangular channel, m 

c – the speed of sound, m·s-1 

d – the slit width of the micro-perforated panel, m 

f – frequency, s-1 

i – unit imaginary number (݅ଶ ൌ െ1) 

k – wavenumber, m-1 

ks – the shear wave number of the aperture 

nr – the normal unit vector of the flow channel surface 

p – acoustic pressure, Pa 

pS – acoustic source strength vector, Pa 

qd – acoustic dipole source, N·m-3 

r – the radius of the flow channel, m 

rs – the normalized acoustic resistance of slit type micro-perforated panel 

s – share wave number 

t – the thickness of the micro-perforated panel, m 

x – axial co-ordinate, m 

xs – the normalized acoustic reactance of slit type micro-perforated panel 

 

β – the grazing flow coefficient of the micro-perforated panel 

γ – the ratio of specific heats 

λ – eigenvalue 

µ – dynamic viscosity, Pa·s 

ν – kinematic viscosity, m2·s-1 

ρ0 – density, kg·m-3 

σ – the perforation ratio of the micro-perforated panel 

ω – angular frequency, s-1 
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Introduction 
 In modern automotive engine design, large part is determined by the European 
Commission emission limits known as Euro 6 [1] and customer demand for 
continuously reduced fuel consumption while still preserving the power output. 
The achievement of these contradictory goals requires conceptual changes in the 
classical internal combustion (IC) engine design. Therefore, today the concept of 
engine downsizing or right sizing, as it is known in truck engineering, is well 
adapted industry standard [2, 3, 4, 5]. The essence of the concept relays on 
reducing the IC engine capacity while increasing the charge air pressure [6]. As 
a consequence indicated fuel conversion efficiency is improved by increasing the 
indicated mean pressure. Although, the same result can also be achieved by rising 
the volumetric compression ratio, it is not preferable choice because of the higher 
combustion temperature, and thus increased NOx emissions. 

 The idea of implementing unexploited enthalpy of hot exhaust gases for 
driving the inlet charger dates from early 20th century aviation where the loss of 
air density in high altitudes resulted in the loss of the IC engine power output. 
Devices of such principle are referred to as turbochargers (Fig. 1) and generally 
they consist of turbine coupled to centrifugal compressor. While turbine 
transforms recovered enthalpy into mechanical energy, the centrifugal 
compressor utilizes this energy to provide high pressure charge air delivery. 
Nowadays in the IC engine industry, turbochargers are used for efficiency 
reasons, and thus they carry a key role in the engine downsizing concept [7, 8]. 

 
Figure 1. A photo of an automotive turbocharger cutaway and an unassembled 
compressor impeller. 

Radial in-flow turbine Hydrodynamic bearing assembly 

Compressor 
wheel (impeller) 

Diffusor 
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 A strong majority of automotive IC engines currently in the production are 
based on the downsizing concept and are equipped with turbocharger. Therefore, 
the number of turbochargers manufactured has increased during recent years 
tremendously. Nevertheless, the problem of having mass flux range of the 
compressor narrower than the engine demand, yet remained [8, 9 and 10]. In case 
of substantially downsized engine, the operation without high pressure charge 
results in the significant and unaccepted deficiency in power output. Moreover, 
future perspective is ultra-downsized engines [11] where the IC engine capacity 
is reduced even further, and thus the charge pressure must be even higher – three 
stages of turbochargers are planned in the concept! 

 The operating range of the centrifugal compressor is given by the 2D graph 
referred to as compressor map (Fig. 2). In the graph, horizontal axis denotes mass 
flow that is corrected according to the inlet temperature and pressure, while the 
vertical axis represents the ratio of total outlet pressure over the total inlet 
pressure. Consequently, the designed operating range is given as an “island” in 
the compressor map. Contours within the island indicate different efficiency 
levels of the compressor and solid lines across the map correspond to the constant 
rotational frequency of the rotor (Fig. 1). In addition, the island of the designed 
operating range is bounded by so called “surge line” at left hand side and a “choke 
line” at the right. 

 
Figure 2. The compressor map determining the designed operating range of the 
centrifugal compressor. 
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 In the designed operating range the compressor can provide continuous 
pressurized air delivery with acceptable efficiency.  Exceeding the mass flow 
range, bounded by the choke line, the efficiency of the machine drops. On the 
contrast, the whole system is driven into destructive unstable state as the flow is 
reduced beyond the barrier posed by the surge line. Therefore, current industrial 
practice is to add preventive safety margins on the compressor map which can be 
as large as 20%. This unexploited part of the mass flow range could be efficiently 
implemented if the inception of the surge phenomena could be precisely predicted 
or if appropriate counteractions could be taken. 

 The centrifugal compressor surge pathology was recognized directly after it 
was invented [see e.g. 12]. When the back pressure of the coupled system 
becomes too high, for a given mass flow, the compressor cannot maintain stable 
discharge pressure and flow reversal occurs. This results in the large and often 
violent mass flow oscillation in the whole system, thus making the surge a system 
phenomenon [13, 14 and 15]. Although, the initiation of the surge is not fully 
understood, it is agreed that before global surge condition, local flow instability 
called rotating stall occurs [16, 17, and 18].  

 The phenomena of rotating stall in centrifugal compressor was first observed 
in 1945 by Cheshire [12]. In case of the rotating stall in the compressor, the stalled 
flow cell propagates along the circumference of the impeller in the reverse 
direction. Therefore, the resulting rotational frequency of the rotating stall is a 
fraction of shaft frequency, commonly observed close to the half of shaft 
frequency [see e.g. 16, 17]. In case of axial machines, a rotating stall is the 
initiation mechanism of full compressor stall [19]. Therefore, Oakes et al. 
investigated the nature of these self-induced circumferential flow distortions and 
possible relation with the surge initiation in the centrifugal compressors [17]. 
They observed growing flow distortion approximately at 0.6 of the shaft 
frequency while approaching to, as well as during the surge, with the exclusion 
of the phase of the pressure recovery. Despite that, they could not confirm that 
local stall initiates the global axisymmetric phenomena of surge. 

 It is believed herein that not only the surge is a system phenomenon, but also 
the initiation of the surge is related to the dynamics of the whole system, possibly 
involving acoustical properties of the compressor and the coupled system. 
Although the surge has been studied by many authors and institutions, the role of 
the acoustic field in the surge initiation has not been investigated. In addition, 
acoustics of the turbochargers generally have not received that much attention 
regardless the fact that related problems have been reported by the industry  
[see e.g. 4, 20, and 21]. Therefore, it is of importance to investigate the in-duct 
acoustic field of the centrifugal compressor in detail. 

 An approach based on circumferentially distributed microphone array, at one 
cross-section of the inlet duct and at the diffuser, was used by Lawless and Fleeter 
in [22] to identify the spatially coherent modes of the rotating stall. The location 
of these microphone arrays were relatively close to the impeller (1.8 cm at the 
inlet) i.e. the pressure was measured in incompressible acoustic near field. 
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Moreover the contribution of additional noise, originating from duct system 
discontinuities and other possible sources, affected the measurements. A rotatable 
circumferential microphone array was used by Raitor and Neise in [23] to resolve 
spatial distribution of acoustic modes at the inlet duct of the centrifugal 
compressor. In addition, they used another circumferential microphone array 
further upstream to determine the averaged sound power level according to the 
ISO 5136 standard [24]. Although this paper treats the full audible frequency 
range and presents new findings regarding the dominating noise sources at 
different regimes, all the results presented are measured under the assumption of 
dominating sound field from the machine. In case of low frequency sound, this 
assumption is arguable. Figurella et al. measured in-duct time resolved pressure 
fluctuations by means of wall mounted piezoelectric pressure transducer 
upstream of the compressor inlet [21]. Additionally, they measured sound 
pressure level radiated by the bell mouth inlet of the compressor in the semi-
anechoic room. Even though, the intention of this measurement setup was 
reproducing the realistic application, which is not perfect in perspective of 
fundamental research, they observed that the blade passing frequency (BPF) 
dominates the generated sound field only at high flow rates. In addition, at the 
mid to low flow rates the contribution from BPF was significantly reduced and 
low frequency content started to dominate. While the methods used in previously 
discussed works are based on the reduction of reflections in different extents, the 
detailed decomposition of acoustic field was performed in [25] in order to 
determine the transmission of the incident acoustic power through the centrifugal 
compressor. Although, currently, the detailed decomposition cannot be 
performed in the entire audible frequency range, it has the advantage of providing 
more accurate results as all the contributions of the acoustic field are identified. 
This makes the approach adequate for the in detail and accurate aero-acoustic 
investigation of the centrifugal compressor. 

 All the results from previously discussed investigations indicate a very high 
level of noise generated by the centrifugal compressors. Moreover, the problem 
of high level of compressor noise at the IC engine inlet have been reported also 
by the passenger car as well as truck manufacturers. Noise control techniques 
currently applied are mainly based on the principle of the Helmholtz resonator, 
i.e. the generated sound is reflected back to the compressor. In this solution the 
dissipation of the sound depends on the source absorbing ability. Moreover, the 
resonators are relatively sensitive to the varying flow rates and the location in the 
system. In addition, the attenuation provided is often of narrow band type which 
makes the design complicated when noise sources of varying frequency, such as 
compressors, are considered. Therefore, substituting reflective resonators with 
dissipative noise control solutions could provide an advantage in terms of 
robustness and simplicity in the design process.  

 Traditionally dissipative flow duct silencers are based on fibrous materials. 
Nevertheless, several problems can occur when this type of materials are 
integrated in the gas exchange system. For instance, the fibers can pollute 
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environment or cause failure of the engine and other essential components. 
Therefore, it is of interest to produce acoustic energy absorption by utilizing other 
innovative materials. Alternatively, the acoustic energy dissipation can be 
produced by means of small apertures whose dimensions are in the order of 
acoustic boundary layer [26]. Such innovative noise control materials are referred 
to as micro-perforated panels (MPP) and recent development of these materials 
have led to the mass-production sheet material, branded as Acustimet™ [27]. The 
core material of this MPP is aluminum, hence making it appropriate for the IC 
engine inlet noise control applications. On another hand, the hot temperature and 
possible particles in the exhaust gas prevent the use of this material at exhaust. 
Although, the unit prize in the small series production is relatively high, in certain 
cases the custom made MPP can fulfill challenging design constraints, thus 
justifying higher production cost. 
 

Objectives of the study 

 In this study the main objectives are: 

1) to identify if acoustic field plays role in the initiation of global and 
axisymmetric flow phenomena referred to as centrifugal compressor 
surge; 

2) to develop optimization method for innovative flow channel silencer 
based on the micro-perforated element; and 

3) to develop custom micro-perforated flow channel element for high 
temperature conditions and apply the element in the exhaust silencer of 
Formula SAE race car prototype. 
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1 Experimental Aero-acoustic Investigation of Centrifugal 
Compressor 

 In general, the accurate and detailed investigation of acoustic field in flow-
duct can be performed by implementing well established methods for duct 
networks. However, because of the experimental limitations, such methods are 
limited to 0th duct mode frequency range. In this mode the acoustic pressure over 
the cross-section of the duct is nearly constant i.e. acoustic waves are planar. In 
case of circular duct, the frequency of the first non-planar propagation is 
determined by the relation:  

																																																		 ݂ଵ
 ൌ

1.841ܿ
ܦߨ

ඥ1 െ  ሺ1.1ሻ																																					,	ଶ|ܯ|

where D is the diameter of the flow channel, c and M are the speed of sound and 
mean flow Mach number respectively [28]. Hence, below that frequency 
(Eq. (1.1)) the one dimensional acoustic field can be assumed to consist of 
superposition of two opposite propagating waves. Such acoustic field is sketched 
in the centrifugal compressor inlet and outlet branches in the Fig. 1.1. 

 
Figure 1.1. The simplified sketch of experimental setup, where p is acoustic 
pressure, R is the acoustic reflection coefficient, superscript S denotes the 
acoustic source term and mass flux refers to the mean flow. 

 In order to perform the wave decomposition of planar acoustic field in flow-
duct (Fig. 1.1), the acoustic pressure has to be known in at least two axial 
positions. In addition, the information regarding the wave propagation between 
these two positions is essential. By assuming acoustic pressure time dependence 
of iωt and isentropic wave propagation in the flow-duct, the complex opposite 
propagating acoustic pressure wave amplitudes can be found by means of 
well-known Two-microphone technique (see e.g. [29] or [30]): 
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																																												ቂ
ଵ
ଶ
ቃ ൌ ݁

ିశ௫భ ݁ష௫భ
݁ିశ௫మ ݁ష௫మ

൨ ቂ
ା
ି
ቃ	,																																ሺ1.2ሻ 

where plus and minus signs are referring to the propagation direction, k is the 
isentropic axial wave number, p is the acoustic pressure in frequency domain, and 
x is the axial co-ordinate (Fig. 1.1). The wave number in Eq. (1.2) is defined as:  

																																																										݇േ ൌ
߱

ܿሺ1 േ ሻܯ
	,																																													ሺ1.3ሻ 

where ω is the angular frequency.  

 Generally, the dissipation of the acoustic energy occurring in the long 
propagation distance and in presence of mean flow cannot be neglected. 
Therefore, the assumption of isentropic propagation is not valid and model for 
dissipation has to be applied. As was suggested by Dokumaci in [31], the visco-
thermal damping in the wave propagation can be accounted by altering the 
isentropic wave number k (Eq. (1.3)): 

																																																								݇േ ൌ
ܭ߱

ܿሺ1 േ ሻܯܭ
	,																																										ሺ1.4ሻ 

where K0 is the propagation constant. Based on the well-known Kirchhoff 
dispersion relation, the propagation constant is expressed as: 

ܭ																																												 ൌ 1  ൬
1 െ ݅

2√ݏ
൰ ൬1 

ߛ െ 1

ݎܲ√
൰	,																																ሺ1.5ሻ 

where s is the shear wave number, γ is the ratio of specific heats and Pr is the 
Prandtl number. The shear wave number is defined as: 

ݏ																																																														 ൌ ඨݎ
߱ߩ
ߤ
	,																																																	ሺ1.6ሻ 

where r is the duct radius, ρ0 and µ  are the density and dynamic viscosity of 
undisturbed gas. 

 The implementation of previously described method enables to decompose 
the overall airborne sound field in the inlet as well as in the outlet branches of 
centrifugal compressor. Furthermore, if the compressor operation is stable 
throughout the measurement, and therefore time invariant, the acoustic 
transmission and reflection properties can be determined. 

 Acoustic n-port models have been used for decades to characterize the 
separate elements and predict the overall duct network acoustical properties. 
Depending on the purpose, the n-port characterization of a duct network element 
can be represented by either in transmission matrix or in scattering matrix  
(S-matrix) form. The latter is preferable herein, as it describes the wave 
interaction problem explicitly [30].  
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 The S-matrix [30] of acoustic 2-port is formulated by means of determined 
pressure wave amplitudes (Eq. (1.2)), in the inlet and outlet branches of the 
centrifugal compressor, as: 

																																																		ቂ
ା
ା

ቃ ൌ 
ܴ ܶ

ܶ ܴ
൨

ᇣᇧᇧᇤᇧᇧᇥ
ࡿ

ቂ
ି
ି

ቃ	,																																					ሺ1.7ሻ 

where R and T are complex reflection and transmission coefficients respectively, 
S is the acoustic S-matrix, subscripts a and b are referring to the inlet and outlet 
branches of the compressor.  

 In order to determine the four unknown coefficients in Eq. (1.7) (e.g. via 
matrix inverse operation), at least two linearly independent test cases have to be 
performed. It results in the reformulation of Eq. (1.7) as: 

																																					ቈ
ାூ ାூூ

ା
ூ ା

ூூ  ൌ 
ܴ ܶ

ܶ ܴ
൨

ᇣᇧᇧᇤᇧᇧᇥ
ࡿ

	ቈ
ିூ ିூூ

ି
ூ ି

ூூ 	,																									ሺ1.8ሻ 

where superscripts I and II denote the first and the second test cases which can be 
realized by providing external acoustic excitation at different branches (Fig. 1.1) 
by using the Two-source measurement technique [32].  

 In case of high velocity turbulent flow, the pressure transducers will record 
the pressure fluctuation caused by the turbulence in addition to the sound. In order 
to suppress this contribution the correlation techniques can be applied. If the 
external excitation is used, the driving signal can be utilized as a reference signal 
and the best estimate of the acoustic pressure, in the least square sense, is obtained 
by the frequency response function [33], as: 

ሺ݂ሻܪ																																								 ൌ
ሺ݂ሻܩ

ሺ݂ሻܩ
ൌ
ܰሺ݂ሻ∗ܱሺ݂ሻ

ܱሺ݂ሻ∗ܱሺ݂ሻ
	,																												ሺ1.9ሻ 

where subscript n and o refer to the driving and pressure signal respectively, 
capital letters N and O denote the Fast Fourier Transforms of respective signals, 
G is one sided cross-spectrum and superscript “*” denotes complex conjugated 
quantity. As a consequence, the uncorrelated contribution in the pressure 
measurements will be suppressed and the acoustic S-matrix can be computed by 
implementing frequency response functions directly in Eq. (1.8). Nevertheless, if 
the unit of pressure is desired, it can be restored by further multiplying the 
frequency response function by the reference signal. 

 Experiments 
 The acoustic pressure data involved in present investigation have been 
provided by Tiikoja et al. [25]. Measurements have been carried out in the 
dedicated facility [34] of Competence Centre for Gas Exchange (CCGEx) [35] 
located in the KTH Royal Institute of Technology (Fig. 1.2). 
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Figure 1.2. A photo of the test-rig in the facility for turbocharger acoustic 
measurements of the CCGEx. 

 In the rig, a typical automotive turbocharger with vanless diffuser have been 
operated at five realistic operating points (OPs). The values of physical quantities 
determining these OPs are provided in Table 1.1 and graphical representation on 
the compressor map in the Fig. 2.  

Table 1.1. The operating conditions of the turbocharger. 

 
Pressure 

ratio 

Corrected 
mass flow, 

kg/s 

Rotational 
frequency, 

min-1 
OP 1 1 - - 
OP 2 1.28 0.054   82 304 
OP 3 1.85 0.119 141 643 
OP 4 1.37 0.126 123 012 
OP 5 1.71 0.050  120 168 

 

 The in-duct acoustic pressure data have been measured at six transducer 
positions along the compressor contour while the external excitation have been 
provided by means of loudspeakers at both branches. In addition, the acoustic 
pressure data have also been measured in the absence of external excitation.  
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 Coupling between aerodynamic and acoustic fields 
 If a stable flow field in the centrifugal compressor is considered, the coupling 
is expected to occur in a form of strong dissipation of incident acoustic waves in 
small scale turbulence. However, when the mass flow is reduced beyond the surge 
line, the flow in different parts of the compressor will stall. While this abnormal 
compressor flow causes the occurrence of local flow instabilities, the global mass 
flow in the system still remains constant. Therefore, it is expected that these local 
flow instabilities can modulate incident acoustic waves resulting in the 
amplification of out-going waves. 

1.2.1 Method 
 One of the frequently encountered problem, caused by the aero-acoustic 
coupling phenomena, is the whistling of the flow channel valves and orifices. In 
this case the whistling is caused by the modulation of in-going acoustic waves 
and the system response leading to the acoustic energy build up. In the studies of 
this phenomena the acoustic S-matrix have been proven to be a very useful 
information (see e.g. [36]). By setting up the acoustic power balance based on the 
experimental S-matrix, the acoustic energy dissipation or production can be 
identified [37] i.e. all the flow acoustic coupling effects are included in this matrix 
[36]. Therefore, it is believed that the coupling in centrifugal compressor, can 
also be identified by studying the experimental S-matrix (Eq. (1.7)). 

 In order to set up acoustic power balance by means of incident acoustic waves, 
and to provide clear and explicit equations, it is appropriate to introduce a new 
acoustic state variable x which is related to the acoustic power as:  

േ࢞																																																												
ற േ࢞ ൌ 〈 േܲ〉	,																																														ሺ1.10ሻ 

where P is the acoustic power and superscript † denotes self-adjoint matrix 
(Hermitian transpose). In case of time averaged in-going sound power of the 
compressor, the variable is defined as: 

ି࢞																																											 ൌ

ۏ
ێ
ێ
ێ
ێ
ۍ
ሺ1  ሻඨܯ

ܣ
ܿߩ

∙ ି

ሺ1 െ ሻඨܯ
ܣ

ܿߩ
∙ ି

ے
ۑ
ۑ
ۑ
ۑ
ې

	,																												ሺ1.11ሻ 

where A is the cross-section area of respective branch. Now by implementing the 
new acoustic state variable (Eq. (1.10)) together with previously determined  
S-matrix, the acoustic power output of the compressor for a given incident 
acoustic field can be expressed in following form: 

																																												〈 ܲ௨௧〉 ൌ றି࢞ ൫ࡼࡿ
றࡼࡿ൯ି࢞ െ  ሺ1.12ሻ																													,	ି࢞றି࢞

where SP is so called acoustic power scattering matrix and it is defined as: 
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ࡼࡿ																 ൌ

ۏ
ێ
ێ
ێ
ێ
ۍ ሺ1 െ ሻܯ

ሺ1 ܯሻ
∙ ܴ

ሺ1 െ ሻܯ
ሺ1 െ ሻܯ

ඨ
ܣܿߩ
ܣܿߩ

∙ ܶ

ሺ1  ሻܯ
ሺ1 ܯሻ

ඨ
ܣܿߩ
ܣܿߩ

∙ ܶ
ሺ1  ሻܯ
ሺ1 െܯሻ

∙ ܴ
ے
ۑ
ۑ
ۑ
ۑ
ې

. ሺ1.13ሻ 

Furthermore, the incident acoustic power (Eq. (1.12)) can be normalized to 1 
without the loss of generality [37]. Thus, the acoustic power balance of the 
compressor for a given incident acoustic field, normalized to 1 W, can be written 
as: 

																																																〈 ܲ௨௧〉 ൌ றି࢞ ൫ࡼࡿ
றࡼࡿ൯ି࢞ െ 1.																																		ሺ1.14ሻ 

In addition, the acoustic power output, in Eq. (1.12), depends on the phase and 
amplitude relation between incident waves. Thus all the possible combinations 
must be considered and maximum potential power output can be obtained as [38]:  

																																																						〈 ܲ௨௧
௫〉 ൌ ௫ߣ െ 1	,																																							ሺ1.15ሻ 

where λmax is the positive and real maximum eigenvalue of the matrix (SP
†SP). 

The eigenvalue smaller than unity, in the Eq. (1.15), indicates the dissipation of 
incident acoustic power and the value larger than unity indicates the 
amplification.  

1.2.2 Results and discussion 
 The method has been applied on the experimental acoustic pressure data of 
the automotive centrifugal compressor operating under realistic conditions 
(Fig. 1.2). The maximum potential power output (Eq. (1.15)) have been 
determined in five OPs and resulting eigenvalue spectrums are presented in the 
Fig. 1.3. 

 
Figure 1.3. The maximum ratio of scattered acoustic power over incident 
acoustic power determined in five operating points (see Tab. 1.1). 
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 In general, eigenvalues remain smaller than unity across the frequency range 
i.e. there is no net amplification of the incident acoustic power. In addition, three 
trends, linked with the mass flow rate (Tab. 1.1), can be distinguished. The 
constant low level of dissipation, i.e. eigenvalue close to one, expectedly 
corresponds to the stationary machine (OP1), while all other OPs show 
significantly higher level of flow induced acoustic losses. Moreover, there is a 
deviation in a form of well pronounced peak approximately at 900 Hz in case of 
the OP5 close to surge. This frequency corresponds to the shaft (impeller) 
rotational frequency multiplied by 0.45, i.e. where often flow instability of 
rotating stall has been observed by other authors [e.g. 16 and 17]. 

 Based on these observations (Fig. 1.3), it is believed that the amplification of 
the incident acoustic power caused by the rotating stall (~900 Hz) at the OP5, 
appears as a sharp reduction of the dissipation because the amplification is 
insufficient for dominating overall losses. Hence, in perspective of initiating a 
surge condition, this amplification is irrelevant. However, the losses are very 
small at the low frequency range, and in particularly small when operating close 
to surge (OP5). 

 Reflection-free sound generation 
 In a plane wave frequency range (Eq. (1.1)) reflections from duct 
discontinuities are highly significant and absolutely reflection free terminations 
in experimental setups are rear (Fig. 1.1). Thus the overall sound field in 
compressor branches consists of several contributions including the reflections of 
the generated sound. In order to determine the sound generation characteristics 
of the compressor, the reflection-free sound has to be extracted. 

1.3.1 Method 
 The problem of determining the accurate aero-acoustic source data of ducted-
fans is not new. Cremer suggested to treat such devices as two-port sources, 
already in 1971 [39]. This was followed by the development of experimental 
methods by Terao et.al [40] and Lavrentjev et al. [41] in 1990s. Although 
investigated fans in these works were mainly axial and of low pressure type, the 
same methods will be adapted to the centrifugal compressor herein. 

 The active properties, i.e. the contribution of sound generation, can be 
included in the passive two-port formulation (Eq. (1.7)) by means of 
superposition principle. Thus the resulting full two-port model takes the 
following form:   

																																										ቂ
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ܴ ܶ

ܶ ܴ
൨

ᇣᇧᇧᇤᇧᇧᇥ
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ା௦

ା
௦ ൨

ᇣᇤᇥ
࢙

	,																										ሺ1.16ሻ 

where superscript s denotes the source term (Fig. 1.1) and ps is the source strength 
vector. However, it should be observed that in such formulation (Eq. (1.16)), the 
reflection-free conditions are assumed at the test rig terminations. Since this is 
rarely the case, the terminations have to be characterized and accounted for.  
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 In order to describe the acoustic effects of test rig terminations, the acoustic 
one-port model is convenient choice as it originates from the same acoustic  
n-port theory. In addition, by assuming passive behavior i.e. no additional sound 
generation behind test rig terminations (Fig. 1.1), the reflection coefficients  

																																																ܴ௨ ൌ
ିூூ

ା
ூூ 		and		ܴௗ ൌ

ି
ூ

ା
ூ 																																			ሺ1.17ሻ 

are completely adequate for the characterization. Subscripts u and d in Eq. (1.17) 
refer to up- and downstream direction respectively.  

 Although, the reflection coefficients (Eq. (1.17)) can readily be obtained from 
previously determined complex pressure wave amplitudes, the approach is 
limited to the Two-source measurement technique [32]. Because of the 
assumption of passive terminations, the external excitation must not be provided 
in respective branch while characterizing the termination (Fig. 1.1). This 
requirement is fulfilled if at least two linearly independent test cases, necessary 
to compute the acoustic scattering matrix (Eq. (1.8)), are realized by providing 
the external excitation sequentially in both branches. 

 After determination of passive properties of the test rig, the second acoustic 
pressure measurement have to be conducted in absence of external excitation. By 
utilizing this pressure data and known passive properties of the test rig, the 
reflection-free source strength vector can be extracted from the overall airborne 
sound field according to following formulation [41]:  

࢙																																															 ൌ ሺࡱ െ ࡱሻሺࡾࡿ   ሺ1.18ሻ																																,	ሻିଵࡾ

where p is vector that contains the acoustic pressures measured in absence of 
external excitation, E is a square unitary matrix and  

ࡾ																																																											 ൌ 
ܴ௨ 0
0 ܴௗ

൨.																																												ሺ1.19ሻ 

Since the acoustic pressure is measured at the microphone locations, the acoustic 
S-matrix and the reflection matrix of test rig terminations have to be transformed 
from reference cross-section (x = 0 in the Fig. 1.1) to respective axial location x 
of the microphone. This is performed by means of transformation matrixes as:  

࢞ࡿ																																									 ൌ ࢞ࡾ		and		ଵିିࢀࡿାࢀ ൌ  ሺ1.20ሻ																									,	ିࢀࡾାିଵࢀ

where  

ሻ࢞ሺିࢀ									 ൌ ݁
ೌష௫ೌ 0
0 ್݁ష௫್

൨ 	and		ࢀାሺ࢞ሻ ൌ ݁
ିೌశ௫ೌ 0
0 ݁ି್శ௫್

൨ . ሺ1.21ሻ 

Furthermore, determined source strength vector can be transformed back to the 
original reference cross-section (x = 0) by implementing the transformation 
matrix of positive propagation direction (Eq. (1.21)). This yields the expression 
of source strength vector of following form: 

࢙																																				 ൌ ࡱሻሺ࢞ାିଵሺࢀ െ ࡱሻሺ࢞ࡾ࢞ࡿ   ሺ1.22ሻ																						.࢞ሻିଵ࢞ࡾ
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 The flow velocities in the centrifugal compressor branches can reach high 
level and, as mentioned earlier, such a turbulent flow field causes the 
contamination of acoustic pressure measurement. Therefore, it is of interest to 
apply the correlation techniques also in case of Eq. (1.22). For the sake of the 
explicit expression a new constant 

࢞																																						 ൌ ࡱሻሺ࢞ାିଵሺࢀ െ ࡱሻሺ࢞ࡾ࢞ࡿ   ሺ1.23ሻ																										ሻିଵ࢞ࡾ

is introduced in Eq. (1.22) and the source cross-spectrum matrix [41], based on 
source strength vectors, can be formulated as: 

࢙ࡳ																										 ൌ ࢙
࢙,൫࢞

,൯࢞
ற
ൌ ,࢞ 

௫మ௫భܩ ௫య௫భܩ
௫మ௫రܩ ௫య௫రܩ

൨ ሺ࢞,ሻற	,											ሺ1.24ሻ 

where x1 to x4 denotes the pressure transducer axial positions (Fig. 1.1). Since the 
correlation length of turbulence pressure perturbation compared to sound wave is 
small, the cross-spectrum estimated between different axial locations in 
Eq. (1.24) enables the suppression of turbulence related measurement error. 
Furthermore, such cross-spectrum source strength estimate is valid for both the 
periodic and random signals [41]. In addition, the auto-spectrums of reflection-
free sound generation are obtained directly from the main diagonal of source 
cross-spectrum matrix, and the sound pressure level (SPL) can be computed 
according to the classical definition: 

ܮ																																																				 ൌ 10 logଵ ቆ
௫௫ܩ

ଶ ቇ	,																																					ሺ1.25ሻ 

where  ൌ 2 ∙ 10ିହሾPaሿ . 

1.3.2 Results and discussion 
 The auto-spectrums of reflection-free sound generation of centrifugal 
compressor have been determined in case of four realistic operating points 
(Tab. 1.1 and Fig. 2). In the Fig. 1.4 and 1.5 the corresponding SPL spectrums 
for the inlet and outlet branches are presented respectively. 

 Considering very harsh measurement conditions in the presence of high 
pressure, temperature and velocity gradients, the overall quality of the obtained 
results in the Fig. 1.4 and 1.5 is remarkably good. In general, the spectrums 
consist of broadband contribution, which is ~7 dB higher at the outlet, and 
characteristic high level tones. It is of common belief that the sound generated by 
the centrifugal compressor in the plane wave frequency range merely consists of 
broad band flow noise, since the BPF is higher.  Based on these results (Fig. 1.4 
and 1.5), it is proven to be misconception. In addition, while the broadband level 
can be associated to the turbulent flow noise characteristics, the origin of the high 
level tones is not obvious. 
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Figure 1.4. The generated sound pressure level at the inlet channel (low 
pressure) of the compressor at different operating conditions (Tab. 1.1). 

 
Figure 1.5. The generated sound pressure level at the outlet channel (high 
pressure) of the compressor at different operating conditions (Tab. 1.1). 

 The frequency of the characteristic tones in the Fig. 1.4 and 1.5 corresponds 
to impeller rotational frequency harmonics, and in general, the level is higher at 
the outlet branch. Furthermore, the level and also difference between the inlet and 
outlet are also increasing with mass flow rate. Based on the previous 
observations, it can only be concluded that these rotor harmonics are caused by 
the periodical flow phenomena (pressure fluctuation) at the high pressure side 
which is related with shaft rotational frequency. However, Figurella et al. in [21] 
recently suggested that the origin of rotor harmonic sound is related to 
geometrical imperfections. Nevertheless, based on the detailed results of sound 
generation presented herein (Fig. 1.4 and 1.5) or cursory results presented in [21], 
this cannot be confirmed. 

first 
harmonic 

second 
harmonic 

additional 
generation 
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 The reduction of mass flow down to the designed operating limit i.e. the OP5 
(Tab. 1.1 and Fig. 2) is causing a large broadband increase of the SPL in both 
inlet (Fig. 1.4) and outlet (Fig. 1.5) branch of the compressor. In addition, the 
broadband increase is masking characteristic harmonics completely at the outlet 
branch (Fig. 1.5).  This is believably related to the flow separation in the impeller 
vanes as the reduction of mass flow will increase the angle of attack at impeller 
blades and, therefore, blades are operating near the stalled flow conditions. 
Furthermore, an additional contribution appears in the outlet sound generation 
spectrum (Fig. 1.5) approximately at frequency where previously the local 
amplification of incident sound was observed (Fig. 1.3). Arguably, it is the same 
flow instability of rotating stall that is manifested in both the sound scattering and 
generation.  

 It should be observed that a very high level of sound is generated in very low 
frequency range in case of the OP5 (Fig. 1.4 and 1.5). The level is approximately 
120 dB at the outlet branch i.e. the pressure at that frequency is fluctuating with 
amplitude of ~30 Pa. Furthermore, the dissipation of sound in this frequency 
range is almost negligible (Fig. 1.3). Therefore, it is believed that if certain 
boundary conditions are provided to the compressor, generated acoustic energy 
starts to accumulate in a system which eventually leads to the significant 
disturbance of aerodynamic field and thus can trigger a compressor surge. 

 The previous hypothesis is also consistent with the experimental findings in 
[42] where they found that a large volume, i.e. low natural frequency, at the 
compressor outlet branch is necessary to initiate the deep surge. 
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2 Optimization of Compact Flow Duct Silencer 
 The concept of compact flow duct silencer, treated herein, is the result of 
several works investigating the possibility of using mass production micro-
perforated sheet material Acustimet™ for vehicle applications. A new type of 
flow duct silencer, based on the micro-perforated tube, made of Acustimet™ 
panels, was proposed by Allam and Åbom in [43]. The simplified sketch of this 
silencer is presented in the Fig. 2.1. 

 
Figure 2.1. Geometry for the MPP muffler proposed in ref. [43]. Circular 
symmetry is assumed and the outer chamber is sub-divided into two or several 
cavities by rigid walls. 

 It was concluded in [43] that such silencer (Fig. 2.1) can provide non-fibrous 
alternative to the classical dissipative silencer. However, the expected drawback 
of having negligible sound damping at frequencies where the chamber length 
equals half wave length multiples, was recognized. Therefore the implementation 
of impenetrable separating baffles inside the cavity was suggested (Fig. 2.1), and 
as a consequence, the minima in sound damping is shifted to the higher frequency. 
In order to eliminate the minima completely, the locally reacting limit was 
formulated by Åbom and Allam in [44]. Essentially, the cavity is locally reacting 
up to the frequency where the length of the cavity is smaller than the half of 
wavelength. In addition, a custom Acustimet™ panel with larger apertures was 
also considered in [44] and it was concluded that the higher damping of sound in 
such silencer (Fig. 1.2) is achievable in case of larger apertures i.e. smaller 
acoustic resistance. 

 The starting point of the optimization herein is the silencer based on 
previously described development. The initial design constraints, determined by 
the application in the Volvo Car Corporation, are tabulated in the Tab. 2.1 and 
geometrical constraints are sketched in the Fig. 2.2. 

Table 2.1. Design constraints for the compressor noise problem studied. 

Parameter 
Inlet/outlet 
duct radius, 

m 

Average 
Mach 

number 

Temperature, 
°C 

Target 
frequenc
y, kHz 

Value 0.03 0.05 20 2.0 
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Figure 2.2. Geometry of the prototype MPP silencer studied. The arrow, 
marked 1, points at the micro-perforated sheet tube (Acustimet™), separating 
the main duct from the outer cavities.  

 In order to predict and compare the acoustic performance of different compact 
silencer configurations modeling has to be performed. In the 0th duct mode 
frequency range (Eq. (1.1)) and under the assumption of uniform mean flow 
profile, the silencer (Fig. 2.2) represents a two dimensional acoustic field 
problem, i.e. the analytical solution can be obtained by means of existing 
knowledge. However, for the sake of straightforward and robust implementation 
in the industrial applications, the commercial FEM software Comsol 
Multiphysics® [45] is utilized herein. In addition, the prototype built in the Volvo 
Car Corporation by means of rapid prototyping and employing a standard 
Acustimet panel™, is used for validation purposes. Moreover, the cavity of the 
prototype is also used to experimentally evaluate the results of the optimization. 
The photo of this prototype silencer is presented in the Fig. 2.3.  

 
Figure 2.3. Photo of the compact silencer rapid prototype with magnified view 
of the micro-perforated (Acustimet™) sheet tube. Dimensions as in Figure 2.2. 
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 Finite element model 
 The modeling in [43] was carried out by means of the FEM. In the model, the 
MPP was substituted by the pre-computed acoustic transfer impedance boundary 
condition. Thus, the resulting model consisted of two separate domains connected 
by this pre-defined boundary condition (Fig. 2.1). In addition, the convective flow 
effects were neglected in the main flow path while the grazing flow effects on the 
MPP where accounted for in the computation of the boundary condition. Such 
approach is reasonable for low mean flow Mach number applications [43]. 

 In the present work, the mean flow velocity is relatively small compared to 
speed of sound (Tab. 2.1). Therefore, the approach used also in [43] is adequate 
to be applied herein. Moreover, as the cavity of the compact silencer considered 
is locally reacting, it can be modeled analytically and included in the boundary 
condition. It results in the complete acoustic boundary condition of flow path 
inside the cavity (Fig. 2.2). Consequently, the modeling domain is consisting only 
of the air volume in the flow channel of the silencer (Fig. 2.4). 

 
Figure 2.4. Acoustic pressure distribution at 2 kHz plotted on the FEM 
modeling domain for the prototype silencer with the standard MPP, i.e. not 
optimized configuration. 

  

 

 

Locally reacting 
surface (Eq. (2.6)) 
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 In the modeling domain, the inhomogeneous Helmholtz equation is solved in 
the lossless medium as: 

																																															
1
ߩ
ሺ െ ሻࢊ െ

݇ଶ
ߩ

ൌ ܳ	,																																			ሺ2.1ሻ 

where 

 ܳ – monopole source; and 

 .ௗ – dipole sourceݍ 

The main duct is assumed to be impenetrable by sound waves i.e. the wall 
boundary condition is set as:  

																																																	െ࢘ െ
1
ߩ
ሺ െ ሻ൨ࢊ ൌ 0	,																																				ሺ2.2ሻ 

where 

 .the normal vector of the flow duct surface – ࢘ 

Along the cavity section (Fig. 2.2) the wall boundary is set as:  

																																						െ࢘ െ
1
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ሺ െ ሻ൨ࢊ ൌ െ

݅߱
ܼ௪ܿߩ

	,																											ሺ2.3ሻ 

where 

 ܼ௪ – a normalized acoustic surface impedance. 

 In order to evaluate the acoustic performance of the silencer, the 
straightforward and widely implemented parameter is the transmission loss (TL): 

																																																					TL ൌ 10 logଵ ൬
ܲ

ܲ௨௧
൰	,																																							ሺ2.4ሻ 

where the subscripts in and out refers to the in-going direction at the inlet and 
out-going direction at the outlet of the silencer. This formulation considers one 
way propagation of sound, and thus it is convenient to use reflection-free 
terminations in the axial direction, which is realized by requiring that [46]: 

																													െࢇ. െ
1
ߩ
ሺ െ ሻ൨ࢊ  

݅݇
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 ଶ

݅
ߩ2݇

ൌ ܳ																			ሺ2.5ሻ 

at the modeling domain terminations (Fig. 2.4). By assuming that the reflected 
sound waves are negligible, the acoustic power (Pout) at the outlet termination is 
obtained by integrating the sound intensity over the cross-section. At the inlet, an 
incident plane wave is prescribed using Eq. (2.5) i.e. the incident power (Pin) can 
be directly computed. 
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 Proposed method 
 In order to optimize the compact silencer (Fig. 2.3), it has to be realized that 
the acoustic performance is completely controlled by the acoustic impedance of 
the locally reacting surface (ܼ௪) inside the cavity (Fig. 2.2 and 2.4). This 
impedance is a consequence of the perforate and the adjoining cavity, acting 
together so that: 

																																																					ܼ௪ ൌ ܼெ  ܼ௩	,																																								ሺ2.6ሻ 

where  

 ܼெ  – the normalized MPP impedance; and  

 ܼ௩   – the normalized cavity impedance. 

Guo et al. gave an overview in Ref. [47] on the semi-empirical modeling of 
micro-perforate transfer impedance. They also investigated the effect of flow and, 
based on experiments at KTH, they suggested correction terms for the acoustic 
impedance under grazing flow conditions. In addition, they showed that the 
acoustic mass end correction term for the slit types of MPP, e.g. as the 
Acustimet™ panel used here, can be neglected. The linear acoustic resistance 
Re(ZMPP) of the slit type MPP can be computed from: 
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ݐ߱݅
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tanh൫݇௦√݅൯
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ߪ
	,													ሺ2.7ሻ 

and the reactance Im(ZMPP) from: 

௦ݔ																																								 ൌ Im ൝
ݐ߱݅
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tanh൫݇௦√݅൯
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ିଵ

ൡ	,																												ሺ2.8ሻ 

where 

 ݇௦ – the shear wave number of the aperture;  

 ;the thickness of perforated panel – ݐ 

 ;the porosity of the perforated surface – ߪ 

 ;a factor for grazing flow effects – ߚ 

 ܴ௦ – surface resistance; and 

 . – Mach number of grazing flowܯ 

The shear wave number, which relates the aperture dimensions with the acoustic 
boundary layer thickness, is defined as: 

																																																														݇௦ ൌ ݀ට
߱
4߭
	,																																																	ሺ2.9ሻ 

where 

 ݀ – the slit width; and  

 ߭ – the kinematic viscosity of medium. 
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Finally, the surface resistance, which is a consequence of oscillating motion of 
the fluid on the surface of a perforated panel, can be found from: 

																																																											ܴ௦ ൌ
1
2
ඥ2ߤ߱ߩ	.																																											ሺ2.10ሻ 

 The normalized linear resistance (Eq. (2.7)) is a sum of three terms. The first 
term analytically relates acoustic losses with viscous effects inside the apertures, 
whereas the last two terms empirically describe the acoustic losses outside the 
apertures. As also seen from Eq. (2.7) and Eq. (2.8) a grazing flow will affect 
(increase) the resistance but not affect the reactance. 

 The analytical model for the acoustic cavity impedance ܼ௩ has been derived 
and proposed in the [44] and is given by: 
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	,																	ሺ2.11ሻ 

where 

 ܴ – the radius of the expansion chamber, m; and 

ܪ 
ሺሻ – the Hankel function of n:th kind and m:th order. 

 It was discovered in 1953 by L. Cremer that the maximum damping of pair of 
sound wave modes in the infinite rectangular duct with definite acoustic 
impedance on one side is obtained when they merge in the complex plane. The 
optimal wall impedance, so called Cremer impedance, was derived and expressed 
in the [48] as: 

																																																		ܼ ൌ ሺ0.91 െ 0.76݅ሻ
݇ܽ
ߨ
	,																																		ሺ2.12ሻ 

where 

 ܼ – the normalized surface impedance for theoretical maximum sound 
damping in an infinite rectangular duct; and 

 ܽ – the cross-section height of the rectangular duct. 

By following the same principles as Cremer, B. J. Tester derived the optimal wall 
impedance expression for circular ducts in 1973. In addition, the mean flow 
correction was added under uniform mean flow assumption in the [49] as: 

																																										ܼ ൌ ሺ0.88 െ 0.38݅ሻ
ݎ݇

ሺ1ߨ  ሻଶܯ
	,																										ሺ2.13ሻ 

where 

 ܼ – the normalized surface impedance for theoretical maximum sound 
damping in a circular duct. 
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 The essence of the optimization method proposed herein, is the matching of 
locally reacting surface impedance to the Cremer optimum (Eq. (2.13)). It should 
be noted that the reactance is produced by means of both the cavity (Eq. (2.11)) 
and the MPP (Eq. (2.8)) while the acoustic resistance is produced only by the 
MPP (Eq. (2.7)). Therefore, the resistance is matched first by determining 
corresponding MPP geometrical parameters. As a consequence, certain mass 
reactance is produced i.e. the reactance is positive and increasing with the 
frequency while the Cremer optimum suggests the negative reactance 
(Eq. (2.13)). This discrepancy is then eliminated by introducing corresponding 
cavity with required negative reactance (Eq. (2.11)).  

 While the concept of compact silencer as such is general, i.e. the acoustic 
resistance can be produced by any means, in the present work the resistance is 
produced by implementing the MPP. Since the resistance of the MPP can be 
approximated to a constant value across the frequency range, linearly increasing 
optimum resistance (Eq. (2.13)) can be realized only at the frequency where the 
maximum sound damping is desired (Tab. 2.1). (A detailed discussion regarding 
described issue can be found in the Paper II and Paper III.) 

 It should be noted that the optimal wall impedance expression (Eq. (2.13)) is 
derived by assuming infinite duct, i.e. in the 0th duct mode frequency range 
reflected waves cannot exist. Therefore, it is assumed that the proposed 
optimization technique will lead to the dissipative silencer. On another hand, the 
locally reacting surface in the compact silencer is with definite length. Thus the 
occurrence of reflections at the cavity interfaces are expected. In addition, the 
Cremer optimum impedance (Eq. (2.13)) equals zero in the trivial case of zero 
frequency (k = 0) i.e. a perfect resonator with total reflection. 

 Sound attenuation mechanisms in optimized design 
 In the robust noise control solution of a duct network, the property of high 
attenuation should preferably be achieved in dissipative manner. Moreover, as 
was discussed previously (Fig. 1.3), the reflected sound waves in the inlet system 
of the modern IC engines can be responsible for triggering the surge condition. 
Therefore, it is also essential to reveal the sound damping mechanism to 
adequately evaluate the result of the optimization technique. To this aim, the 
distribution of sound power is followed by studying the acoustic S-matrix data. 
It is assumed that the differences in hydrodynamic pressure, temperature, air 
density and Mach number between the silencer branches are negligible. 
Consequently, the total acoustic power loss in the direction of sound propagation, 
i.e. the TL, can be computed as:  

																																																				TL ൌ 10 logଵ ൬
1

| ܶ|ଶ
൰.																																					ሺ2.14ሻ 

Now by considering the contribution of incident sound power that is not reflected 
and contribution that is transmitted, the sound absorbed (SA) is expressed in the 
logarithmic scale as: 
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																																						SA ൌ 10 logଵ ൦
1 െ |ܴ|ଶ

ሺ1 െ ሻଶܯ

ሺ1 ܯሻଶ

| ܶ|ଶ
൪.																									ሺ2.15ሻ 

In addition, the contribution of sound power reflected (SR) is obtained in similar 
fashion as: 

																																					SR ൌ െ10 logଵ ቈ1 െ |ܴ|ଶ
ሺ1 െ ሻଶܯ

ሺ1  ሻଶܯ
.																							ሺ2.16ሻ 

 The set of these logarithmic parameters (Eq. (2.14), (2.15) and (2.16)) gives a 
detailed description of the silencer acoustic performance and the quantification 
of attenuated, absorbed and reflected sound power. 

 Results and discussion 
 The experimental validation of TL spectrum predicted by the simplified FEM 
model in absence of mean flow is presented in the Fig. 2.5. In addition, the 
theoretical TL spectrum computed by assuming the Cremer impedance 
(Eq. (2.13)) across all the frequency range is plotted for reference purposes. 

 
Figure 2.5. The results of experimental validation of sound transmission loss 
obtained by the simplified modeling approach (green and blue curves) for the 
prototype silencer (Figure 2.3).  The red curve shows the theoretical maximum 
damping for the silencer using the so called Cremer impedance. 

 As can be observed in the TL graph (Fig. 2.5), the experimental spectrum is 
well captured by the simplified FEM model in absence of mean flow. Moreover, 
the predicted theoretical maximum TL curve shows that a much higher peak value 
at target frequency is obtainable by implementing the optimization method. 

 According to the proposed optimization technique, the appropriate set of the 
MPP geometrical parameters are determined by considering the initial design 
constraints (Tab. 2.1) and required resistance (Eq. (2.13)) while preserving the 
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original MPP thickness t. The resulting parameters are given and compared to the 
standard Acustimet™ MPP, used in the first prototype (Fig. 2.3), in the Table 2.2. 
Corresponding cavity radius R = 49 mm, to match the reactance, is also 
determined. 

Table 2.2. The geometrical parameters of the MPP studied. The optimized MPP 
is designed to match the Cremer resistance at 2 kHz for r = 30 mm. 

MPP 
panel 

Thickness,  
mm 

Perforation 
ratio 

Averaged slit 
width, mm 

Standard 1 0.043 0.095 

Optimized 1 0.062 0.210 

 

 The predicted TL spectrums of silencer configuration of the new optimized 
design (Tab. 2.2), of the first prototype and also of theoretical Cremer impedance 
across the frequency range, in Mach 0.05 mean flow conditions, is presented in 
the Fig. 2.6. 

 
Figure 2.6. Predicted sound transmission loss for the prototype silencer for 
different configurations of MPP + cavity impedance. The optimized result is 
obtained by tuning the wall impedance based on Cremer’s impedance at a 
target frequency 2000 Hz. By splitting the silencer in 2 or 3 sections tuned to 
1500, 2500 Hz and 1500, 2000 and 2500 Hz, respectively, a more broad-band 
damping behavior is possible, see Table 2.3. 

 Expectedly, the much higher TL peak value of the optimized design (Fig. 2.6), 
compared to the first prototype, is laying on the theoretical reference curve at the 
target frequency of 2 kHz. Moreover, as the cavity is of locally reacting type, the 
total cavity length available can be divided into separately optimized sections at 
different target frequencies, thus producing close to a constant wideband 
dissipation. In addition, such a high attenuation, as > 60dB, would be challenging 
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to achieve in industrial applications because the in-duct air borne sound 
transmission is reduced in extent that other transmission mechanisms could 
dominate instead. 

 In order to produce wideband dissipation around the original target frequency 
(Table 2.1), the optimization has been reconsidered by splitting the total reacting 
length (Fig. 2.4) into separated optimized sections with different target 
frequencies. The new constraints are listed in the Tab. 2.3 and the corresponding 
predicted TL spectrums are presented in the Fig. 2.6. 

Table 2.3. Design constraints for the optimized sections shown in Fig. 2.6. 

Configuration 
name 

Section 2 Section 1 Section 3 

length, 
mm 

freq., 
kHz 

length, 
mm 

freq., 
kHz 

length, 
mm 

freq., 
kHz 

Optimized - - 96 2.0 - - 

Two 
optimized 
sections 

48 1.5 - - 48 2.5 

Three 
optimized 
sections 

48 1.5 20 2.0 28 2.5 

 

 As can be observed in the Fig. 2.6, by further dividing the compact silencer 
into separately optimized sections, a high TL in a wide frequency band (more 
than octave) is possible. Furthermore, close to constant TL (30 ± 2 dB), required 
in the noise control of sources with varying frequency signature, e.g. centrifugal 
compressors, is also achievable. 

 The cavity radius of the first prototype (R = 45 mm) is not appropriate for 
experimental realization of optimized design for given initial design constraints. 
Nevertheless, the optimized design can be realized at different target frequency 
corresponding to the existing cavity radius. Therefore, a custom made 
Acustimet™ MPP (referred as Res. 0.25), whose transfer impedance matches 
closely the optimum condition, is utilized in the experimental evaluation of the 
optimization technique. In addition, another custom Acustimet panel (Res. 0.05) 
with relatively large apertures and producing a very small acoustic resistance 
(thus, not matching the Cremer optimum), is included for comparison purposes. 
On these modified prototype configurations, a standard experimental 
determination of the acoustic two-port data is carried out. The set of logarithmic 
parameters (Eq. (2.14), (2.15) and (2.16)), describing the sound power 
attenuation, dissipation and reflection, have been computed and presented in the 
Fig. 2.7. (Detailed information regarding prototype configurations can be found 
in the Paper III.) 
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Figure 2.7. Acoustic performance parameters under 0.05 Mach mean flow 
conditions. 

 The experimental realization of optimized design (Res. 0.25) provides a very 
high and wide TL peak at predicted center frequency (the most upper graph in the 
Fig. 2.7). Nevertheless, the not optimized configuration with relatively small 
resistance provides a comparable TL performance, thus one configuration cannot 
be preferred over another based purely on the TL spectrums. In addition, it should 
be noted that the expected sharp TL peak is cut-off in case of the Res. 0.05. This 
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is believed to be a consequence of experimental difficulties with realizing 
completely sealed silencer cavity in the Res. 0.05 prototype configuration. Such 
imperfectly sealed cavity is expected to increase the indicated sound absorption 
and reduce reflection.  

 Now by further studying the sound power spectrums of absorption and 
reflection (Fig. 2.7), it is clear that the optimized prototype configuration 
Res. 0.25 provides absorptive type of sound attenuation with negligible reflected 
contribution i.e. the sound attenuation is achieved predominantly by the acoustic 
damping at the perforate. In addition, regardless of the imperfectly sealed cavity 
of the Res. 0.05 configuration, it provides more reflection compared to the 
Res. 0.25. 
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3 Development of Absorptive Flow Duct Element 
 Advanced computer aided technologies such as laser cutting, etching and 
jetting enable custom perforations to be applied not only on planar elements but 
also on tubular elements commonly used in flow-duct applications. Although this 
approach provides desired alternative when the standard MPPs cannot fulfill 
desired design criteria, often existing acoustic transfer impedance models are 
deficient because of their empirical nature in flow related terms. In addition, the 
process of interaction between sequential apertures of random geometrical shape 
is not fully clear. Therefore, an experimental approach has to be used for the 
evaluation of different custom perforations and also can be used for the 
determination of corresponding semi-empirical transfer impedance model. 

 In the development of the custom absorptive flow duct element herein, the 
application of Formula SAE (Fig. 3.1) silencer is considered. Since the 
temperature can reach up to 700 °C the use of aluminum based mass produced 
MPPs is not possible in this case. The dominating frequency of tailpipe noise is 
caused by the engine ignition frequency and its multiples, which means low 
frequency source. In general such low frequency sources can be attenuated most 
efficiently by means of the reflection. Hence, on one hand it is desirable to 
produce wideband losses by the dissipation of the MPP while on the other hand 
the perforation should provide an easy access to the expansion chamber for low 
frequency reflection purposes. 

 
Figure 3.1. The Formula SAE race car prototype [50]. 

 The main part of viscous losses in perforations are originating from acoustic 
boundary layer, thus it is expected that the aperture shape with longer perimeter 
and smaller area provides more wideband dissipation. Therefore, as the first 
approximation, the ratio of aperture perimeter over its area (PA ratio) is used as 
a characterizing parameter for aperture shapes. In this work the geometrical 
shapes of circle, triangle and slit with different PA ratios are used. In addition, 
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two different perforation ratios and slit orientations are considered. The resulting 
perforations are listed in the Tab. 3.1. 

Table 3.1. A technical description of the perforated samples investigated. 

Name 
Aperture sketch, 

mm 
P/A 
rat.

Photo 
Porosity, 

% 

Sample 
1 

 

4.0 10 

Sample 
2 

5.1 10 

Sample 
3 

13.4 10 

Sample 
4 

13.4 2 

Sample 
5 

13.4 2 

 

 Acoustical properties of tubular test samples are compared in the highly 
reflective measurement chamber sketched in the Fig. 3.2. The resulting acoustical 
properties are then compared in case of all the samples (Tab. 3.1) i.e. a so called 
black box approach by means of Two-port formulation is used. In addition to the 
five test samples, the reference case with conventional perforation provided of 
circular apertures of 3 mm in diameter and wrapped into 20 mm thick natural 
wool, is also included in the investigation. 
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Figure 3.2. A measurement chamber incorporating a centrally positioned 
perforated test sample (1) (measurements are given in mm). 

 The appropriate parameter to evaluate the samples in this experimental setup 
(Fig. 3.2) is the absorption coefficient based on the experimental Two-port data 
and defined as:  

ܣ																												 ൌ 1 െ ቈ|ܴ|
ሺ1 െ ሻܯ
ሺ1  ሻܯ


ଶ

െ ቈ| ܶ|
ሺ1  ሻܯ
ሺ1  ሻܯ


ଶ

.																		ሺ3.1ሻ 

In Eq. (3.1) the cross-sectional area, the speed of sound and the density of the 
fluid are assumed to be the same in both ports. Such absorption coefficient 
spectrum describes the acoustic power contribution that is not reflected nor 
transmitted, in case of incident sound power in port a normalized to 1 W. It 
includes the effects of dissipation at the perforate as well as the wave interference 
inside the cavity. 

 In the Fig. 3.3 the spectrums of experimentally determined absorption 
coefficients (Eq. (3.1)) of the high perforation ratio test samples are compared to 
the dissipative reference setup containing natural wool. In the graph, three 
distinguishable trends can be observed. The expected highest value wideband 
absorption coefficient spectrum of the reference configuration is caused by the 
dissipation in the natural wool. The relatively low value of wideband absorption 
can be observed in case of the sample 1 and 2, while the sample 3 provides a 
noticeable more wideband absorption believed to be originated from the 
dissipation at the perforate. Furthermore, the level of the characteristic peaks is 
also preserved, i.e. the incident acoustic waves can penetrate the perforation, and 
thus the potential attenuation of the expansion chamber can be implemented. In 
addition, it should be noted that the PA ratio of the sample 3, which provided 
significantly higher wideband absorption, is larger compared to the relatively 
similar values of the sample 1 and 2. Based on the results in the Fig. 3.3, it can 
be concluded that the PA ratio can be used as the first approximation to quantify 
the potential dissipation of the perforate. (More experimental results regarding all 
the test samples in the Tab. 3.1 can be found in the Paper IV) 

2
55

Ø
42



42 

 
Figure 3.3. The absorption coefficient of sample 1 (red dashed), sample 2 
(green solid), sample 3 (blue dotted) and reference setup with wool (orange 
dashed). 

 Based on the experimental results obtained by the black box approach, the 
lateral slit type perforation with perforation ratio of 10 percent is found to be 
suitable for the formula SAE straight-flow exhaust silencer prototype. The 
expansion chamber geometry is designed to maximize low frequency reflections 
by implementing all the space determined by the geometrical constraints. In 
addition, the chamber is irrationally divided in order to avoid attenuation minima 
at half wave length multiples of chamber length. The resulting prototype silencer 
is compared to the natural wool based conventional straight-flow silencer 
designed for the same vehicle. Characteristic technical data of the silencers are 
given in the Tab. 3.2. 

 The acoustic performance of the silencers (Tab. 3.2), in terms of TL 
(Eq. (2.14)) in realistic mean flow conditions, is compared in the Fig. 3.4. In 
general, the prototype silencer provides similar level of TL. Although at 1 kHz 
the conventional silencer has higher TL, a noticeably better low frequency 
attenuation is achieved by the prototype silencer. The resonant character of the 
prototype silencer TL curve is believed to be caused by its shell vibrations which 
is made of thin material. In addition to the comparable or higher TL, one should 
note the significant weight reduction of the prototype unit over the conventional 
silencer (Tab. 3.2). 
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Table 3.2. A technical description of the micro-perforated prototype silencer 
and the conventionally perforated silencer filled with fibrous material. 

Name Prototype Conventional Silencer

Simplified 
Sketch 

 

Photo 

Aperture 
Sketch 

 

Porosity 10% 35% 
Mass 1.43kg 1.81kg 

 

 
Figure 3.4. The transmission loss of the prototype silencer (gray solid) and 
conventional straight-flow silencer (orange dashed) in 20 m/s mean flow 
conditions. 
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General conclusions 
1)  A significantly reduced dissipation of incident sound power at 

approximately half of shaft rotational frequency is observed in case of close 
to surge operation. It is believed that the local flow instability, known as 
rotating stall, modulates the incident acoustic waves and thus causes 
amplification. Nevertheless, the overall losses in the compressor flow field are 
higher and, as a consequence, there is no net amplification. Based on these 
observations, it is concluded that, from the perspective of acoustic initiation 
of surge, the amplification is found to be irrelevant.  

  In case of close to surge operation, a large broadband increase of flow 
generated sound (>10 dB) at both compressor branches is observed. In 
particular, high sound generation ~120 dB at very low frequency is also 
noticed. Considering the high level of sound generation and negligible 
dissipation of incident sound at low frequency, it is concluded that the 
compressor surge could be initiated by the accumulating acoustic energy 
which causes a significant disturbance of the aerodynamic field. 

2)  The compact silencer optimization technique, based on the Cremer 
optimum impedance concept, is proposed herein. It is demonstrated 
numerically and also experimentally that, by following the proposed 
optimization technique, a very high level of dissipative attenuation is achieved 
at desired target frequency. Moreover, almost constant high level of damping 
in a wide frequency band can be realized by splitting the silencer into 
separately optimized sections. Considering the numerical and experimental 
results, it can be concluded that such modular and wideband silencer is 
convenient for noise control in limited space conditions and can also handle 
sources with varying frequency signature, e.g. automotive compressors. In 
addition, as this type of optimized compact silencer is of dissipative type, it 
provides robust noise control which could also be relevant from the 
perspective of surge initiation. 

3)  A custom absorptive flow duct element is experimentally developed 
considering the requirements for exhaust silencer of a Formula SAE race car 
prototype. It is demonstrated that the prototype silencer provides similar or 
better transmission loss performance compared to the classical dissipative 
silencer while being significantly lighter in weight and not employing fibrous 
materials. In addition, the Formula SAE car, equipped with the silencer 
prototype, successfully passed the noise emission test and participated in the 
endurance race competition. Considering all the previous, it can be concluded 
that such element can be successfully used in the high-temperature flow duct 
applications. 

 

Scientific novelty 

 The first part of the present work represents, according to the author’s 
knowledge, the first successful attempt to use accurate and detailed methodology 
to investigate the centrifugal compressor sound generation and surge initiation by 
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the acoustic field. The experimental results regarding the coupling between 
instable aerodynamic and incident acoustic fields in the centrifugal compressor, 
operating under realistic conditions, are presented. Moreover, the in-duct 
reflection-free sound is extracted from overall acoustic field at inlet and outlet 
branches i.e. the sound generation of the compressor is accurately determined.  

 The centrifugal compressor carries a key role in the modern IC engine 
technology and currently the phenomena of surge restricts the efficient use of this 
device. In the literature, the phenomena have received attention from many 
authors. However, all the works are focused on the aerodynamic field 
investigation while neglect the acoustic field. In addition, a limited number of 
publications consider the noise generation of the centrifugal compressors. 
Nevertheless, the methods used so far are, in essence, assuming completely 
reflection-free terminations. 

 In the second part of the work, the optimization technique for a compact 
silencer, based on micro-perforated panels, is proposed and validated by means 
of FEM modeling as well as experiments on dedicated prototype. While such 
innovative materials can provide a good alternative to the traditional fibrous 
materials, they need to be accurately designed for specific applications, making 
the optimization process essential. 

 The third part of the present work is dedicated to the experimental 
development of custom made absorptive flow-duct element. Based on the 
resulting element, a prototype silencer is build and compared with classical 
dissipative silencer incorporating fibrous materials. Moreover, the Formula SAE 
car equipped with the silencer prototype passed the noise emission test and the 
prototype silencer was used successfully during the competition. According to 
the knowledge of the author such type of silencers has not been used at the IC 
engine exhaust before.  

Further work 

 In order to further confirm the phenomena related to the flow instabilities of 
the centrifugal compressor observed herein, a new test campaign could be 
performed, i.e. approaching to the real limit of surge by following the constant 
rotational frequency line on the compressor map. In addition to the maximum 
eigenvalue, also the minimum eigenvalue as well as corresponding eigenvectors 
could be studied to further determine the compressor sensitivity to the boundary 
conditions in the system. 

 The experimental development of the absorptive flow duct element applied in 
the exhaust of Formula SAE race car, should be continued by determining the 
appropriate transfer impedance model for such elements. As a start, the planar 
elements could be used to determine the transfer impedance in the standard 
impedance tube. This could be then compared to the analytical solutions of 
different transfer impedance models currently available in the literature. 
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Abstract 

Aero-acoustic Studies and Innovative Noise Control with 
Application to Modern Automotive Gas Exchange System 

 In modern IC engine design turbochargers are implemented to increase the 
fuel conversion efficiency and reduce emissions. Regardless the fact that almost 
all of the IC engines, manufactured today, are equipped with turbochargers, the 
problem of narrower mass flow range of the turbo-compressor than it is required 
by the engine, jet remained. Flow phenomena posting a barrier to the low end 
mass flow is referred to as compressor surge. Since the initiation mechanism of 
this destructive phenomena is not clear, the current industrial practice is to 
implement preventative safety margins, thus restricting the effective use of 
turbochargers. If the compressor surge could be predicted or appropriate 
counteractions taken, the unexploited mass flow range could be enabled. In 
addition to the problem of surge, the compressors are also recognized as a strong 
sources of sound. 

 It is supposed herein that acoustic field could play a significant role in the 
initiation of low frequency phenomena of compressor surge. Moreover, all the 
investigations found from literature focusing on the aerodynamic field while 
neglecting the acoustic field. Therefore, in detail investigation of the acoustic 
field in the centrifugal compressor is carried out in first part of the present 
doctoral thesis. As a result, the coupling between the aerodynamic and the 
acoustic fields have been successfully characterized. Furthermore, the generated 
sound spectra are also determined accurately by extracting generated sound from 
overall sound field in the compressor inlet and outlet branches.  

 The current noise control of the IC engine inlet is based on the reflective 
resonators. In general, the substitution of reflective resonators in flow channel 
applications with absorptive noise control solutions, can provide advantages in 
terms of system robustness and design process. Innovative mass-produced noise 
control materials, such as micro-perforated panels, can be effectively used to 
substitute the traditional fibrous materials in the absorptive noise control. 
Nevertheless, designs based on these materials have to be precisely fine-tuned to 
fit the specific application, thus making the optimization process essential.  

 In the second part of the thesis the optimization method for innovative 
silencer, based on the micro-perforated panels, is proposed. The optimization for 
the application in the Volvo Car Corporation have successfully been done by 
simplified FEM approach. Moreover, the acoustic performance of the resulting 
design have been experimentally determined and analyzed. 

 On the contrast to a mass produced materials, in challenging environmental 
conditions the custom micro-perforated elements can justify the higher 
manufacturing price. Therefore, the custom micro perforated flow channel 
element is experimentally developed in the third part of the thesis. Moreover the 
element has been successfully applied in the silencer of Formula SAE race car. 
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Kokkuvõte 

Kaasaegse automootori gaasivahetussüsteemide aero-
akustilised uuringud ja müra vähendamise innovaatilised 

meetodid 
 Tänapäeval kasutatakse turbolaadureid sisepõlemismootorite tehnoloogias 
selleks, et tõsta kütuse muundamise efektiivsust ja vähendada kahjulike 
saasteainete emissiooni. Hoolimata asjaolust, et pea kõik sisepõlemismootorid, 
mis tänapäeval toodetakse on varustatud turbolaaduritega, on turbo-
kompressorite kitsa tööpiirkonna probleem jäänud ikka aktuaalseks.  

 Üldiselt on turbokompressorite tööpiirkond massivoolu teljel kitsam, kui seda 
on sisepõlemismootori oma, ja väikseim massivool on piiritletud ülerõhu 
perioodiliste tagasilöökide (i.k. compressor surge) ilmnemisega. Nimetatud 
ülerõhu tagasilöögid põhjustavad laaderõhu, ja seetõttu ka massivoolu, 
perioodilist varieerumist kogu kompressorikontuuri ulatuses, mis on ohtlik nii 
kompressorile endale kui ka kogu veoagregaadile tervikuna. Kuna füüsikaline 
mehhanism, mis potentsiaalselt hävitavaid ülerõhu tagasilööke algatab, ei ole 
täielikult teada, rakendatakse praktikas tööpiirkonnale varutegureid. Kui 
kirjeldatud ülerõhu tagasilöökide ilmnemist oleks võimalik täpselt ette näha või 
ennetada, võimaldaks see kogu kompressori tööpiirkonda edukalt rakendada. 
Lisaks eelnevalt kirjeldatud tööpiirkonna probleemile, on sisselaskekompressorid 
tuntud ka kui väga võimsad müraallikad. Kompressorimüraga seotud 
probleemide ilmnemisest on teada antud nii veo- kui ka sõiduauto tööstustest. 

 Käesolevas töös eeldatakse, et tsükliliste ülerõhu tagasilöökide 
algatusmehhanism võib olla seotud akustilise väljaga. Erinevates allikates 
kajastatud eelnevad teadustööd on nimetatud probleemi uurimisel olnud suunatud 
aerodünaamilise välja uurimisele, mille juures on jäetud akustiline väli 
tähelepanuta. Sellest tulenevalt on käesoleva doktoritöö esimeses peatükis 
läbiviidud detailne akustilise välja uurimine autotehnilises tsentrifugaal-
kompressoris. Uurimuse tulemusena iseloomustati akustilise ja aerodünaamilise 
välja omavahelist seotust kompressoris ning täpselt määrati ka genereeritud heli 
spektrid nn. peegeldusvaba heli eraldamise kaudu kompressori sisse- ja 
väljalaskekanalis.  

 Tulemustest selgub, et kompressori töötamisel madalaima võimaliku 
massivoolu piikonnas madalsagedusliku heli neeldumine puudub ja määratud 
heli spektritest nähtub, et genereeritud madalsagedusliku heli võimsus on 
suurenenud drastiliselt. Nimetatud leide arvesse võttes on alust arvata, et sobivate 
piiritingimuste olemasolul kompressorikontuuris on akustilise energia 
akumuleerimine süsteemis tõenäoline ning voolutingimuste mõjutamise kaudu 
võib see esile kutsuda ülerõhu tagasilöögi kompressoris. 

 Modernse sisepõlemismootori müra emissiooni vähendamiseks on tänapäeval 
kasutusel  sisselaskekompressori müra tagasi peegeldavad resonaatorid. Kanalite 
süsteemis, kus genereeritud helilained peegeldatakse tagasi nende allikasse, 
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sõltub helivõimsuse vähenemine lainete neeldumisest allikas. Eelnevalt 
kirjeldatud süsteemi ja selle projekteerimisprotsessi on võimalik muuta oluliselt 
robustsemaks, asendades peegeldavad resonaatorid neelduvate lahendustega.  

 Traditsiooniliselt baseeruvad neelduvad lahendused erinevat tüüpi 
kiudmaterjalidel, mis aja jooksul võivad laguneda, põhjustades kiudude 
eraldumist ja materjali neeldumisvõime vähenemist. Eralduvad kiud on ohtlikud 
sisepõlemismootorile ning keskkonda sattudes võvad kiud põhjustada inimestele 
ja loomadele tõsiseid hingamisteede haigusi. Seetõttu üritatakse tänapäeval 
hoiduda kiuliste materjalide kasutamisest vooluga seotud rakendustes.  

 Kiuliste materjalide asemel saab edukalt rakendada innovaatilisi mass-
toodetavaid materjale, näiteks nn. mikroperforeeritud paneele. Selleks et 
nimetatud materjale saaks müra vähendamisel efektiivselt kasutada, peavad 
nendel baseeruvad lahendused olema konkreetse rakenduse põhiselt ja täpselt 
projekteeritud. Eelnevalt kirjeldatud asjaolu muudab innovaatilistel materjalidel 
põhinevate lahenduste optimeerimisprotsessi võtmetähtsusega etapiks kogu 
kanalisüsteemi projekteerimisel. 

 Käesoleva doktoritöö teises peatükis on käsitletud innovaatilise mikro-
perforeeritud paneelidel baseeruva voolukanali summuti optimeerimist. Välja on 
pakutud meetod nimetatud tüüpi summuti optimeerimiseks, mis lähtub 
voolukanali pinna optimaalse akustilise näivtakistuse mudelist (nn. Cremer’i 
näivtakistus) ja seisneb selle reprodutseerimises mikroperforeeritud paneelide ja 
lokaalselt reageerivate paisukambrite abil. Eelnevalt kirjeldatud optimeerimis-
meetodit kasutades on võimalik kompaktse geomeetriaga saavutada väga 
efektiivne heli neelduvus voolukanalis. 

 Kasutades lihtsustatud lõplike elementide meetodi mudelit ja kirjeldatud 
optimeerimismeetodit, on käesoleva doktoritöö raames sõiduauto tootja Volvo 
Car Corporation juures edukalt optimeeritud teatud rakenduses kasutatav 
summuti prototüüp. Lisaks määrati optimeerimistulemusena saadud summuti 
prototüübi akustilised omadused eksperimentaalselt, mille käigus analüüsiti 
täiendavalt ka summutust põhjustavaid füüsikalisi mehhanisme. Tulemustest 
nähtub, et koostatud mudel on piisavalt täpne kõnealust tüüpi summuti 
modelleerimiseks ja modelleeritud efektiivne heli neelduvus optimeeritud 
summutis on realiseeritav. 

 Masstoodetavate akustilist neelduvust pakkuvate materjalide valmistamis-
maksumus on suhteliselt madal. Üldiselt ei vasta aga need rasketes keskkonna-
tingimustes rakendamiseks vajalikele nõuetele. Selliste rakenduste puhul on 
vajalikud erilahendused, mille kõrgem maksumus on niisugusel juhul õigustatud. 
Eelnevast asjaolust tulenevalt on käesoleva töö kolmandas peatükis 
eksperimentaalselt erilahendusena välja arendatud mikroperforeeritud 
voolukanali element. Projekteeritud on ka nimetatud elemendil baseeruv 
sisepõlemismootori väljalaskesummuti Formula SAE võistlussõidukile, millel 
see täitis edukalt kõik sellele püstitatud ülesanded nii tehnilise kontrolli läbimisel 
kui ka kogu võistluse vältel.  
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