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ABSTRACT 

Automotive turbo compressors generate high frequency noise in the air intake 

system. This sound generation is of importance for the perceived sound quality 

of luxury cars and may need to be controlled by the use of silencers. The 

silencers usually contain resonators with slits, perforates and cavities. The 

purpose of the work reported is to develop acoustic models for these 

resonators where relevant effects such as the effect of realistic mean flow on 

losses and possibly 3D effects are considered. 

An experimental campaign has been undertaken where the two-port matrices 

and transmission loss of four sample resonators has been measured without 

flow and for two different mean flow speeds (M=0.05 & M=0.1) using two 

source location technique. 

Models for the four resonators have been developed using a 1D linear acoustic 

code (SIDLAB) and a FEM code (COMSOL Multi-physics). Different 

models, from the literature, for including the effect of mean flow on the 

acoustic losses at slits and perforates have been discussed. 

Correct modeling of acoustic losses for resonators with complicated geometry 

is important for the simulation and development of new and improved 

silencers, and the present work contributes to this understanding. 

The measured acoustic properties compared well with the simulated model 

for almost all the cases. 

 

Keyword: Noise, turbo compressor, silencer, resonator 
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1. INTRODUCTION 

1.1 Background 

Transportation noise is an important part of the total noise 

pollution in the society. Vehicle noise can be divided into 

exterior noise and interior noise [1]. One part of the interior 

noise is coming from the intake system which is important for 

the interior sound quality. There are, of course, also other noise 

sources such as the rolling noise arising from tire road 

interaction, wind noise, structure born noise caused by engine 

or floor vibration and exhaust noise. One part of the intake 

noise which is important for the interior sound quality is noise 

generated by the turbo. Turbo generated noise is more high 

frequency than the engine pulsation related noise. To reduce 

this noise silencers are sometimes used. Silencers are sometimes 

also used in the intake system to reduce engine noise [2]. 

1.2 Acoustic modeling of intake silencers 

For this thesis, the aim is to develop high frequency acoustic 

models for turbocharged IC-engine intake system resonators 

[3].  

Two types of simulation approaches have been used in the 

present work: a 1D approach using the linear frequency domain 

code SIDLAB and 3D FEM models using COMSOL 

Multiphysics. All the work is based on linear acoustic models. 

Linear acoustic models in the frequency domain can involve 

acoustic two-ports (or four-poles) [4]. 

For COMSOL Multiphysics, the resonators are treated as either 

axisymmetric or as fully 3D. The later approach requires more 

elements and is therefore quite time consuming.  

1.3 The aim of this report 

The purpose was to develop acoustic models for high frequency 

resonators intended for use in the intake system. Relevant 

effects such as the effect of realistic mean flow on losses and 

possibly 3D effects are considered.  

In order to have a good understanding of the characteristics of 

the resonators, acoustical two-port measurement was 

undertaken both with and without flow. Comparison between 

simulations and measurements of transmission loss (TL) where 

carried out in order to validate the models but also to better 

understand the characteristics of the high frequency resonators. 
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2.  THEORY  

2.1 Resonators and Properties 

2.1.1 Possible resonators for intake system 

Intake noise can be amplified by standing wave phenomena at 

certain frequencies due to the length of intake system [5]. To 

attenuate the acoustic resonance at certain frequency, 

duct-mounted Helmholtz Resonator (HR) is the most popular 

one widely used in vehicle industry. The advantage of a HR is 

that it can strongly attenuate the intake noise in a narrow 

frequency band. On the other hand a HR as a side branch 

resonator requires certain amount of space of engine 

compartment. Thus, in some of the resonators which are 

analyzed in this thesis several HRs are mounted close to each 

other to make it possible to attenuate a wide frequency band. 

Other shapes of resonators such as expansion chambers and 

quarter wave resonators can also be used. 

2.1.2 Duct-mounted Helmholtz Resonator 

The purpose of a HR is to attenuate a narrow band of 

frequencies [6-7]. The expression for the resonance frequency 

of a HR is  

  
 

   
√

 

   
                                          

where, A is the cross-sectional area of the neck, c is the speed of 

sound in a gas,    is the volume of the cavity and L is the 

length of the neck. 

 

Figure 1. Helmholtz resonator 

The length of the neck appears in the denominator because the 

inertia of the air in the neck is proportional to the length. The 

volume of the cavity appears in the denominator because 

the spring constant of the air in the cavity is inversely 

proportional to its volume. The area of the neck matters for 

two reasons. Increasing the area of the neck increases the inertia 

http://en.wikipedia.org/wiki/Spring_constant
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of the air proportionately, but also decreases the velocity at 

which the air rushes in and out. 

When a resonator is mounted on a duct, it creates a change in 

the impedance of the duct where the resonator is located. This 

change in the impedance causes propagating acoustic waves to 

be reflected back towards the origin.  

The acoustic performance of a HR can be evaluated by 

estimating the Transmission Loss (TL) of the resonator since 

TL is a property that is only dependent on the element and does 

not depend on the source and termination [8].  

2.1.3 Wave reflection in flow ducts and end correction 

All duct systems have area changes and other types of 

discontinuities where some incident energy is reflected and 

dissipated while the rest is transmitted to the next sections. 

Those area discontinuities normally comprise terminations and 

sudden contractions or expansions in the cross-section for 

instance side branches and expansion chambers [9]. 

The air motion around a hole could be compared to a circular 

piston moving back and forth, if the typical length of the hole is 

small compared with the wavelength. The effective mass of the 

piston consists of the air in the hole, as well as an extra cylinder 

of air outside the hole, as has been shown in Figure 2 below. 

This extra part, called the end correction, contributes to both 

resistance and reactance. 

To take the 3D effects into account, end correction l is added to 

the length of the duct extending the discontinuity [10].  

 

Figure 2. The idealized and actual attached mass of air outside 

the hole 

2.2 Acoustic Impedance Models 

The acoustic impedance is a measure of the amount by which 

the motion induced by a pressure applied to a surface is 

impeded. For a perforate the impedance is defined as the ratio 

of pressure differences between front and rear of the perforated 

elements to a particle velocity inside of the perforated elements 

as 

  
     

  
                                       



9 

 

where Z is the acoustic impedance,    is the sound pressure in 

front of the perforates,    is the sound pressure in the rear of 

the perforates, and    is the averaged particle velocity in the 

perforates. The unit of acoustic impedance is often given in rayl 

(                     . 

Usually the dimensionless normalized impedance defined as 

  
 

  
                                             

is used, where    is the characteristic impedance. The 

impedance is a complex number where the real part,  , is called 

resistance, which is the physical damping of the pressure 

fluctuations in the porous resistive structure of the perforated 

plate. The resistance determines the amount of attenuation of 

noise by the liner; and the imaginary part,  , is called reactance, 

which is determined by the effective mass of fluid “trapped” by 

the holes. The reactance determines the resonance frequency of 

the resonator which is the frequency at which maximum 

attenuation is obtained. 

The impedance of the perforated plate is determined by various 

parameters, some have to do with the hole diameter (d), the 

hole thickness (t), the porosity (  ) and hole discharge 

coefficient (  ). Others have to do with the surrounding 

conditions such as temperature, incident sound pressure level, 

and the fluid properties such as density ( ), speed of sound (c) 

and kinematic viscosity ( ). Furthermore the impedance is 

frequency dependent. 

Existing models for perforate impedances subject to a mean 

flow are all semi-empirical. Several studies have been conducted 

and resulted in a number of models. In spite of this large 

number of publications a single verified global model does not 

exist. So one task was to test different models to determine 

which give the best fit with measured transmission loss data for 

simple through and cross flow mufflers.  

Elnady and Bodén [11] modified Melling's model [12] by 

re-evaluating the end correction term, and multiplying a factor 

     to the end correction to account for the interaction 

between the holes, instead of dividing by the Fok function. 

They also studied other impedance models, and proposed a 

unified model that can be summarized in the following 

equations for the perforated plate resistance and reactance 

without backing respectively 
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where t is orifice thickness, d is the orifice diameter,   is the 

porosity, k is the wavenumber ω /c,    is the orifice 

discharge coefficient, J is the Bessel function, υ = µ/ρ is the 

kinematic viscosity, ρ is the fluid density, µ is the adiabatic 

dynamic viscosity, µ´=2.179 µ´ is the dynamic viscosity close to 

a highly conducting wall,    is the mean flow Mach number 

grazing to the liner surface,    is the bias flow Mach number 

inside the holes of the perforate, and |  | is the acoustic 

particle velocity incident on the liner (at the surface outside the 

orifice). The rest of the parameters are defined as follows 

  √ 
  

 
 

       
    

  
  

           
 

                       

|  |  
| |

  √     
 

           √      √   

The resistance consists of five terms due to viscous losses inside 

the hole, nonlinear term due to vortex shedding at high acoustic 

particle velocities, radiation resistance to the vibrating piston of 

air inside the orifice, grazing flow term, and bias flow term. The 

reactance consists of four terms, the mass reactance, cavity 

reactance and two terms to account for the loss of the reactive 

end correction due to grazing flow and vortex shedding 

nonlinearities. 

Figures 3-6 show the comparison of some previous impedance 

models [13].  
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Figure 3. Grazing resistance variation with grazing flow Mach 

number 

 

Figure 4. Linear resistance varying with frequency 

 

Figure 5. Grazing reactance varying with grazing flow Mach 

number 
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Figure 6. Linear reactance varying with frequency 

As we can see from Figure 3 and 4, Bauer, Elnady and Bodén, 

Melling’s linear resistance give very similar results while Lee and 

Ih, Sullivan and Rao and Munjal’s models show different trend. 

Figure 5 shows the grazing reactance varying with grazing flow 

Mach number. It can be seen that Elnady and Bodén’s model 

gives a totally different result compare to the others. The reason 

for this could be that Elnady and Bodén’s model equaling the 

grazing flow term  
   

 
   less than zero and the term is 

inversely proportional to the Mach number. Linear reactance 

which is shown in Figure 6 indicates that all the models give the 

similar trend on linear reactance varying with frequency. 

Elnady and Bodén’s model is different than others in the sense 

that it includes all dissipation effects and it was used in the 

COMSOL modeling part while SIDLAB also contains this 

model in its perforate-4-port element. 

2.3 SIDLAB Modeling 

SIDLAB [14] is a 1D sound propagation simulation software 

for complex duct networks. It is based on the two-port theory 

and compiles a long experience and knowledge of using similar 

codes for all types of duct acoustic applications in research, 

teaching and consulting. SIDLAB is based on SID 3.0 

developed at the Marcus Wallenberg Laboratory for Sound and 

Vibration Research (MWL) at Royal Institute of Technology 

(KTH). It is MATLAB based with possible access to the source 

code. This gives you a flexibility to do other calculations than 

those already defined and further post-process the data. 

SIDLAB includes a number of the most common one- and 

two-port elements. Building the network is simple and 

straightforward. With the correct dimensions of each element, 
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SIDLAB can provide similar results as experiments at least for 

low frequencies. The simplification of dividing the complicated 

industrial resonator into several basic elements plays an 

important role in modeling. 

2.3.1 Description of elements 

2.3.1.1 Helmholtz resonator 

The Helmholtz resonator is the most common type of 

resonator due to its geometrical compactness. The Helmholtz 

resonator is the acoustical counterpart to the mechanical 

mass-spring system which is often used in structural acoustics 

to eliminate vibrations. This lumped description is of course 

only valid as long as the wave length is large compared to the 

dimensions of cavity and neck [14-16].  

 

Figure 7. Helmholtz resonator 

The Helmholtz resonator two port element is characterized by:   

1. Volume in   (required) – V:  

2. Neck Length in m (required) –   :  

3. Neck Area in   (required) –   :  

4. Orifice Resistance in ray (option) –   .  

5. Duct Area in    (option) – A: This is the area of the duct 

to which the Helmholtz resonator is attached to. It is used to 

calculate the friction velocity to the orifice.  

6. Use End Correction (1/0) (option): 1 means include the end 

correction to the neck length, and 0 means does not include it.  

7. Neck Flow Losses (1/0) (option): 1 means include the flow 

losses   , and 0 means do not include it.  

8. Inlet Mass Flow in kg/s (option): Default is Global.  

9. Temperature in degrees Celsius (option): Default is Global.  

10. Static Pressure in Pascal (option): Default is Global. 
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2.3.1.2 Expansion chamber 

This is a conventional expansion chamber with concentric 

extended inlet and outlet. All walls but the end plates, which can 

be given a wall impedance, are assumed to be hard. The effects 

of mean flow are neglected whereas higher order modes are 

included. This analysis using the mode-matching technique is 

explained in detail by Mats Åbom. [17] 

 

Figure 8. Expansion chamber 

The Expansion Chamber two port element is characterized by:  

1. Chamber Length in m (required) – L.  

2. Chamber Area in   (required) – S.  

3. Chamber Diameter in m (option) – d.  

4. Inlet Area in   (required) –  .  

5. Inlet Diameter in m (option) –   .  

6. Outlet Area in   (required) –  .  

7. Outlet Diameter in m (option) –  .  

8. Length of Extended Inlet in m (option) –   .  

9. Length of Extended Outlet in m (option) –   .  

10. No. of modes (option): Should be at least one.  

11. Re [inlet end imp] (-): This is the real part of the impedance 

of the end plate on the inlet side.  

12. Im [inlet end imp] (-): This is the imaginary part of the 

impedance of the end plate on the inlet side.  

13. Re [outlet end imp] (-): This is the real part of the 

impedance of the end plate on the outlet side.  

14. Im [outlet end imp] (-): This is the imaginary part of the 

impedance of the end plate on the outlet side.  

15. Inlet Mass Flow in kg/s (option): Default is Global.  

16. Temperature in degrees Celsius (option): Default is Global.  

17. Static Pressure in Pascal (option): Default is Global. 
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2.4 COMSOL Multi-physics Modeling 

The models are built and analyzed using the pressure acoustics 

module in COMSOL Multi-physics. The pressure acoustics 

application solve for the acoustic pressure, p. In our case, some 

of the resonators are modeled in 2D axisymmetric geometries 

while the others are in 3D.  

In order to make a complete model a 3D acoustic FEM 

approach was chosen. The Mach-number in an exhaust pipe is 

normally less than 0.3 which means that inside a mufflers where 

the flow has expanded the average Mach-number is normally 

much smaller than 0.1. Therefore one can expect mean flow or 

convective effects on the sound propagation to be small and 

possible to neglect. The main effect of the flow for a complex 

perforated muffler is the effect on the perforate impedances. 

COMSOL Multiphysics can handle 3D effects and can include 

more accurate dimensions of the resonators. 

3.  MEASUREMENT OF TRANSMISSION LOSS  

There are several parameters that can be used to describe the 

acoustic performance of a resonator such as transmission loss 

(TL), noise reduction (NR) and insertion loss (IL). The 

transmission loss compares the incident to the transmitted 

sound power  

          (
  

  
)                                        

where    is the sound power of the transmitted wave and    

is the sound power of the incident wave. 

The limitation is that the termination of the resonator must be 

anechoic which means there is no wave reflected at the end. 

The reason why we use TL to evaluate the property of the 

resonator is that TL is a property independent of the source and 

the dimensions of the inlet and outlet pipes. 

The standard technique today for measuring acoustic plane 

wave properties in ducts, such as absorption coefficient, 

reflection coefficient and impedance is the two-microphone 

method (TMM) [18]. The sound pressure is decomposed into 

its incident and reflected waves and the input sound power can 

be calculated. Transmission loss can in principle be determined 

from measurement of the incident and transmitted power using 

the TMM on the upstream and downstream side of the test 

object provided that a fully anechoic termination can be 

implemented on the outlet side. However, it is nearly impossible 

to design an anechoic termination that is effective at low 
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frequencies and especially with flow. To solve this problem two 

source position techniques has been used which implements 

two sets of measurements with different positions on the 

upstream and downstream side of the test object.   

3.1 Two-Microphone wave decomposition 

The sound field below the first cut-on frequency in hard walled 

straight ducts will consist only of plane propagating waves. In 

the time domain, the sound field can be written as  

         (  
 

 
)    (  

 

 
)                      

Where p is the acoustic pressure, c is the speed of sound and x 

is spatial coordinate along the duct axis. 

The idea behind the two-microphone wave decomposition [19] 

is that in the low frequency region the sound field can be 

completely determined by simultaneous pressure measurements 

at two axial positions along the duct. In the frequency domain, 

the sound field can be written as 

 ̂       ̂                ̂                           

                                   ̂      
 

  
[ ̂                ̂             ] 

       

where,  ̂=Fourier transform of the acoustic pressure, 

   ̂ = Fourier transform of particle velocity averaged over the 

duct cross section, 

  x = Length coordinate along the duct axis, 

  f = Frequency 

     = Complex wave number for waves propagating in the 

positive or negative x-direction, 

    = Density, 

  c = Speed of sound. 

The complex wave numbers can be calculated using results 

from Howe [20] or measured [1] if three microphones on each 

side are available. When the complex wave numbers are known 

the incident ( ̂ ) and reflected ( ̂ ) wave amplitude can be 

calculated using pressure measurements at two microphone 

positions. 
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Figure 9. Measurement configuration for TMM. 

 ̂        ̂        ̂                                    

 ̂        ̂                ̂                        

where, s represents the microphone separation, using equation 

(6) and (7)  ̂  and  ̂  can be expressed by 

 ̂     
 ̂               ̂    

                    
                         

and 

 ̂     
  ̂                ̂    

                    
                      

According to [1] the following conditions should be fulfilled for 

successful use of the method: 

 The measurements must take place in the plane wave 

region. 

 The duct wall must be rigid in order to avoid the higher 

order mode excitation. 

 The test object should not be placed closer than 1-2 duct 

diameters to the nearest microphone. This is due to fact 

that spatially non uniform test objects could excite higher 

order modes and therefore create near field effects at the 

microphones. 

 The propagating of the plane wave mode should be 

unattenuated. In practice, this will not be true even for the 

no flow case. Various mechanisms, mainly associated with 

viscosity, heat conduction, will cause deviations from the 

ideal behavior. The error caused by neglecting the 

attenuation between the microphones leads to a lower 

frequency limit for the applicability. Bodén and Åbom [21] 

showed that the two microphone method has the lowest 

sensitivity to errors in the input data in a region around 

            . Bodén and Åbom [22] stated that to 

avoid large sensitivity to errors in the input data, the 

two-microphone method should be restricted to the 

frequency range. 

                                      

3.2 Acoustical Two-ports 

A two-ports is a linear system with an input and output. The 

properties of acoustical two-ports can be determined either 

from theory or by measurements [23]. Two state variables 

which are pressure (p) and volume flow (q) are frequently used. 

The relation between the input and the output states of 
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time-invariant and passive two-port can, in the frequency 

domain, be written 

 ̂    ̂                                           

Where,  ̂  ̂ are the state vectors at the input/output as shown 

in Figure 10 and H is a [2×2]-matrix. 

 

Figure 10. Black box relating two pairs of state variables, x, y 

To determine the two-port matrix H from measurements four 

unknown must be determined. To get the four equations 

needed for a complete experimental determination of the 

properties of an acoustical two-port two independent test states 

(   and    ) must therefore be created. The matrix equation 

obtained is 

[ ̂  ̂  ]   [ ̂  ̂  ]                              

The unknown two-port matrix H can be determined from this 

equation if and only if 

                                                 

where, X is the matrix containing the two-port state vectors. 

There are three common ways of formulating the two-port 

matrix. The choice of representation depends mainly on what 

type of problem one wants to analyze. If the duct system is 

coupled in cascade the transfer-matrix form is practicality useful. 

If instead the system is coupled in parallel, the mobility-matrix 

form of the two-port is more useful. The third representation of 

the two-port is the scattering matrix form, where the amplitude 

of the propagating pressure waves in positive and negative 

coordinate directions on both sides of the test object are used 

as state variables. 

The transfer-matrix form uses the acoustic pressure ( ̂) and the 

volume velocity ( ̂), i.e.   [ ̂    ̂  ] and   [ ̂    ̂  ]. If 

there are no internal sources inside the two-port element the 

transfer-matrix could be written in the following form 

(
  ̂ 

  ̂ 
)  (

      

      
) (

  ̂ 

  ̂ 
)                            

The transfer matrix can be solved if equation (13) is satisfied, 

i.e. 

   (
   ̂     ̂   

  ̂    ̂   
)                                  

Here “a” and “b” represent two different ducts cross-sections. 
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Three basic assumptions concerning the sound field inside the 

transmission line are made.  

The field is assumed to be linear, i.e. the acoustic pressure is 

typically less than one percent of the static pressure to allow the 

analysis being carried out in the frequency domain [24]. 

The two-port system is passive, i.e. no internal sources are 

allowed. 

Only the fundamental acoustic mode, the plane wave, is allowed 

to propagate at the inlet and outlet section of the system. 

3.3 Two Source location method 

As described above to make a complete experimental 

determination of the properties of an acoustical two-port two 

independent tests state must be created. The technique used for 

determining the two-port data in this thesis is the two-source 

location method which is shown in Figure 11. The first test 

state was obtained by turning loudspeaker A on and B off and 

the second independent test is obtained by turning loudspeaker 

B on and A off. 

 

Figure 11. The measurement configuration for the two source 

location method 

If the input and output vectors of the transfer matrix are 

measured, we obtain the following matrix equation from the 

definition of the transfer matrix using the two-port conditions. 

From equation (12) and (14) we obtain 

[
  ̂    ̂   

  ̂    ̂   
]  [

      

      
] [

  ̂    ̂   

  ̂    ̂   
]                  

Using the two source location method, two test are made to 

measure the acoustic pressure ( ̂) and the volume velocity ( ̂). 

Then the T matrix can be calculated directly. 

The transfer matrix for a straight duct element of length L 

without any mean flow and without any losses is [25] 

[ ̂]  [
                   

                   
]                     
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where I the complex operator, k the wave number,    

       the characteristic impedance for propagating waves 

and S the duct cross-sectional area. When the transfer-matrix of 

a system is known the transmission loss can easily be calculated 

as 

        [
  

   
|    

   

  
       

     

  
|
 

]            

where    and    denote the characteristic impedances for 

propagating waves at the inlet “a” and outlet “b” respectively 

and     ,     ,     and     are the components of the 

transfer-matrix. In order to calculate the fluctuating pressure at 

any specific internal position or at the orifice of the system the 

characteristics of the source has to be known. 

4.  TEST SET-UP  

4.1 Flow speed measurement 

The flow velocity was measured using a pitot-tube and a hot 

wire anemometer connected to an electronic manometer 

(swema Air 300) as shown in Figure 12. It was measured at the 

center of the duct and also at a distance ten times the duct 

diameters from the loudspeakers and six times the duct 

diameters from the test object diameters in order to avoid any 

flow disturbance.  

 

Figure 12. The Swema Air 300 used to measure the flow speed 

It was assumed that the flow profile was fully developed 

turbulent and the mean velocity = 0.8*Maximum Velocity 

which is measured at the center of the duct using the pitot-tube 
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[26]. The flow up and down stream of the test object was 

measured separately before and after the acoustic measurements 

and the average result was used.  

4.2 Two port measurements with and without mean flow 

All two port measurements with and without mean flow were 

carried out at room temperature in the test set up at The 

Marcus Wallenberg Laboratory for sound and vibration 

research at KTH. The test ducts used during the experiments 

consisted of standard steel-pipes with a thickness of 3mm. The 

inner diameter of both inlet and outlet pipe was 57 mm which is 

chosen to fit the test objects. Six loudspeakers were used as 

acoustic sources, as shown in Figure 13. The loudspeakers are 

divided equally between the upstream and downstream side. 

Each loudspeaker was mounted in a short side-branch 

connected to the main duct. The distances between the 

loudspeakers were chosen to avoid any minima at the source 

position. Fluctuating pressures were measured by using six 

condenser microphones (B&K 4938) flush mounted in the duct 

wall. The measurements were carried out using stepped sine 

excitation in the frequency range of 100-3600 Hz with different 

number of averages and frequency steps. 

 

Figure 13. Layout of two-port test facility at MWL, KTH 

The two-port data was obtained using the source switching 

technique as described in section Two Source Location Method. 

The transfer functions between the reference signal and the 

microphone signals was measured and used to estimate the 

transfer matrix components. 

Six microphones, three upstream and three downstream of the 

test object, are used to cover a certain frequency range as shown 

in Figure 14. Equation 10 implies that it was not possible to 

cover the whole frequency range of interest by using just one 

microphone separation. Therefore two microphone separations 

were being used in this measurement for both low and high 

frequency region. There is also a high frequency limitation due 

to the cut-on frequency of higher order modes in the duct  

                       , where d is the duct diameter. 

The distance between microphone 2 and 3 was 7cm giving 



22 

 

approximately the frequency range 243-1943 Hz and the 

distance between microphone 1 and 3 was 30.5cm giving 

approximately the frequency range 56-446 Hz. 

 

Figure 14. The microphones mounted in the test section 

 

Figure 15. The flow test rig, SIGLAB-Data Acquisition System 

and Flow Controller 

4.3 Microphone calibration 

The fluctuating pressures measured at each position have been 

corrected using the relative calibration between the 

microphones channels. Assuming that we have plane waves in a 
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duct the sound pressure amplitude will be constant over the 

duct cross-section. If now the measurement microphones are 

placed at such a duct cross-section and the sound pressure is 

measured all microphones would give the same pressure 

amplitude with zero phase shifts. However there will in practice 

be a deviation from this ideal case due to the measuring chain, 

amplifiers, and cables etc., which introduce amplitude and phase 

shifts. Relative calibration of the microphone measurement 

chain is therefore needed. In order to calculate the 

transfer-matrix equation, the transfer function between the 

microphones and the electrical loudspeaker signal, i.e. 

                                 are needed. It is sufficient 

to measure the transfer function between the microphones and 

a reference microphone say microphone 1,               

            . The calibration transfer functions, which will be 

used in the calculation of the transfer matrix, can then be 

obtained from 

   
                

    
   

   
         

    
   

   
 

   
    

   

   
         

    
   

   
         

    
   

   
         

A special calibration tube as shown in Figure 16 and Figure 17 

has been built in order to measure the transfer functions 

between the reference microphone and the other microphones. 

The calibrator consists of a loudspeaker, a steel pipe, which has 

the same diameter as the test object and a microphone holder 

for six microphones. The holder was made of a plastic material 

to avoid possible grounding errors between the microphones. 

The length of the steel pipe is preferably short to minimize the 

number of resonances in the pipe. 
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Figure 16. Sketch of calibration tube 

 

Figure 17. Photo of Calibration tube 

4.4 Flow noise suppression 

An efficient way of suppressing the acoustic and turbulent 

pressure fluctuations is to use a reference signal which is 

uncorrelated with the disturbing noise in the system and linearly 

related to the acoustic signal in the duct [27]. A good choice for 

Steel pipe 
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the reference signal is to use the electric signal driving the 

external sources as a reference. Deviation from a linear relation 

between the reference signal and the acoustic signal in the duct 

can for instance be caused by non-linearity in amplifiers and 

loudspeakers at high input amplitudes, temperature drift and 

non-linearity of the loudspeaker connections to the duct at high 

acoustic amplitudes. One possibility is to put an extra reference 

microphone close to a loudspeaker or even in the loudspeaker 

box behind the membrane, i.e., without contact the flow. 

Otherwise one of the measurement microphones can be used as 

reference. The disadvantage of this technique is that one will get 

a minima’s at the reference microphone at certain frequencies 

or poor signal to noise ratio. To solve this problem one can use 

the microphone with the highest signal-to-noise ratio as the 

reference.  

To estimate the signal-to-noise ratio the flow noise is first 

measured at the microphones with the acoustic excitation 

turned off. One way to estimate the signal level is to measure 

the sound pressure level at the microphones with the acoustic 

excitation used in the test but without flow. The sound field in 

the duct will however change slightly with flow due to 

convective effects. It is therefore more correct to estimate the 

signal level using acoustic excitation and flow. The 

signal-to-noise ratio is defined as 

           (
  
  

)                              

Where    is the sound power of the acoustic signal and    is 

the sound power of the flow noise. The latter technique 

therefore means that a 0 dB SNR indicates that the flow noise 

dominates. Once the signal-to-noise ratio is determined this 

information is used to calculate cross-spectra and frequency 

response functions with the highest signal-to-noise ratio signal 

as the reference. This is done on a frequency-by-frequency basis. 

If all possible cross-spectra are determined during the 

measurements this procedure can be performed off-line. 

In this measurement the electronic signals driving the 

loudspeakers were used as the reference. 

4.5 Configurations tested 

For this investigation four mufflers consisting of resonators 

were supplied by Volvo cars. All four resonators are intended 

for reduction of turbo generated noise. Sketches are shown in 

Figure 18 below.  
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Case 3 is made of aluminum while the rest are plastic. The 

arrows refer to the flow direction as well as the direction which 

the TL is calculated for.  

Measurements have been made for different flow speeds up to 

0.1 Mach number. 

 

Figure 18. The flow directions of all the 4 resonators 
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5.  EXPERIMENTAL RESULTS AND DISCUSSION  

5.1 Case 3 (Resonator 3) 

Figure 19 shows the measured transmission loss for resonator 3 

with zero flow, M=0.05 and M=0.1 respectively. The result 

indicates that the efficient frequency range of the resonator is 

from 900 Hz to 1400 Hz and the largest attenuation appears at 

1150 Hz with 40 dB for the no flow case. The peak attenuation 

is damped with the increasing flow speed and reduce to 17 dB 

when M=0.1. It can also be seen that there are two peaks 

without flow which merge to one peak with flow.  

 

Figure 19. Measured transmission loss (TL) of resonator 3 

5.2 Case 4 (Resonator 4) 

Figure 20 shows the measured transmission loss for resonator 4 

with zero flow, M=0.05 and M=0.1 respectively. The result 

indicates that the efficient frequency range of the resonator is 

from 1500 Hz to 2400 Hz and the largest attenuation appears at 

1700 Hz with 33 dB for the no flow case, but the effect of flow 

is fairly small in this case.  
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Figure 20. Measured transmission loss (TL) of resonator 4 

5.3 Case 1 (Resonator 1) 

Figure 21 shows the measured transmission loss for resonator 1 

with zero flow, M=0.05 and M=0.1 respectively. The result 

indicates that the efficient frequency range of the resonator is 

from 1000 Hz to 2000 Hz and the largest attenuation appears at 

1300 Hz with 36 dB for the no flow case. The peak attenuation 

is reduced with increasing flow speed and reduce to 26 dB when 

M=0.1. It can also be seen that there is a shift in the resonance 

frequencies towards higher frequencies (from 1300 Hz to 1500 

Hz) with flow. The reason for this could be that the opening 

impedance change with flow. 

 

Figure 21. Measured transmission loss (TL) of resonator 1 

0 200 400 600 800 1000 1200 1400 1600 1800 2000
0

5

10

15

20

25

30

35

40

45

50

Frequency (Hz)

T
r
a
n
s
m

is
s
io

n
 
L
o
s
s
 
(
d
B

)

 

 

Measurement result with no flow

Measurement result with M=0.05

Measurement result with M=0.1

0 200 400 600 800 1000 1200 1400 1600 1800 2000
0

5

10

15

20

25

30

35

40

45

50

Frequency (Hz)

T
ra

n
s
m

is
s
io

n
 L

o
s
s
 (

d
B

)

 

 

Measurement result with no flow

Measurement result with M=0.05

Measurement result with M=0.1



29 

 

5.4 Case 2 (Resonator 2) 

Figure 22 shows the measured transmission loss for resonator 2 

with zero flow, M=0.05 and M=0.1 respectively. The result 

indicates that the efficient frequency range of the resonator is 

from 1000 Hz to 1800 Hz and the largest attenuation appears at 

1500 Hz with 27 dB for the no flow case. The peak attenuation 

is reduced with increasing flow speed and reduce to 25 dB when 

M=0.1. It can also be seen that there is a small shift in the 

resonance frequency and the peak is moved towards higher 

frequencies (from 1500 Hz to 1600 Hz) with flow. The reason 

for this is the same as mentioned in section 5.3 above. 

 

Figure 22. Measured transmission loss (TL) of resonator 2 

200 400 600 800 1000 1200 1400 1600 1800 2000
0

5

10

15

20

25

30

35

Frequency (Hz)

T
ra

n
s
m

is
s
io

n
 L

o
s
s
 (

d
B

)

 

 

Measurement Results with no flow

Measurement Results with M=0.05

Measurement Results with M=0.1



30 

 

6.  MODELING RESULTS AND DISCUSSION  

6.1 Simulation model for case 3 (Resonator 3) 

Converting the geometric model of a muffler to an acoustic 

model is an important step in linear acoustic modeling. For 

instance conversion of a 49mm diameter simple Helmholtz 

resonator as in Table 1 to a SIDLAB model was made as shown 

below. 

 

Figure 23. Dimensions of the outer part of resonator 3 

 

Figure24. Dimensions of the inner part of resonator 3 

6.1.1 SIDLAB model and the comparison with measurement results 

 

 Helmholtz Resonator 1 Helmholtz Resonator 2 

Volume ( 
 
) 1.2e-4 1.3e-4 

Neck Length (m) 2e-3 2e-3 

Neck Area ( 
 
) 5.3e-4 9.5e-4 

Duct Area ( 
 
) 1.9e-3 1.9e-3 

Table 1. Dimensions of Helmholtz resonators in Resonator 3 
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The test object is divided into several elements connected with 

each other when conducting the simulation in SIDLAB. For 

resonator 3, we divide it into two independent Helmholtz 

resonators since there are two openings with cavities. The 

thickness of the inner pipe is considered as the neck length of 

the resonator while the opening area is treated as the neck area. 

The sketch of the SIDLAB model is shown in the figure above 

together with the table of the dimensions of each element in the 

model. 

In order to investigate which Helmholtz resonator that was 

related to which peak the dimensions were varied. It was found 

that Helmholtz Resonator 1, the one with less neck area, 

controls the first peak while Helmholtz Resonator 2 controls 

the second peak. This could be explained by the theory of 

Helmholtz resonators [28]. As illustrated in Eq. (1), the 

resonance frequency is proportional to the square root of the 

neck area and inversely proportional to the square root of the 

neck length as well as the volume of the cavity.  

The simulation result is shown in Figure 25 together with the 

measurement result. The result is not good since the resonance 

frequencies dramatically differ from the measurement. 

 

Figure 25. SIDLAB result compared with the measurement 

To make the simulated result match well with the experimental 

one, either the neck area or the volume of the cavity need to be 

modified since changing the neck length which is the thickness 

of the main pipe in this case has very little effect.  
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According to Eq. (1), the resonance frequency will be moved to 

higher frequencies with either increase the neck area, reducing 

the neck length or reducing the volume of the cavity. The 

reason for the change of the neck length having a small effect is 

probably that it is dominated by the end correction and not by 

the geometrical length.  

In the first place, we keep the area of the neck unchanged and 

reduce the volume to make the model result fit to the 

measurement. We need to reduce the volume by a factor of 0.48 

in order to get a good result, which means that the volume of 

the first cavity is decreased to          instead of 

         while the volume of the second cavity is reduced 

to          instead of         . The comparison 

between the modified model and the measurement is shown 

below together with the dimensions after modification. 

 

Figure 26. The modified SIDLAB result by reducing the volume 

of the cavity  

 

 Helmholtz Resonator 1 Helmholtz Resonator 2 

Volume ( 
 
) 5.8e-5 6.3e-5 

Neck Length (m) 2e-3 2e-3 

Neck Area ( 
 
) 5.3e-4 9.5e-4 

Duct Area ( 
 
) 1.9e-3 1.9e-3 

Table 2.  The dimensions of the HRs after reducing the volume 
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Pipes 1 2 3 4 

Length (m) 0.04 0.04 0.06 0.5 

Area ( 
 
) 0.0022 0.0019 0.0019 0.0019 

Diameter (m) 0.053 0.049 0.049 0.049 

Table 3. The dimensions of the pipes used in the model 

 

Figure 27. The modified SIDLAB result by reducing the volume 

of the cavity compared to the model using the real dimensions 

In the second case, we keep the volume of the cavity unchanged 

and increase the neck area to make the model result fit to the 

measurement. We need to increase the neck area by a factor of 

3.8 in order to get a well-fitted result, which means that the area 

of the first opening is increased to 0.0021 instead of 5.3e-4 

while the volume of the second cavity is raised to 0.0037 instead 

of 6.3e-4. The comparison between the modified model and the 

measurement is shown below together with the dimensions 

after modification. Obviously both the change of volume by a 

factor 0.48 and increase of the neck area by a factor 3.8 are 

unrealistic errors in the dimensions.  
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Figure 28. The modified SIDLAB result by increasing the neck 

area of the cavity compared with the measurement 

 Helmholtz Resonator 1 Helmholtz Resonator 2 

Volume ( 
 
) 1.2e-4 1.3e-4 

Neck Length (m) 2e-3 2e-3 

Neck Area ( 
 
) 0.0021 0.0037 

Duct Area ( 
 
) 1.9e-3 1.9e-3 

Table 4. The dimensions of the HRs after increasing the neck 

area 

6.1.2 COMSOL models and the comparison with Measurement results 

For the predictions the 3D FEM software COMSOL 

Multiphysics has been used. Assuming a negligible mean flow 

the sound pressure p will then satisfy the Helmholtz equation: 

  (
 

  
    )  

   

  
                           

where 02 /k f c  is the wave number, 0  is the fluid 

density and c0 is the speed of sound. The q term is a dipole 

source term corresponding to acceleration/unit volume which 

here can be put to zero. Using this formulation one can 

compute the frequency response using a parametric solver to 

sweep over a frequency range. Through the FEMLAB software 

different boundary conditions are available: Sound-hard 

boundaries (walls), Sound-soft boundaries (zero acoustic 

pressure), Specified acoustic pressure, Specified normal 
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acceleration, Impedance boundary conditions, and Radiation 

boundary conditions. 

Sound-hard boundaries are described using the expression 

( ( 
 

  
)    ), where n is the unit normal pointing into the 

fluid domain. The boundary condition at the inlet involves a 

combination of incoming and outgoing plane waves: 

  
 

  
     

 

  
 

 

  
   

 (
 

  
     (       )  

  

  
)                          

In this equation,    represents the applied outer pressure,    

is the boundary tangential Laplace operator, and i equals the 

imaginary unit. This boundary condition is valid as long as the 

frequency is kept below the cut-off frequency for the second 

propagating mode in the tube. 

At the outlet boundary, the model specifies an outgoing plane 

wave: 

  
 

  
    

 

  
  

 

  
                          

Also, a specified normal acceleration (   ( 
 

  
)       ) is 

used, here the continuity of normal    velocity combined 

with:   
     

  
 was used. It can be noted that the use of 

continuity of normal velocity is consistent with our assumption 

that mean flow effects are small and can be neglected.   

Compared to SIDLAB modeling the FEM model in COMSOL 

Multiphysics takes 3D effects into account. However, the 

drawback is it is more difficult to modify the dimensions of 

each element, which means that correct dimensions should be 

measured. Due to the complicated and irregular shape of these 

resonators, simplification must be implemented since one can 

only make simple drawings in COMSOL Multiphysics.  

For resonator 3, we treat the resonator as an axi-symmetric 

problem in 2D since all elements are approximately cylindrical. 

The FE-model mainly consists of linear tetrahedral elements 

and linear wedge elements. The total number of elements is 

8112 with fine mesh. The finite element mesh is shown in 

Figure 29.  
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Figure 29. The mesh of resonator 3 after simplification 

As we can see from the modeling result, it matches quite well 

with the measurement for the no flow case while there are 

reasonable trend in the results with flow. Similar to the 

measurement results, the attenuation is reduced with increasing 

Mach number up to 0.1. Moreover, the two peaks in the no 

flow result merge and become one peak when there is flow in 

the system.  

In summary, the COMSOL models reveal fairly good 

agreement with the measurement results since 3D effects are 

considered.  

 

Figure 30. Combined COMSOL result for no flow, M=0.05, 

M=0.1 compared with measurement 
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Figure 31. TL of COMSOL modeling for no flow case 

 

Figure 32. TL of COMSOL modeling for M=0.05 
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Figure 33. TL of COMSOL modeling for M=0.1 

 

6.2 Simulation model for case 4 (Resonator 4) 

Figure 34 shows the internal geometry of resonator 4. We 

neglect the pipe after the chambers since it contributes almost 

nothing to the attenuation. The object consists of three elliptical 

chambers with perforates on the main pipe. 

Figure 34. Dimensions of the inner part of resonator 4 
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6.2.1 SIDLAB model and the comparison with measurement results 

 

 

 Perforates 1 Perforates 2 Perforates 3 

Length (m) 0.04 0.03 0.03 

Cavity Area (  ) 0.0076 0.0075 0.0054 

Pipe Diameter (m) 0.066 0.066 0.066 

Perforate thickness (mm) 4 4 4 

Perforate Hole Diameter (mm) 5 5 5 

Perforate Porosity (%) 10.6 12.9 12.9 

Table 5. The dimensions of three chambers with perforates 

 Pipe 1(inlet) Pipe 2 (outlet) 

Length (m) 0.04 0.2665 

Area (  ) 0.0036 0.0036 

Table 6. The dimensions of the pipes connecting with inlet and 

outlet 

As mentioned above, the resonator with perforates is divided 

into three chambers with perforates and cavities attached on the 

main pipe. As seen from the appearance of the test object, the 

cavities are ellipsoidal instead of cylindrical, which cannot be 

modeled in SIDLAB. As a compromise, the resonator is treated 

as a cylindrical problem by replacing the ellipsoidal cavities with 

cylindrical ones with the same cavity area. Another 

simplification is that the distribution of the holes in the main 

pipe is considered to be uniformly distributed while in fact the 

44 holes are centrally distributed with 22 on each side. The 

measured dimensions are listed in Table 5&6 together with the 

sketch of the SIDLAB model. 

Figure 35 shows the comparison between the SIDLAB model 

and the measurement result. Obviously the model result catches 

the first peak and has a good agreement with the measurement 

in the low frequency band (below 1700 Hz). However, SIDLAB 

is still a 1D modeling software and cannot work well enough at 

high frequencies. This leads to the mismatch of the second peak 

around 2150 Hz and gives a bad result in the higher frequency 

range. 
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Figure 35. TL of SIDLAB model for no flow case 

6.2.2 Modified model of Resonator 4 

 

Connecting pipes 1&2 3&4 5&6 

Area (  ) 0.000015 0.00006 0.00007 

Length (m) 0.04 0.03 0.03 

Table 7. The dimensions of connecting pipes of the 6 chambers 

Perforates 1&2 3&4 5&6 

Length (m) 0.04 0.03 0.03 

Cavity Area (  ) 0.005085 0.00474 0.00433 

Pipe Diameter (m) 0.066 0.066 0.066 

Perforate thickness (mm) 4 4 4 

Perforate Hole Diameter (mm) 5 5 5 

Perforate Porosity (%) 5.3 6.9 6.9 

Table 8. The dimensions of perforate-4-port 

0 500 1000 1500 2000 2500 3000 3500
0

5

10

15

20

25

30

35

40

45

50

Frequency (Hz)

T
ra

n
s
m

is
s
io

n
 L

o
s
s
 (

d
B

)

 

 

Measurement result with no flow

SIDLAB result with no flow



41 

 

Different from the previous model, this time we divide the 

three chambers into 6 perforates with cavities on each of them 

then use two pipes to connect the divided two cavities with 

each other as shown in the figure above. This idea was 

generated since the perforation is not uniformly distributed over 

the main pipe and the connecting parts of each two chambers 

are two small connections which can be considered as tiny pipes 

between the two chambers. After adjusting the area of the 

connecting pipes, a good agreement was obtained, see Figure 36. 

As can be seen, this model gives a better agreement with the 

measurement than the previous model since it catches all the 

three peaks. The characteristics is also been found that the first 

peak is controlled by the first pair of chambers while the second 

pair dominates the second one which is damped due to the 

areas of the connecting pipes. The third peak is close to the 

cut-on frequency of the inlet pipe and 1D theory is no longer 

valid. 

 

Figure 36. TL of SIDLAB model for no flow case 

6.2.3 COMSOL models and the comparison with Measurement results 

For resonator 4, the resonator was modeled in fully 3D in 

COMSOL Multiphysics. The FE-model mainly consists of 

linear tetrahedral elements and linear wedge elements. The total 

number of elements is 188587 with fine mesh. The finite 

element mesh is shown in Figure 37.  
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Figure 37. The mesh of resonator 4 in fully 3D 

Figure 38 shows the modeling results with three flow speeds 

compared to measurement results. It is obvious that the 

transmission loss is reduced with increasing flow speed. There is 

also a frequency shift between the model and measurement. 

This can be due to the simplification of the drawing and the 

tolerance of the dimensions. It can be seen that the FEM model 

gives a less good agreement with measurements compared to 

the SIDLAB model in this case. It does not catch the widening 

of the peak at 1600 Hz. 

 

Figure 38. Combined COMSOL result for no flow, M=0.05, 

M=0.1 compared with measurement 
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6.3 Simulation model for case 1 (Resonator 1) 

 

Figure 39. Dimensions of the inner part of resonator 1 

 

Figure 40. Dimensions of the outer part of resonator 1 

6.3.1 SIDLAB model and the comparison with Measurement results 
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 Helmholtz 1 Helmholtz 2 Helmholtz 3 

Volume (  ) 0.00009 0.00003 0.000018 

Neck length (m) 0.0023 0.0023 0.0023 

Neck Area (  ) 0.0015 0.0015 0.0015 

Duct Area (  ) 0.0015 0.0017 0.0018 

Table 9. Dimensions of Helmholtz resonators in resonator 1 

 Length (m) Area (  ) 

Pipe 1 0.026 0.001 

Pipe 2 0.002 0.0014 

Pipe 3 0.004 0.0017 

Pipe 4 0.001 0.0017 

Pipe 5 0.0018 0.048 

Table 10. Dimensions of connecting pipes 

 Expansion Chamber 1 Expansion Chamber 2 

Chamber Length (m) 0.026 0.006 

Chamber Area (  ) 0.0078 0.0078 

Inlet Diameter ( ) 0.036 0.048 

Outlet Diameter ( ) 0.041 0.048 

Length of Extended Inlet (m) 0 0 

Length of Extended Outlet (m) 0.011 0 

Table 11. Dimensions of expansion chambers 

The test object (resonator 1) is divided into three Helmholtz 

resonators and two expansion chambers connected with each 

other when conducting the simulation in SIDLAB. The 

thickness of the inner pipe is considered as the neck length of 

the resonators while the opening area is treated as the neck area. 

The chamber which is connected with the inlet pipe has an 

outlet pipe extension. The sketch of the SIDLAB model is 

shown in the figure above together with the table of the 

dimensions of each element in the model. 
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Figure 41 shows the comparison between the experimental and 

SIDLAB modeling results for Resonator 1. A reasonable 

similarity in the transmission loss curves can be seen. Although 

some divergences are encountered, the basic behavior of the 

system is captured since the model catches the highest peak at 

1300 Hz.  

The highest peak which appears at 1300 Hz for the 

measurement is more damped than in the SIDLAB result. The 

SIDLAB model seems to underestimate the losses even in the 

no flow case.  

 

Figure 41. TL of SIDLAB model for no flow case 

6.3.2 COMSOL models and the comparison with Measurement results 

In the FEM model simplifications are implemented for the 

drawings of resonator 1. Elliptic chambers are used instead of 

the irregular ones while maintaining the same volume. The main 

pipe in the resonator is simplified to be cylindrical by averaging 

the inlet and outlet diameters instead of the conical geometry. 

The openings are treated as perforations around the main pipe 

and Elnady and Bodén’s impedance model is used on these 

imaginary holes for the calculation of TL.  

The element number is 102990 for this case. It is modeled 

under 3D environment and every little change on the 

dimensions will give a significant change to the result due to 3D 

effect. The finite element mesh is shown in Figure 42. 
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Figure 42. The mesh of resonator 1 in fully 3D 

Modeling results are shown in Figure 43 compared to 

measurement. As can be seen from the result, there is a shift 

between the modeling result and measured one for no flow case. 

The reason for this could be the simplification of the drawings 

when modeling it in COMSOL. It also can be seen that 

COMSOL catches the second peak which is a bit higher than in 

the measurement results.  

 

Figure 43. Combined COMSOL result for no flow, M=0.05, 

M=0.1 compared with measurement 

7.  CONCLUSION 

SIDLAB does not include flow effect inside the Helmholtz 

resonators. Since the resonators investigated in this thesis is 

entirely constructed using Helmholtz Resonators the SIDLAB 

predictions with and without flow will yield the same TL result 

which might not agree with measurements. For instance the 

influence of flow on resonator 3 which contains two Helmholtz 

resonators only is inconclusive from our investigations. 

COMSOL can provide fairly good simulation results since it 

includes 3D effects. However, due to the simplification of the 

geometry of the resonators, some of the simulation results 

cannot perfectly matched with measurement. 3D simulation is a 

must since one cannot model them in 1D without knowing the 

measured result in advance. 
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From the research results we can draw a conclusion that intake 

noise can be effectively reduced by reasonable designing 

Helmholtz resonator and expansion chamber on intake system. 
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