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ABSTRACT 

The main purpose of this thesis is to compare measured and calculated 

transfer functions. By doing so the accuracy of prediction in the numerical 

method and model is evaluated. Software utilizing the Boundary Element 

Method was used in order to calculate the sound propagation around a truck. 

Initially a control measurement and its corresponding calculation were 

performed in order to validate the intended methodology. The results from 

these confirmed that the software was able to produce results similar to the 

ones attained from the measurements.   

A series of measurements were made on a SCANIA truck in an anechoic 

room. The source was a dodecahedron that was moved around four 

stationary microphones positions. Matching calculations were launched with a 

frequency step of 25, 5 and 1 Hz. When comparing the results from the 

calculations with the ones from the measurements many similarities could be 

found, especially when using a narrower frequency step. Still many of the  

finer characteristics were lost in the calculations, something that could be 

caused by a number of things, to mention a few; the numerical truck is 

defined as completely stiff which is not a satisfactorily approximation of 

reality, the free field created in the software is to a greater extend more 

anechoic than the physical room used. 

The conclusion is that the numerical model offers more of an indication than 

an answer of how the sound field behaves. Yet these results may be improved 

if the number of elements is increased and the frequency step diminished, this 

would however prolong the calculation time. Another possibility is to tune the 

model even further and not assigning all sections as completely stiff.  
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1. GLOSSARY 

Amplitude. In a sound wave, the maximum change of pressure.  

Baffle. In Sysnoise, a reflective infinite plane.   

Boundary Element Method, commonly abbreviated as BEM. A 
numerical method for solving linear partial differential equations. Frequently 
used in computational acoustics.  

Chassis. A trucks framework containing e.g. the engine, gearbox and tyres. 

Chirp. An outgoing signal where the frequency gradually goes either up or 
down.  

Diffraction. A phenomena occurring when a sound wave meets an obstacle 
or opening. The wave changes shape and/or direction.  

Direct method. A term used in computational mathematics and meaning 
that a problem is solved by finding a finite sequence of operations allowing it 
to deliver an exact solution.  

Discretisation. The process of transferring continuous models and 
equations to discrete counterparts. By so preparing them for numerical 
evaluation. In this case the meshing of a numerical model. See also mesh. 

Dodecahedron. A geometrical structure with twelve faces. In this case the 
used sound source.   

Dynamometer. A machine used to measure rotational speed and torque of 
engines. In this case two cylinders on which the truck’s propulsion tyres are 
placed.  

Element. A small area on a surface connected by nodes on which boundary 
conditions can be applied.  

Fast Multipole Method, commonly abbreviated as FMM. A numerical 
method used to speed up e.g. BEM-calculations.  

Field Point. In Sysnoise a measuring point in space. Can be a single point or 
a cluster of points spread out on a geometry. 
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Finite Element Method, commonly abbreviated as FEM. A numerical 
method for approximating the solution of integral equation as well as partial 
differential equations.  

Hanning window. A weighting function used to prevent the discontinuity 
of a looping signal. The Hanning window puts focus in the middle of the 
signal and not that much at the both ends.  

Hemi-anechoic. In this case a chamber with anechoic walls and roof but 
with a hard floor. Giving the chamber near free fields qualities. 

Infinitesimal volume. A volume so small it is not measurable.  

Iterative method. A term used in computational mathematics and meaning 
that a problem is solved by making an initial guess and using it to find 
successive approximations.  

LMS International. A Belgian manufacturer of simulation- and measuring 
software. 

Mesh. The partitioning of a surface to facilitate numerical analysis. A mesh 
consists of several elements (see element). 

Monopole. A source that emits sound in a spherical fashion.  

Nodes. Ending points of elements where the value of the field variable can 
be calculated. 

Quadrature. The amount of Gauss points in a certain direction. 

Sysnoise. Software used to simulate vibro-acoustic cases.  

Wavelength. The distance travelled by a wave before it repeats itself. The 
travelled distance varies depending o the frequency.    
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2. INTRODUCTION 

This chapter explains and clarifies the purpose of this thesis alongside with a short summary 

of the planned proceedings.  

Numerical analyses have been around in their simplest form for thousands of 

years. Something that may have begun as a way to approximate the diagonal 

in a unit square has today evolved into powerful tools for engineers within 

every possible field. With the arrival of the computers in the 1940´s engineers 

where able to perform longer and more complex numerical calculations. This 

did not only make engineering more efficient but it also gave the engineers a 

deeper understanding of how things truly work. Now a day computer aided 

calculations are next to indispensable.1 

2.1 SCANIA 

SCANIA is Sweden’s oldest truck manufacturer and one of the world’s 

leading heavy vehicle producers. The company was founded in 1891 and 

develop, manufacture and sell trucks, industrial and marine engines as well as 

bus chassis. The company has approximate 35 000 employees worldwide of 

who 12 000 are situated in Sweden. 2 This thesis was made on location at 

SCANIA’s facilities in Södertälje under the supervision of RTTA Acoustics. 

RTTA is a group within SCANIA´s department of research and development 

that works with acoustical development and noise control of trucks. 

2.2 LMS International 

LMS international is an essential part of this thesis since both the 

measurements and calculations were performed using LMS software. LMS 

was created in the late 1970´s as a spin off to the University of Leuven and 

                                                
1 Gaul, Kögl & Wagner. Boundary Element methods for Engineers and Scientists, 1st edn, Springer, 2003, p. 4ff. 

2 SCANIA, Om Scania, 2008, http://www.scania.se/About_Scania/ (retrieved 2008-11-20).  

http://www.scania.se/About_Scania
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has ever since created, acquired and supplied the engineering community with 

tools for computer-aided engineering. 3  LMS provides a number of different 

solutions within acoustic evaluation. The ones used in this thesis are: LMS 

Sysnoise and LMS TestLab. 

2.3 Objective 

SCANIA, as a manufacturer of heavy vehicles, has a great interest in 

developing models and methods for fast and correct calculations and 

simulations within numerical acoustics. The reason for wanting to obtain 

these accurate predictive methods is to reduce time and costs while testing 

new prototypes. This thesis is the second part of this ongoing work.  

The purpose of this thesis is to compare real life measurements with 

numerical calculations and to use these results to determine if the available 

numerical model of the truck is accurate enough to produce reliable data. 

Originally it was also intended to research the possibilities of the Fast Multipole 

Method, a faster and more flexible computational method than the classical 

Boundary Element Method. But due to license complications and a change in 

focus the idea was left behind, still some time was spent on reading and 

writing about the Fast Multipole Method and therefore it will be briefly reviewed 

in chapter three. 

The thesis could in the future be used as a springboard for further research 

and optimization of the numerical truck model. 

 

 

                                                
3 LMS International, Revision 5.6 Sysnoise user manual, LMS International, 2003, p. iv. 
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2.4 Procedure 

The work was divided in three main parts: 

The first one; a literatures study in which books and papers about the 

Boundary Element Method and general acoustics was studied along side with Filip 

Stenlund`s Master thesis4. This is summarized in chapter three where the 

theory behind the Boundary Element Method is presented containing descriptions 

of it pros and cons alongside with a short presentation of the Fast Multipole 

Method. In addition the ideas and thoughts behind this thesis are reviewed and 

clarified. 

In the second part, described in chapter four, a detailed depiction of the 

undertaken measurements and calculations is brought fourth. Furthermore a 

summary of the used instruments, software and hardware as well as the 

applied method and corresponding proceedings. 

The third and final part, explained in chapter five, consists of results and 

analysis. The outcome of the measurements and the calculations is plotted 

and compared with each other. Finally the author gives his conclusions and 

recommendations for future work.  

                                                
4 Filip Stenlund. Master of science thesis - Acoustic Modelling of Radiated Noise from a Truck using BEM, KTH 
2008. Stenlund`s master thesis is the predecessor to the work done on this thesis.   
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3. THE BOUNDARY ELEMENT METHOD 

In this chapter the background and theory of the Boundary Element Method is presented. 

There will be a description of different equation models, the pros and cons with the method, 

possible errors and common problems. There will also be a brief comparison between the 

Boundary Element Method, the Finite Element Method and the Fast Multipole Method.  

3.1 Some background 

Numerical simulations are of great importance for the design and 

development of engineering structures, machines and tools. Since the 

introduction of computational methods these simulations have become 

cheaper and more time efficient in comparison with the expenses and 

hardships of performing traditional measurements and experiments. 

However, great requirements are put on these new methods since they have 

to give accurate and applicable results within the shortest time possible. These 

requirements are difficult to fulfil since the fundamental physical phenomena 

that contribute are often many and complex. For instance while making 

acoustical simulations on a truck one has to take in account the materials and 

their different frequency dependent qualities, the diffraction and reflection of 

the components, problems generated by cavities in the chassis compartments 

and so on.5 

Even though the some of the theory behind the Boundary Element Method6 

had been around since the mid 1880´s it was not until 1978 that the first book 

appeared and with it a surge of research on the subject.7 

 

                                                
5 Gaul, Kögl & Wagner, loc. cit. 

6 The Boundary Element Method will in the future be abbreviated as BEM.   

7 Gaul, Kögl & Wagner, loc. cit. 
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3.2 The theory of  BEM 

3.2.1 Fundamentals of  acoustics 

Acoustics is the science of sounds and vibrations. Sound being all kinds of 

pressure generation and propagation in compressible fluids e.g. air or water. 

Vibrations work after these same principles but within the domain of solid 

materials.8 

 

3.2.1.1 The wave equation 

The wave equation can be derived from three different equations: the 

continuity equation, Euler’s equation and the equation of state.9 

The continuity equation relates fluid density( )! , volume sources ( )q  and 

velocity vectors ( )v  and expresses the conservation of mass. As seen below in 

equation 3-1 the velocity vector changes in space and time.10 

q
z

v

y

v

x

v

t

zyx =!!
"

#
$$
%

&

'

'
+

'

'
+

'

'
+

'

' ((((
  (Eq. 3-1)  

If using indicative notation (i). 

( ) qv
iit
=!+! ""   (Eq. 3-2) 

Euler’s equation expresses that the increase of momentum in an infinitesimal 

volume of fluid: 

                                                
8 Bodén, Carlsson, Glav, Wallin & Åbom, Ljud och vibrationer, 2nd edn, 2001, Norstedt tryckeri AB, 

Stockholm, p. 3.  

9 Ibid. 

10 O. Von Estoff, Boundary Elements in Acoustics – Advances and Applications, 2000, WIT Press, 
Southhampton, p. 2 
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( ) ( ) 0=!+!+! pvvv
ijijit

""   (Eq. 3-3) 

If there is no source ( )0=q  it’s possible to simplify Euler’s equation by using 

the continuity equation: 

( ) 0=!+!+! pvvv
iijjit

"   (Eq. 3-4) 

When combining Euler’s equation with the equation of state four 

independent equations are presented. Of which three belong to Euler’s 

equation and one to the equation of state. Together these equations contain 

five unknown functions.11 

• Three velocity components ( )
i

v  

• Pressure ( )p  

• Density ( )!  

To solve these one further equation is needed, the equation of state which 

relates pressure and density.  

( )!fp =   (Eq. 3-5) 

Often the equation of state is expanded in a Taylor series but regarding the 

small pressure fluctuations that are viewed throughout this thesis only the first 

order of approximation is applicable. 

( )
0

2

0
!! "=" cpp   (Eq. 3-6) 

 

 

                                                
11 Ibid,. p. 3. 



 

 9 

Linear acoustics is based on the theory that the field variables can be broken 

down into two terms. The first one, which is constant, is subscripted with 

( )0 and represents a steady state. The second one complies with small 

variations in the steady state of the first one and is subscripted with( )a . 

!
"

!
#

$

+=

+=

%=

iaii

a

vvv

ppp

0

0

0

&&&    (Eq. 3-7) 

Generally the fluid is considered in a state of rest (vi0 =0) 

By combining the idea of broken down field variables with the linear 

pressure-density relation and neglecting the acoustic perturbation in Euler’s 

and the continuity equation one obtains en expression for the acoustic 

pressure. 

( )
iaitaiiatt

qvqpp
c

!+!=!"!
2

1
  (Eq. 3-8) 

Now equation 3-8 is derived and the subscript ( )a is excluded resulting in the 

wave equation:12 

•

=
!

!
"# q

t

p

c
p

2

2

2

2 1
  (Eq. 3-9) 

 

3.2.1.2 The Helmholtz equation 

It is possible to describe a fluid if the medium surrounding the given structure 

is homogeneous and in a state of equilibrium. This is done with the 

Helmholtz equation which is derived from the wave equation, requiring that 

the source !
"

#
$
%

& •

q  is harmonic in time: 

                                                
12 Ibid., p. 4.  
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qpkp =+!
22   (Eq. 3-10)               

Where ( )k is the wave number: !
"

#
$
%

&
=
c

k
'

 (Eq. 3-11), ( )p  is the complex 

amplitude !
"

#
$
%

&
'=

ti
epp
(

~

 (Eq. 3-12) and ( )! is equal with: !!
"

#
$$
%

&

'

'
+

'

'
+

'

'

zyx
.  

3.2.1.3 Boundary conditions 

Three different kinds of boundary conditions13 can be applied on the 

Helmholtz equation. 14 

• Dirichlet B.C. 

      Imposed pressure 
!

p on segments referred to as 
p
s .  

      !
"

#
$
%

&
=!

"

#
$
%

& '('

)) ,, rprp  

  

• Neumann b.c 

Imposed normal velocity 
!

v  on segments referred to as 
v
s . 

!
"

#
$
%

&
'(=

)

!
"

#
$
%

&
)

*(

*

+,+
+

,

,

rvi
n

rp

n  

 

 

 

 

                                                
13 Boundary conditions will in the future be abbreviated as B.C. 

14 Estorff, op.cit., p. 5. 
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Figure 3-1: An illustration of an interior problem in which 
the three B.C. have been applied on the boundary. 
 

• Robin B.C.  

Imposed normal impedance 
!

Z on segments referred to as 
z
s . 

      ( ) !
"

#
$
%

&
!
"

#
$
%

&
=

''(

))) ,,, rvrZrp n  

 

An important notation is that anywhere on the boundary surface only one of 

these three B.C. may be appointed at the same time. When the b.c:s are 

prescribed they create divisions in S as shown in figure 3-1. 

 

 

 

 

 

 

 

 

 

3.2.1.4 Fundamental solution 

When working analytical with the Helmholtz equation there exist some 

solutions that are especially important for BEM formulation. These solutions 

are called the fundamental solutions and resolve the pressure distribution in 

free space brought on by a point load.  If positioning a point source in free 
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space that emits a single pulse at time ( )
0
t , the generated sound field ( )G  

complies with the inhomogeneous wave equation shown below: 

( ) ( )
022

2 1
ttrr

t

G

c
G PQ !"!=

#

#
"!$ %%  (Eq. 3-13) 

Where ( )Q is a random field point and ( )! is the Dirac delta function. 

The sound field ( )G is given by: 

( ) !
"

#
$
%

&
''(=
c

r
tt

r
ttrG

00
4

1
,, )

*
 (Eq. 3-14) 

Where !
"
#$

%
& '= PQ rrr is the distance between the source and the field point.15 

If the point source instead of discharging a single pulse discharges a constant 

harmonic signal with frequency ( )!  the consequent sound field ( )G  is the 

solution of the inhomogeneous Helmholtz equation shown below: 

( )PQ rrGkG !=+" #22   (Eq. 3-15) 

The sound field ( )G is given by: 

( )
r

e
rG

ikr

!
"

4
,

#

=  (Eq. 3-16) 

3.3 Direct and indirect BEM 

When working with BEM there are two possible boundary integral 

formulations. For problems with closed boundary surfaces the direct integral 

formulation can be used if the simulation is either external or internal. For 

                                                
15 Ibid., p. 6. 
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problems with open boundary surfaces or combined internal and external 

analysis the indirect integral formulation is required.16 

3.3.1 Direct integral equation formulation 

A domain V  is bounded by a closed boundary S  and within this domain a 

pressure field is to be established. The sought pressure field abides by the 

Helmholtz equation (3-10) viewed in chapter 3.2.1.2.17 

 qpkp =+!
22  

When applying the b.c: s presented in chapter 3.2.1.3: 

pp =  on pS  

vv
n
=  on 

v
S                                          { } SSSS zvp =,,   (Eq. 3-17) 

nvZp =  on 
z
S  

And using Green’s identity for the derivation gives the following equivalent 

integral equation: 

( ) ( )!! "#"="#"
S

nn

V

iiii
dSuvvudVuvvu   (Eq. 3-18) 

This formulation demands the normal of the closed boundary to always point 

outwards. Both functions (u  and v ) are supported, continuous and twice 

differentiable on the domain and Lipschitzian on the closed boundary. By 

using Stokes theorem and integrating by parts this is proved: 

( ) ( )[ ] ( ) ( )! !!! ""#"=""#""="
S V

iin

V

iiii

V

ii
dVvudSvudVvuvudVvu  (Eq. 3-19) 

                                                
16 Stenlund, op.cit., p. 4. 

17 Estorff, op.cit., p. 7. 
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3.3.1.1 For bounded domains 

For bounded domains three different cases applies:  

• The singularity is positioned outside the significant domain: 
( )SVP !" . 

• The singularity is positioned within the domain: VP! . 

• The singularity is positioned on the boundary: SP! . 

By using Green’s identity to the fundamental solution G (described in chapter 

3.2.1.4) and on the pressure field p these three cases are explained.  

 

With the singularity positioned outside the significant domain: 

In this first case it is possible to directly apply Green’s identity as G  and p  

are differentiable in S and V :18 

( ) ( )! ! "#"="#"
V S

nniiii dSpGGpdVpGGp  (Eq. 3-20) 

By using the definitions of G  and p the left side of the equation is reduced 

to: 

( )!"
V

dVGq  (Eq. 3-21) 

By rearranging the equation Green’s identity becomes: 

( ) ( ) 0=+!"!# #
V V

nn dVGqdSpGGp  (Eq. 3-22) 
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With the singularity positioned within the domain: 

In the second case G  is not differentiable with p  since p  belongs to V . 

This implies that Green’s identity is not directly applicable. It is however 

possible to exclude p  by creating a domain !VV " : 

( ) ( ) ( )! ! !
"

#"#+#"#=#"#

$ $VV S

nnnniiii dSpGGpdSpGGpdVpGGp  

 (Eq. 3-23) 

Within this new domain the homogenous Helmholtz equation is satisfied by 

G . By simplifying the volume integral one obtains:19 

( ) ( ) ( )! ! ! =+"#"+"#"
S V

nnnn dVGqdSpGGpdSpGGp
$

0   (Eq. 3-24) 

Assigning !V as a sphere with the radius ! and introducing Green’s function 

and substituting dS  with its corresponding spherical coordinates.  

( ) ( ) !""#
#$#$##

%

$$ ##

dd
peep

dSpGGp
ikik

nn sin
44

2

2

0 0

& & & '(
)

*
+
,

-

.

.
//
0

1
22
3

4
5//
0

1
22
3

4

.

.
5=.5.

55

 

 (Eq. 3-25) 

When deriving G with respect to ! : 

 ( ) ( )[ ]( ) !""##
$

#

%

$$

# ddepikpdSpGGp ik

nn sin1
4

1
2

0 0

&

' ' ' ()&+&&=)&)   

 (Eq. 3-26) 

                                                                                                                   
18 Ibid., p. 8. 

19 Ibid., p. 9. 
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 The limit of !  approximates zero and by so reducing the terms: 

( ) ( )! !!
"

##
$"=%"%

&&
'

(
''

)**
&

2

0 0
00

sin
4

1
limlim ddepdSpGGp ik

nn  (Eq. 3-27) 

p  is moved ahead of the integral and replaced with !
"

#
$
%

& '

p
rp being the pressure 

at P : 

( ) ( )! !!
"
#

$
%
&

'

=()(

*

*

++

,
-

.//
+

2

0 0
0

sin
4

lim dd

rp

dSpGGp
p

nn  (Eq. 3-28) 

Integration over !  and !  gives: 

( )! "
#

$
%
&

'
=()(

*

*
+

,
pnn rpdSpGGp

0

lim  (Eq. 3-29) 

By replacing the integral over σ with !
"

#
$
%

& '

p
rp in equation 3-24 the Helmholtz 

integral equation is obtained: 

( ) ( )! =+"#"+$
%

&
'
(

) *

S

nnp dVGqdSpGGprp 0  (Eq. 3-30) 
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Figure 3-2. An illustration of the domain V-Vσ  in which the singularity P is left out.  

 

 

 

 

 

 

 

With the singularity positioned on the boundary: 

When P  belongs to S  !  is not longer a sphere. Instead it becomes a 

portion of a sphere. This implies that !  not longer can be set as equal to 

!
"

#
$
%

& '

p
rp ,  instead:20 

( ) !
"

#
$
%

&
'=!

"

#
$
%

&
'

((

) ppp rpcrpdd
*

+,,
-

sin
4

1
 (Eq. 3-31) 

Here 
p
c  is !41  times the angle for which P  sees S . If S  is a smooth 

surface then 21=
p
c . Depending on the geometry of S other values for 

p
c are possible. Green’s identity now becomes:   

( ) ( )! =+"#"+$
%

&
'
(

)
*

+

S

nnpp dVGqdSpGGprpc 0  (Eq. 3-32) 

                                                
20 Ibid., p. 10. 
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Equation 3-32 is a boundary integral equation for the pressure p  at the 

singularity P  and also equivalent to the Helmholtz equation. This means that 

for any functions that satisfies equation 3-32 for any P  on the boundary S  

with the values of equation 3-33 at every point P  in the domain V  is also a 

solution of the Helmholtz equation:  

( ) ( )! "#"#"=$
%

&
'
(

) *

S

nnp dVGqdSpGGprp  (Eq. 3-33) 

This boundary integral formulation opens up for the non-uniqueness 

problem, which is explained in section 3.4.3. By rewriting the Helmholtz 

equation with the help of the relation between normal velocity and pressure 

(∂ i  p=-iρωv i) one obtains: 

( ) ( )! "#$"#"=%
&

'
(
)

* +

S

nnp dVGqdSpGiGprp ,-  (Eq. 3-34) 

When differentiating the Helmholtz integral it is possible to obtain the 

pressure gradients:21 

( ) ( ) ( )! ! ="+""#"+$
%

&
'
(

)
"

*

S V

knknkpk dVGqQdSpGGprp 0  (Eq. 3-35) 

 

 

 

 

 

                                                
21 Ibid., p. 11. 
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Figure 3-3: An illustration of the volume V-Vσ  for a point P on S. 

 

 

 

 

 

 

 

 

 

3.3.1.2 For unbounded domains 

In the case where V  is unbounded i.e. the domain is infinite, S  is the 

boundary of V  with 
s
n  pointing inwards. !  indicate the boundary of V  

when approaching infinity. When applying Green’s identity to the domain 

!VV " which is bounded by S ,  !  and ! : 

( ) ( )

( ) ( )! !

!!

"

=+#$#

+#$#+#$#

V

nn

nn

S

nn

dVGqdSpGGp

dSpGGpdSpGGp

0

%  (Eq. 3-36) 

Similar to how the integration over !  was evaluated in the expression above 

the integration over is !  calculated:22 

                                                
22 Ibid., p. 12. 
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Figure 3-4: An illustration of the volume V-Vσ  for an infinite domain V. 
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 (Eq. 3-37) 

Resulting in Sommerfield´s radiation condition at infinity: 

( )( ) 01lim =!++
"#

pikp $
$

$$  (Eq. 3-38) 

As ε  approximates infinity the integral approximates zero. Finally one obtains 

for P  in V  but not on S :  

( ) ( ) 0=+!"!+#
$

%
&
'

(
))

*

dVGqdSpGGprp
VS

nnp  (Eq. 3-39) 

If P  is located on S  the Helmholtz boundary integral equation for an 

exterior problem is obtained: 

( ) ( ) 0=+!"!+#
$

%
&
'

(
) **

+

dVGqdSpGGprpc
VS

nnpp  (Eq. 3-40)
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Figure 3-5: An illustration of a closed surface with 
an open extension. 
 Figure 3-6: An illustration of a closed surface and 

two sub-domains, an interior and an exterior.  
 

3.3.2 Indirect integral equation formulation 

If applying the direct formulation on a domain with fluid on both sides of the 

bounding surface (i.e. inside as well as outside S ) a simple way to derive the 

indirect boundary integral equation formulation of the Helmholtz equation is 

attained.23 

In the general case of a closed surface fS with an open extension 
o
S  the 

entire domain V is of relevance (picture 3-5). In figure 3-6 the domain V  is 

divided into two sub-domains, an exterior and an interior.24 

 

The normal vectors in figure 3-5 show the direction of the surfaces 
o
S  and 

fS . In figure 3-6 the direction of the exterior normal vectors is chosen so 

that the Helmholtz integral equation and Green’s identity are valid. Consider 

the Helmholtz integral equation for a point P  anywhere in the domain with 

exception for 
o
S  and fS . By using equation 3-34 while neglecting body 

sources the following expression is obtained:  

                                                
23 Ibid., p. 15. 

24 Ibid., p. 12. 
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It is also known that: 
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Resulting in: 
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 (Eq. 3-42) 

Some cleaning up and rearrangement gives:  
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 (Eq. 3-43) 
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By defining µ  as the pressure difference between the two sides of S , !  as 

the velocity difference from point to point of the surfaces and in addition 

rewriting equation 3-43 (and using the denotation of SSS += ) the following 

expression is obtained:25 

 

( )! "+#=$
%

&
'
(

) *

S

np dSGiGrp +,-µ  (Eq. 3-44) 

 

Equation 3-44 is general and suitable for many kinds of surfaces e.g. open, 

closed, multiple or singular connected surfaces. For a certain point P  on 

S the following expression is obtained, in where the superscripts + and – 

denotes the positive and negative side of the normal vector: 

 

( )! "+#+±=$
%

&
'
(

)
±*

S

nppp dSGiGcrp +,-µµ  (Eq. 3-45) 

 

! "
"

#

$

%
%

&

'

(

()
+

()(

(
+±="

#

$
%
&

'
±*

S pp

ppp dS
n

Gi

nn

Gi
crp

+,-µ

,-
µ

2

  (Eq. 3-46) 

 

The integral term below is singular: 
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By removing its Hadamard finite part: 
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25 Ibid., p. 17. 
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The integral term below is singular as well: 

 

! "
"

S p

dS
n

G#
 (Eq. 3-49) 

 

Considering its Cauchy principal value: 

 

! !
"#

$ %

%
=

%

%

S S pp

dS
n

G
dS

n

G &&

' 0

lim  (Eq. 3-50) 

 

!  is the immediate vicinity of P with a radius ! .  

 

3.4 Possible errors 

The formulations described in earlier chapters opens up for certain possible 

errors that are important to be aware of when analysing the results.  

3.4.1 The amount of  elements 

A high amount of elements produces a more accurate solution. If the amount 

of elements is high the approximate solution will draw close to the exact 

solution. Yet this can only occur if the shape functions fulfil the compatibility 

and the completeness condition. The compatibility condition demands non-

singular boundary variable expansions to avoid infinite integral terms. The 

completeness condition permits the boundary variable expressions to acquire 

constancy within each element.26 

3.4.2 The Gauss quadrature  

The Gauss quadrature can be explained as the amount of Gauss points in a 

certain direction for the integral’s numerical evaluation. The quadrature works 

                                                
26 Stenlund, op.cit., p. 12. 



 

 25 

in three different acoustical expanses, the far field, the intermediate field and 

the near field region. Each of these regions can be assigned a value between 

one and five.27  

It is important to reconsider the applied quadrature if the calculation model 

has one or some of the following features:28 

• Adjacent faces separated by a very small space. 

• The mesh contains gaps or holes.  

• The external sources are close to each other. 

Any or all of the three bullets above can be corrected if the quadrature is 

increased but it is important to remember that an increase of the quadrature 

results in longer calculation time. In Sysnoise the default quadrature setting is 

2 2 1 which according to Filip Stenlund`s paper gives acceptable results.29 

3.4.3 The non-uniqueness problem 

If working with an external problem on a closed boundary the so-called Non-

uniqueness problem may emerge. This occurs when the Helmholtz equation 

is not able to produce a unique solution for a certain frequency or 

frequencies. The affected frequencies are the ones corresponding to the 

resonance frequencies (if it were an internal problem). At these points the 

internal and external frequencies superimpose each other giving great 

deviations in the frequency spectrum.30 

                                                
27 Wikipedia, Numerical Intergration, 2009, http://en.wikipedia.org/wiki/Numerical_integration  

    (2009-01-20);  

    Wikipedia, Gaussian Quadrature, 2009, http://en.wikipedia.org/wiki/Gaussian_quadrature (2009-01-20) 

28 Anders Hedblom, Master of engineering thesis - Tågbuller vid uteplats, 2005, LTU, p. 13. 

29 Stenlund, op.cit., p. 36. 

30 Estorff, op.cit,. p. 14f. 

http://en.wikipedia.org/wiki/Numerical_integration
http://en.wikipedia.org/wiki/Gaussian_quadrature
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This can be avoided by using Shenk´s methods for the direct respectively the 

indirect formulation. 31 

• Indirect formulation: At each endpoint of a standing wave the particle 
velocity is zero. If applying an impedance condition inside of the 
structure the system becomes over determined and the standing wave 
is not created.  

• Direct formulation: If adding over-determination points inside the 
volume and assigning these a zero value the internal resonance 
frequencies are suppressed. It is important not to position the over-
determination points directly on a node line since the pressure there 
always is zero.  

 

3.5 The limitations of  BEM 

It is important to be aware of the limitations within BEM. For instance there 

are some difficulties in dealing with non-linear and inhomogeneous problems. 

BEM also requires a certain amount of knowledge and understanding of the 

actual problem in order to determine a proper solution case. In the sections 

that follow a description is given of the limitations that had a direct impact on 

this thesis.   

3.5.1 Limited model size 

Since the matrices in BEM are fully populated and unsymmetrical the possible 

model size is limited. This constraint is obviously dependent on the available 

computer power but a larger model quickly escalates in processing time and 

hardware costs. Because of this BEM is best suited for calculations on stand-

alone components. 32 

 

                                                
31 Hedblom, op.cit., p. 13. 

32 Rajendra Gunda, Boundary Element Acoustics and the Fast Multipole Method (FMM), 2008, Hilliard, Ohio, p. 
12.  
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Figure 3-7. Visualization of the 6 elements per wavelength-rule. [Rajendra Gundra; pg. 1]. 

3.5.2 High frequency limit 

There is a rule of thumb when working with BEM- models. It states the use 

of a certain minimum of elements per wavelength in the BEM- mesh and the 

field point mesh. The reason for this is to obtain acceptable results and avoid 

spatial aliasing.33 Spatial aliasing is an effect that occurs in signal processing 

and causes some of the signals to become impossible to differentiate and in a 

way “blurring” the results.34 The minimal amount of elements per wavelength 

differs depending on the kind of elements used. Throughout this thesis only 

linear elements are used and therefore a minimum of six elements per 

wavelength were required.35 But if e.g. elements of the second order were to 

be used an amount of three elements per wavelength would be sufficient.  

 

 

 

 

 

Because of this “six elements per wavelength” rule the frequency domain that 

can be calculated with a BEM-model is bound to the lower frequencies. 

Equation (3-51) shows how the maximum frequency is calculated:36 

( ) ( )
2

max22

3636

66
f

c

SSLL
NNN

yx
yx ==!==

"""
 (Eq. 3-51)   

                                                
33 Ibid. 

34 Wikipedia, Aliasing, 2009, http://en.wikipedia.org/wiki/Aliasing (2009-01-25) 

35 Esttorff, op.cit., 33. 

36 Gunda, op.cit, p. 12.  

http://en.wikipedia.org/wiki/Aliasing
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Where 
x

N  and  yN  are the amount of elements in two directions, 
x
L and  

yL the length of the surface in two directions and S is the surface area.  

3.5.3 Meshing problems 

Often when working with BEM-models the mesh is imported from software 

based on the Finite Element Method37. In FEM a finer discretisation is used 

and can not be directly translated and applied in BEM. A mesh coarsening 

needs to be performed to modify the mesh; something that doesn’t only 

increases time and costs but also removes some of the geometrical features.  

A courser mesh also means that the frequency span that can be analyzed is 

narrowed due to the six elements per wavelength rule.38 

3.6 BEM and FEM 

FEM has so far only been mentioned by name, yet being the more known 

sibling of BEM it is important to have some basic knowledge of what 

separates them. FEM is as BEM a versatile tool for structural analyses and 

even though the two methods share some similarities they also harbour great 

differences. One of the most substantial of these differences lies in the 

discretisation. In BEM only the boundary is discretised where in FEM the 

whole domain needs to be discretised.39 This means that, depending on the 

load case and the geometry’s intricacy, BEM has an advantage in calculation 

time due to the smaller number of used elements. This makes BEM especially 

suitable for problems concerning stress concentrations or when calculating on 

                                                
37 The Finite Element Method will in the future be abbreviated as FEM 

38 Gunda, op.cit., p.13. 

39 Lately FEM has been enhanced with the possibility of using infinite and semi-infinite elements 
allowing it to perform calculations on unbounded systems. This breakthrough will most certainly rend 
the classical BEM obsolete in the future. However, since the practice of these new tools is not yet 
industry standard this observation remains a parenthesis.  
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infinite/semi infinite domains.40 Figure 3-8 shows the difference in the 

discretisation when working with BEM and FEM. 

 

 

Another difference, which was mentioned earlier, is that BEM makes use of 

unsymmetrical and fully populated matrices giving precise yet time consuming 

results. FEM on the other hand uses symmetrical matrices resulting in faster 

but less accurate calculations.41 

3.7 Direct vs. iterative solvers 

Even though BEM is widely spread and accepted as a tool for calculation and 

prediction of sound radiation from vibrating structures, it does have some 

inconveniences that arise due to the type of solver used. Lately a new type of 

solver has emerged which integrated with the BEM formulations has potential 

to outshine its predecessor. This is called the FMM-BEM; FMM stands for 

Fast Multipole Method42. 

By using iterative solvers, instead of direct solvers as the ones used in BEM, 

and not assembling the full matrices FMM-BEM is more time efficient than 

classical BEM. It doesn’t only require less computer memory but also 

                                                
40 Gaul, Kögl & Wagner, op.cit. pg. 12f. 

41 David V. Hutton, Fundamentals of Finite Element Analysis, 2004, McGraw Hill, p. 4ff. 

42 The Fast Multipole Method will in the future be abbreviated as FMM. 

Figure 3-8. The left picture shows the discretisation in FEM where the whole domain needs to be 
discretised. The right picture shows the discretisation in BEM where only the boundary is discretised. 
[Gaul, Kögl, Wagner; pg. 12]. 



 

 30 

Figure 3-8a: The projections of 
sources in classical BEM. Each 
source is projected individually onto 
the far field. 
 
Figure 3-8b: The projection of sources 
in FMM-BEM, the sources are 
projected as one onto the far field and 
later dispersed.  
 
[Rajendra Gundra, pg. 3] 

performs a reduced number of operations (see tables 3-1 and 3-2). On the 

downside the matrix vector products are not longer exact opening up for 

possible errors. It is important do make a distinction between the 

approximation of the solution done by iterative methods and the 

approximation of the matrix vector products.43  

FMM gets its name from the usage of multipole expansions of the Green’s 

function. This in combination with the iterative solver gives FMM-BEM its 

time advantage over classical BEM. Figure 3-8a shows how these multipole 

expansions work, a group of nearby sources are clustered into one and 

projected onto the far field. Classical BEM projects each one of these sources 

individually.44 

 

 

 

 

 

 

 

 

                                                
43 Chaigne, Simon, Sylvand & Duceau, On the use of the Fast Multipole Method for Accurate Automotive Body 

Panel Acoustic Load Predictions, 2007, SAE International, p. 3;  

    Wikipedia, Iterative methods, 2009, 
http://en.wikipedia.org/wiki/Direct_method_(computational_mathematics) (2009-01-26) 

44  Gunda, op.cit., 13f;  

     Wikipedia, Fast Multipole Method, 2009, http://en.wikipedia.org/wiki/Fast_multipole_method 
(2008-11-15); 

http://en.wikipedia.org/wiki/Direct_method_
http://en.wikipedia.org/wiki/Fast_multipole_method
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Table 3-1 shows the relation between the number of unknowns and the 

required computational power.  

 

Number of 
unknowns 

RAM memory 
required 

CPU resolution 
time 

K  2
K  3

K  

 

In table 3-2 the frequency domain has been doubled resulting in a four-time 

growth of unknowns.  

 

Solver  

Method 

Number of 

unknowns 

RAM memory 

required 

CPU resolution 

time 

Direct K4  ( ) 22

164 KK =  ( ) 33

644 KK =  

Iterative K4  2
16K  ( ) 22

164 KK =  

 

The amount of unknowns that can be calculated has a direct impact on the 

size of the mesh and the frequency range. For instance, since BEM is required 

to use six linear elements per wavelength the number of unknown rapidly gets 

to large if one wishes to expand the frequency range. It is in problems like this 

that FMM-BEM has an advantage since the numbers of unknowns that can 

be calculated within a reasonable time period are larger than in BEM:45 

 

                                                                                                                   
    Chaigne, Simon, Sylvand & Duceau, op.cit., p. 4.  

45 Chaigne, Simon, Sylvand & Duceau, op.cit., p. 3f. 

Table 3-1. The relation between numbers of unknowns and required 
computational power.  

Table 3-2. The difference between iterative and direct methods in regard to the amount of 
unknowns and calculation time. 
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• Classical BEM (direct solver): 4
10  unknowns. 

• FMM-BEM (iterative solver): 5
10  unknowns. 
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Table 4-1.  Description of the instruments used while performing measurements in CD4. 

4. MEASUREMENTS AND CALCULATIONS 

This chapter focuses on the undertaken measurements and calculations. A detailed 

description of the proceedings as well as the tools used e.g. the software, the hardware and 

various instruments.  

The performed measurements and calculations can be divided into two main 

sections. The first one: A reference measurement to correlate the results from 

a trivial acoustical problem with the corresponding results generated by the 

BEM-software. By doing this it is possible to determine if the transfer 

functions obtained in Sysnoise are acceptable and applicable before going on 

with the main measurements. The second part involves the truck 

measurements and the calculations on an already existing numerical model.  

4.1 Measurements 

4.1.1 Equipment and arrangement 

Table 4-1 describes the equipment used while measuring. All measurements 

were done with the same set up and apparatus. 

 

Instruments Manufacturer Model Serial  #   

Amplif ie r Sentec PA-9 None 

Analyser LMS SCM05 46073714 

Source  B&K Unknown Unknown 

Microphones  G.R.A.S. 46AE 67726 

Calibrator B&K 4231 2136372 
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CD4 in which the measurements were done is a hemi-anechoic room at 

SCANIA’s facilities that is used for measurements with a chassis 

dynamometer. The room can be considered to possess free field attributes 

down to 200 Hz; any results below 200 Hz should therefore be viewed 

carefully.  

Image 4-2 shows how the different pieces of equipment were linked to each 

other. In order to assess the transfer functions between the output and the 

input it was necessary to know the voltage feed into the source. This was 

achieved by splitting the outgoing signal. The analyzers output was transferred 

to the amplifier from where it went into the split. The analyzer’s second 

channel went directly into the split where it measured the output voltage. 

From the split the signal went into DC4 and the dodecahedron. Channel one 

of the analyzer’s was directly linked with microphone inside CD4. The 

outgoing signal was a chirp ranging from 25 Hz up to 1024 Hz. The analyzer 

was also connected to a laptop from where the whole process could be 

Picture 4-1.  To the left: The dodecahedron. To the right: Top picture shows the microphone, the mid 
picture shows the LMS frame (analyzer) and the bottom picture shows the mono power amplifier. 
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controlled and supervised using the spectral testing module in LMS TestLab 

rev. 8 and rev. 9A. 

 

 

 

 

 

 

 

The vehicle on which the measurements were performed is called Midori and 

is a R470 truck with a CR19 cabin. Picture 4-3 shows the dodecahedron 

alongside the truck in CD4.  

 

 

 

 

 

 

 

 

Picture 4-2.  A schematic of the setup, the picture shows the analyzer, amplifier, laptop and the 
outputs to CD4. 

Picture 4-3. A picture taken in 
CD4 with Midori and the 
dodecahedron. 
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Picture 4-4. The source (red globe) and the microphone (blue globe) as positioned in CD4.  

4.1.2 Measurements – The control 

Previous performing time and cost expensive measurements (like the ones 

done on a truck) it is convenient to first try out the intended method on a 

basic problem. This makes it possible to in an early stage detect problems and 

correct errors that otherwise would have consumed valuable time further 

along the process. The setup for the control measurement was: The 

dodecahedron and a single microphone 1,36 meters away in CD4. Picture 4-4 

shows the relations between the source, microphone and floor.  

 

 

4.1.3 Measurements – The truck 

Due to the intricate locations of the microphone it was easier to move the 

source around the truck. In total four different microphone locations were 

used with six source positions each. The source positions were symmetrical 

around the truck to explore if the tyre side (spare tyre) and the tank side 

showed significant differences in results.   

Each measurement was named after the positioning of source and 

microphone. The coordinate system was directly mirrored from Sysnoise 

where the imported model inherits the following system: z is positive from 
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Table 4-2.  The coordinates of source around 
the truck. 

Picture 4-5. Midori, as seen from above. M marks the different locations of the microphones. M2 
and M3 are placed in the cavity between the cabin floor and the engine. M1 is placed inside the 
gearbox shield and M4 is next to the tyre and under the axle.  

floor to roof, x is positive from the truck’s front to its back and y goes right 

through the middle of the truck designating the tyre-side as positive and the 

tank-side as negative.  

Table 4-2 shows the location of the microphone. M stands for microphone. 

 

Name Coordinates (x,  y,  z) 

M1 1.26     0           0.40 

M2 0          0.20      1.10 

M3 0          0.60      1.15 

M4 3.54     0.42      0.33 
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Table 4-3.  The coordinates of the microphone 
around the truck. 

Picture 4-6. Midori, as seen from above. K marks the source, D and T marks the tyre respectively 
the tank side. Position number three is in close proximity to the walls of CD4. 

Table 4-3 shows the location of the source. K stands for the source, D depicts 

the tyre side and T the fuel tank side.  

 

Name Coordinates (x,  y,  z) 

KD1 3.54    3.00     0.74 

KD2 0         2.40     0.74 

KD3 1.80     4.75     0.74 

KD4 2.10     2.50     0.74 

KT1 3.54    -3.00     0.74 

KT2 0        -2.40     0.74 

KT4 2.10    -2.50     0.74 
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To obtain as good results as possible over the projected frequency frame, 

100-900 Hz, each position was measured twice. A first measurement on the 

lower frequencies: 25-256 Hz and a second one in a higher frequency region: 

100-1024 Hz. All measurements were done with an averaging value of 100 

and a Hanning window.  

4.2 Calculations 

4.2.1 Equipment 

For the calculations in Sysnoise a Unix console46 was used. The utilized 

Sysnoise version was 5.6. Initially Sysnoise was launched with patch E but 

when trying to incorporate the baffle the application would not comply. 

When the patch was upgraded to J the problems seized. In the PC-

environment MatLab versions 7 and 8 were used for processing of results.  

4.2.2 Calculations – The control 

It is not possible to insert a source into Sysnoise without first creating or 

importing a structure. Since there were no structures present in the control 

measurements this was surmounted by positioning a structure in a far 

distance. Thus the structure would not interfere with the source or field point 

and the free field attributes could be retained. The source and field point were 

positioned according to the measures of length displayed in picture 4-4. The 

source was positioned in X=0 and Z=0. The source was appointed a real 

amplitude value of one. The frequency span was set from 25 to 1024 Hz with 

a frequency step of 2 Hz.  

4.2.3 Calculations – The Truck 

To facilitate the preparation of the numerous truck47 calculations a command 

script was created. The command script gives all calculations identical 

                                                
46 SCANIA work station node 25813. 

47 The used numerical model does not represent the entire truck but only the driveline, frame, tyres, 
cabin floor, step box cover, gearbox shield and engine shield. 
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characteristics except for the positioning of source and the field point, which 

is modified for each calculation. Also the intended frequency span and 

frequency step had to be inserted manually.  

The script (appendix 1) defines the following parameters:  

• Name of model and file. 

• Definition of the problem: BEM Indirect Variational Uncoupled Baffled 
Frequency   

• Loading of structure. 

• Mesh correction. 

• Creation of different sets that group the mesh into different faces. 
This is done in order to apply the Free Edges option on the mesh. 
When using the option BEM indirect it is necessary to apply the Free 
edges boundaries. The reason for this is that a finite pressure jump 
along a free edge is not possible since the fluid on the both sides is in 
direct contact without any mechanism in between to support a 
difference in pressure. What the Free edges option does is that it defines 
a zero jump of pressure along the mesh’s free edges.48 

• Loading of lists containing admittance data that is applied on different 
clusters of elements.  

• Position and magnitude of the spherical source. The amplitude is 
given the values Real/Imaginary = 1/0. 

• Positioning of the field point. 

• Far and near fields conditions. 

• The quadrature: 2 2 1. This quadrature was chosen because of the 
results in Filip Stenlund`s paper where he states that the difference 
between the quadrature of 2 2 1 and a higher one of 3 3 2 is negligible 
compared to the greatly increased calculation time.  

• Frequency region and frequency step. 

                                                
48 Mantovon et al, Application of Large Eddy Simulation to the Solution of Industrial Problems – Best Practice Guide: 

Les and Acoustic, 2002, Alessia AEA, p. 9.  
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• What kind of solver that is to be used and where the results will be 
stored.  

After modifying the command script to match the intended measurement the 

calculation was launched. The amount of elements on the truck is 13 557 

making the calculation into a fairly large one. With the quadrature 2 2 1 and a 

frequency step of 25 Hz the calculations took approximately 30 or 50 hours 

depending on the selected frequencies. Additional calculations where made 

with a frequency step of 5 Hz, these took between 100 and 250 hours. 

Because of the extended calculation time it was not possible to execute the 

same amount of calculations as measurements. Therefore a handful of 

positions were randomly picked, the focus was placed on the tyre-side 

measurements since these better correspond structurally with the model used 

in Sysnoise.  
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4.2.4 The transfer functions 

The sought relation is the one between the input voltage and the emitted 

volume flow. Measuring the volume flow isn’t always possible but it can be 

calculated.  

Reigning free field conditions the generated sound pressure by a monopole 

(in this case the dodecahedron) is described by:49 

r

eQi
P

ikr

m
!

!!!!
=

"

#

$%

4

0  (Eq. 4-1)   

Where 
m
P  is pressure, i the imaginary part ( )1!=i  andQ  the volume flow. 

                                                
49 LMS International, op.cit., p. 5-126f;  

   Bodén, Carlsson, Glav, Wallin & Åbom, op.cit., p. 298f; 

   Bies & Hansen, Engineering Noise Control, 3rd edn, Spon press, 2003, p. 175ff. 

Picture 4-7. The three pictures show the numerical model of the truck from different angels. This actual 
calculation is called M2-KD4. The blue ball is the source, the red square the baffle that in reality is infinite 
but is visually constrained due to practical causes. The field point is not visible since it only shows as a pixel 
and also is hidden within the truck’s cavities.  
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When dividing left and right side of equation (4-1) with the voltage U  the 

transfer function between voltage and pressure is obtained.  
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For easier annotation: 
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Breaking out UQH : 

!"

#

$$

$$
=

0

4

i

er
HH

ikr

UPUQ m
 (Eq. 4-3) 

UQH 50 is the transfer function between the input voltage and the emitted 

volume flow of the dodecahedron’s. This function is obtained by calibrating 

the dodecahedron, something that already had been done by Per-Olof 

Berglund51.  

When working with Sysnoise it is possible to attain the transfer function 

between pressure and volume flow: 

P

Q
HPQ =  (Eq. 4-4) 

In LMS it is possible to acquire the transfer function between pressure and 

voltage.  

                                                
50  Since the custom of how to denote the nominator and denominator differs greatly between authors 

the denominator will always be written ahead of the nominator throughout this paper.  

51 Per-Olof Berglund; Licentiate thesis – Investigation of acoustic source characterization and installation effects for 
small axial fans, KTH, 2003, p. 45f. 
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U

P
H
UP
=  (Eq. 4-5) 

 

The calibrated data of the dodecahedron gives: 

U

Q
HUQ =  (Eq. 4-6) 

In order to acquire the same transfer function from the measurements as the 

one in Sysnoise, equations (4-5) and (4-6) are divided with each other.   

PQ
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UQ
H
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Q
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===  (Eq. 4-7) 

 

4.2.5 The constant 

A constant has to be defined in order to apply the same environmental 

conditions to the Sysnoise data as in the CD4 data. By rewriting equation 4-7: 
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In which:52 
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Equation (4-9) and (4-10) in (4-8) gives: 
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52 Bies & Hansen, op.cit., p. 22f. 
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The amplitude ( )A  is set to be equal to 1, as it was in Sysnoise. 
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Thus the constant being: !!
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4.2.6 Calculations in MatLab 

In order to obtain and compare the transfer functions the results were loaded 

into MatLab where they were further processed. A command script was 

created (appendix 2) in whish the following was stated: 

• Loading of “Dodecaheder_Huq_mean.mat”53. This file contains the 
calibrated results of the dodecahedron and is used as reference.  

• Loading of the measurement file from CD4.  

• Naming of columns. Each file owns three columns; the first one is the 
frequency value and the second and third the real and imaginary 
pressure value.  

• Interpolation between the reference data and the measurement data 
to obtain the same amount of lines. The reference file contains 3201 
lines while the measurement files contain either 257 or 1025 lines.  

• Vector division between the interpolated frequency column and the 
measurements real and imaginary columns. 

• Plotting of results.  

• Loading of Sysnoise data.  

• Naming of the three columns. 

• Defining the constant’s variables, which then are divided with the 
pressure to obtain the transfer function PQH . 

• Plotting of results. 
                                                
53 This file was used with the kind permission of Per-Olof Berglund. 
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Table 4-4.  The coordinates of the source’s 
positioning. 

4.3 The bookcase 
When viewing the results obtained from the measurements and calculations 

of the truck it was decided to make an additional investigation on a more 

simple acoustic structure. A wooden bookcase was chosen because of its 

trivial geometry and sturdy composition.  

4.3.1 The bookcase - measurements 

The same procedure as in earlier measurements was repeated. The bookcase 

was stripped of all shelves and loose components in order to only retain a 

pure box shape. Since the back of the bookcase is thinner than the rest of the 

structure, and therefore more likely to be influenced by the sound pressure, 

the bookcase was laid with its back down on the floor, creating an open box. 

In total four measurements were performed. These were composed of one 

source position and two different microphone positions. These measurements 

were named Bookcase-1 and Bookcase-2. 

In tables 4-4 and 4-5 the coordinates of the source’s and the field point’s 

positioning are defined. The coordinate system has its origin in one of the 

bookcases lower edges. With X and Y expanding positively along the 

bookcase’s long side respectively short side (picture 4-8).  

 

 

Name Coordinates (x,  y,  z) 

Source 2.17     0.40     0.52 
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Table 4-5.  The coordinates of field point’s 
positioning. 
 
 
 

Picture 4-8. The bookcase in CD4, the red dot marks the origin of the coordinate system. 
  
 
 

 

Name Coordinates (x,  y,  z) 

M1 1.26     0           0.40 

M2 0          0.20      1.10 

 

 

 

4.3.2 The bookcase – calculations 

Since the bookcase has such a trivial geometry it was possible to create a 

corresponding mesh structure within Sysnoise. This was achieved by 

combining field points into the sought geometries. This geometry was then 

exported as a cluster of points and later imported back into Sysnoise as a 

structure mesh. To achieve the wanted geometry field point-planes where 

used since it wasn’t possible to crop a field point cube in order to obtain an 

open box. The Merge option was activated allowing Sysnoise to merge the 

coincident field points-planes and by so creating the features of the bookcase. 
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Table 4-6.  The coordinates of the field point plane 
representing the bookcase’s back. 

Picture 4-9. A description of the build up of a field point plane in Sysnoise. [LMS 
International; pg. 4-23] 

When constructing a field point-plane the coordinates of three of the plane’s 

point edges must be defined. Picture 4-9 shows how these points are 

distributed on the plane.  

 

 

Furthermore the planes must be divided into subdivisions corresponding to 

the elements in a mesh. The discretisation is relatively high in order to get the 

incoming pressure to dissolve smoothly over the surface. Tables 4-5, 4-6 and 

4-7 describe the coordinates for the different planes, as well as the amount of 

subdivisions in each plane.  

 

 

 

 

 

 

 

Plane 1 

Subdivision ( )3030 !  

Surface area: 472.1
2
m  

Point Coordinates (x, y, z) 

Point 1 0        0         0.01 

Point 2 0.92    0        0.01 

Point 3 0         0.80    0.01 
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Table 4-7.  The coordinates of the field point planes representing the bookcase’s long sides. 

Table 4-8. The coordinates of the field point planes representing the bookcase’s short sides. 

 

 

 

 

In total there are ( ) 2950)20*20()25*25(230*30 =++ subdivisions, or 

elements ( )N  in the mesh. The surface area ( )S  of the structure is 

Plane 2 

Subdivisions: ( )2525 !  

Surface area: 5888.0
2
m  

Plane 3 

Subdivisions: ( )2525 !  

Surface area: 5888.0
2
m  

Point Coordinates (x, y, z) Point Coordinates (x, y, z) 

Point 1 0        0     0.01 Point 1 0.92    0.80    0.01 

Point 2 0.92    0     0.01 Point 2 0        0.80    0.01 

Point 3 0         0     0.33 Point 3 0.92    0.80    0.33 

Plane 4 

Subdivisions: ( )2020 !  

Surface area: 512.0
2
m  

Plane 5 

Subdivisions: ( )2020 !  

Surface area: 512.0
2
m  

Point Coordinates (x, y, z) Point Coordinates (x, y, z) 

Point 1 0     0.80    0.01 Point 1 0.92    0        0.01 

Point 2 0     0         0.01 Point 2 0.92    0.80    0.01 

Point 3 0     0.80    0.33 Point 3 0.92    0         0.33 
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( ) ( ) 6736.35888.02512.02472.1 =++ 2
m . Using equation (3-51) the 

maximum reliable frequency is calculated: 

Hz
S

Nc
f 160581.1605

6736.336

1156002950

36

2

max
!=

"

"
==  

Through trial and error it was discovered that for 100 % accuracy while using 

linear elements within Sysnoise this calculated 
max
f  should be reduced with 

approximate 10-20%. This gives a new 
max
f of approximate 1444 Hz. Still 

there is a good margin since the highest sought frequency does not exceed 

1000 Hz. Normally when having a substantial marginal between 
max
f and the 

frequencies of interest the amount of elements would be reduced (and by so 

decreasing 
max
f ) in order to diminish the calculation time. However because 

of the small amount of actual elements this was not necessary, the calculation 

time was expected to be about 60 minutes for a frequency interval of 100 - 

1000 Hz and with a frequency step of 5 Hz.  

When performing calculations on the truck a command script (which 

excluded the graphical interface) was used since the calculation time was 

considerable and thus rendering a visualisation unnecessary. When working 

with the bookcase the opposite approach was more practical since the 

amount of settings were fewer and a shorter calculation time was required. 

Because of this all the bookcases calculations were done using the graphical 

interface.  

The steps in the bookcase calculations were as follows:  

• The option BEM Indirect Variational Uncoupled Baffled Frequency was 
chosen.  

• The memory was increased to a value of 1500. 

• The bookcase was imported as a mesh and a vector direction 
correction was performed.  
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Picture 4-10. An image of the bookcase mesh and the source.  

• An envelope set was created of the whole model and the Free Edges were 
defined.  

• The parameters and the intended frequency span were set and the 

calculation launched. 

• After exporting the results the field point had to be reset otherwise 

Sysnoise would superimpose the results on each other and by so 

presenting distorted results. 

When first launching the calculations an error message appeared which 

said: “Warning output power not computed for this type of boundary conditions”. 

When trying to extract the response function Sysnoise locked down. This 

problem was resolved by elevating the bookcase 1 mm above 0=z since 

positioning a plane (in this case plane #1) at the same level as the baffle 

did not comply with Sysnoise. This correction has already been done in 

tables 4-6 – 4-8.  
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Figure 5-2. A coherence plot from the truck measurement M1-KD1, 100-1024 Hz. 

Figure 5-1. A coherence plot from the truck measurement M1KD1, 25-256 Hz. 

5. RESULTS 

In this section the results from the measurements and calculations will be presented as 

frequency response and coherence plots.  

5.1 Coherence results from the spectral testing  

Over all the results from the spectral testing shows good coherence between 

the output and input. Figures 5-1 and 5-2 show the coherence from the 

measurements on M1-KD1 (se tables 4-2 and 4-3 for coordinates). 
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Figure 5-3. A coherence plot from the truck measurement M1-KT2, 100-1024 Hz. 

The coherence is over all good and even though all results below 200 Hz are 

expected to be somewhat off figure 5-1 shows good results even down to 100 

Hz. In figure 5-2 the signals does not begin to correlate until 250 Hz. This 

could be caused by the dodecahedron itself requiring a fraction of time to 

attain a normalized output. Figure 5-2 also shows a harmonic deviation 

around 790, 830 and 860 Hz; this is most likely an effect of an eigenfrequency 

or the truck’s damping. Above 930 Hz the coherence drops dramatically 

probably because of energy losses, diffraction and damping.  

Figure 5-3 shows the coherence from the measurement M1-KT2.  Notice that 

this is the corresponding measurement to the one in figure 5-2 but on the 

truck’s tank-side.  

 

When comparing figure 5-3 with figure 5-2 great similarities are found, 

especially the plunge at 850 Hz. This suggests that the reason could be a 

damping of sorts or even possible the room itself, however since CD4 is 

supposed to have free field conditions the latter is disregarded. Another 

possible explanation is that the gearbox shield, in which the microphone is 

placed, supports a standing wave or cavity resonances.  
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Figure 5-4. A coherence plot from the first bookcase measurements, 25-256 Hz. 

Figure 5-5. A coherence plot from the first bookcase measurements, 100-1024 Hz.  

Figures 5-4 and 5-5 shows the coherence from the first bookcase 

measurements (se tables 4-4 and 4-5 for coordinates).  

 

 

Both plots are smoother than the ones of the truck; this was expected since 

the bookcase is structurally more simple and open.  
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Figure 5-6. A plot comparing the results from the control measurement and corresponding calculation. 
The blue line represents CD4 and the red line Sysnoise.  

5.2 Plotted results from the measurements and calculations 

5.2.1 The control 

Figure 5-6 shows the plotted results from the measurement and calculation of 

the control setup. The blue line shows the QPH  obtained in CD4, the red line 

shows the QPH  acquired from Sysnoise.  

 

Even though there is a small difference in levels this shows, for this simple 

case, that Sysnoise is able to deliver applicable results. The blue line’s more 

rough nature and sharp edges is a result of e.g. the source itself not being as 

linear as the one generated in Sysnoise, interferences and small reflexes 

brought on by the measurement equipment.  Another important factor is that 

CD4 is not a free field environment in the same extend as the space created in 

Sysnoise. The peaks around 210 and 680 Hz are brought on by the distance-

relations between the source, floor and microphone. These results indicated 

that the used methodology was valid and the truck calculations could be 

launched 
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Figure 5-7. Plot of the M1-KD2 measurement and calculations in the higher frequency region with 
a frequency step of 25 Hz. 

5.2.2 The truck 

In figure 5-7 the results from M1-KD2 are shown. The calculations were 

performed with a frequency step of 25 Hz, which gives the red line a sharp 

and bulky appearance.   

 

Regardless of the red line’s bluntness it is possible to conclude that the levels 

of the two lines are somewhat alike. This suggests that the results obtained 

with the numerical model are not completely off. Still the resolution of the 

Sysnoise calculation is too low to draw any further conclusions, the 

calculations frequency step needs to be diminished.  

Figure 5-8 shows M1-KD2 but in the lower frequency region. The used 

frequency step in Sysnoise was 25 Hz, a far too wide step for such a narrow 

frequency span. Once again the over all levels are coinciding.   

 

 



 

 57 

Figure 5-8. Plot of the M1-KD2 measurement and calculations in the lower frequency region with a 
frequency step of 25 Hz. 

Figure 5-9. Plot of the M1-KD2 measurement and calculation in the higher frequency region with a 
frequency step of 5 Hz. 

 

Figure 5-9 and 5-10 shows M1-KD2 with a frequency step of 5 Hz.  
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Figure 5-10. Plot of the M1-KD2 measurement and calculation in the lower frequency region with a 
frequency step of 5 Hz. 

With a higher resolution in Sysnoise it becomes easier to compare the two 

curves. In figure 5-9 some similarities are found, especially at 350 Hz and 410 

Hz. The other red peaks are to some extent displaced in relation to the blue 

ones, something that could be caused by the averaging differences. The 

problem with diminishing the frequency step even further is that the 

calculation time would increase beyond manageable lengths for the frames of 

this thesis. Still with the actual frequency step of 5 Hz the main characteristics 

are similar. In figure 5-10, where the lower frequencies are shown, the peaks 

and troughs coincide better than when calculated with a step of 25 Hz. Still 

the used step of 5 Hz appears to be too wide when calculating in the lower 

frequencies. 

In CD4 both sides of the truck were measured since they are not symmetrical. 

On one side the spare tyre lies upon the chassis and on the other side the fuel 

tank hangs. Because of the limited time available the tank side was ignored 

when performing the calculations in view of the fact that the tyre-side better 
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Figure 5-11. Plot of the M1-KT2 measurement and calculation in the higher frequency region with a 
frequency step of 25 Hz. 

represents the Sysnoise model. However a small number of tank-side 

calculations were made in order to examine if the results differed greatly. 

Figure 5-11 and 5-12 shows M1-KT2 with a frequency step of 25 Hz.  

 

When comparing figure 5-11 with the corresponding one of the tyre-side 

(figure 5-7) one can establish that great similarities exist between the two CD4 

curves, the majority of the peaks and troughs coincide. The fact that the 

Sysnoise curves possess even greater similarities is expected since the 

Sysnoise-truck is symmetrical.  
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Figure 5-12. Plot of the M1-KT2 measurement and calculation in the lower frequency region with a 
frequency step of 25 Hz. 

When comparing figure 5-12 with the corresponding one of the tyre-side, 

figure 5-8, the differences are small. This is probably because of the low 

frequencies that are not as easily distorted by their surroundings as the higher 

frequencies.  
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Figure 5-13. Plot of the M3-KD1 measurement and calculation in the lower frequency region 
with a frequency step of 1 Hz. 
 

The final calculation on the truck was one with a frequency step of 1 Hz. 

Figure 5-13 shows these results. This calculation took approximate 1300 

hours to complete.  

 

The differences between the results in figure 5-13 and 5-9 are not as great as 

expected. Actually the two plots are almost identical up to about 630 Hz 

where the calculation with 1 Hz step becomes erratic. Also at 900 Hz figure 5-

13 has a large peak that does not appear in figure 5-9.  
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Figure 5-14. Plot of the Bookcase-1 measurement and calculation in the higher frequency region 
with a frequency step of 5 Hz. 
 

5.2.3 The bookcase 

Figure 5-14 and 5-15 shows the measurements and calculations of Bookcase-

1. The calculations are done with a frequency step of 5 Hz.  

 

 

 

 

 

 

 

 

 

 

 

Compared with the truck plots the congruence of these two curves is vastly 

superior. Every position of the peaks and troughs coincide, the difference lies 

in the levels where the Sysnoise curve lies a bit below the one from CD4, 

except for the peak at 380 Hz.  
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Figure 5-15. Plot of the Bookcase-1 measurement and calculation in the higher frequency region 
with a frequency step of 5 Hz. 
 

Figure 5-14 does not show the same level of concurrence as 5-13. This could 

be caused by the bookcase’s back. As explained in section 4.3.1 the bookcase 

was laid down on its back to prevent the thin backboard from interfering with 

the results. Still the backboard remained elevated from the floor thanks to the 

bookcases edges. It is possible that in these low frequencies the backplane was 

excited and resulting in the peak at 200 Hz. The Sysnoise curve lacks these 

characteristics because the entire bookcase was modelled as completely stiff. 

Nevertheless it is important to remember that CD4 delivers uncertain results 

below 200 Hz.  

 

Additional plots of the truck and bookcase can be viewed in appendixes 3 and 

4. 
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6. SUMMARY AND CONSLUSIONS 

In section 5.2.1 the measurements and calculations on a single source and 

microphone are investigated in order to explore if the projected method is 

applicable. The transfer functions obtained from these measurements and 

calculations were compared and the results show that Sysnoise produces 

acceptable data. The main characteristics of the curves were the same; the 

biggest difference lied in the levels where the Sysnoise curve consistently was 

weaker. These first results confirmed that the proposed approach was correct.  

In section 5.2.2 the results from the truck simulations and measurements were 

compared. The overall levels of both curves coincide but it becomes obvious 

that a frequency step of 25 Hz is too large to present satisfactory visual 

results. Therefore the frequency step was diminished to 5 Hz generating 

smoother and more aligned curves. A final truck calculation was launched 

with a frequency step of 1 Hz. This calculation took 1300 hours and when 

comparing the results with the ones from a corresponding 5 Hz step-

calculation (which took about 200 hours) the differences are small and only 

visible in the higher frequencies.  

Section 5.2.3 presents the results attained in the bookcase measurements and 

calculations. If disregarding the ever-present lower level in the Sysnoise 

output these results are very coincident. When comparing the bookcase’s 

plots with the ones from the truck it is made clear that the inconsistencies of 

the latter are brought on by the truck’s complex structure, a complexity that is 

not satisfactorily reproduced in the numerical model.  

Over all the results show that even though not perfectly Sysnoise is able to 

present fairly reliable data. It also brings to the surface the intricacy of 

developing software and models that adequately mimic reality. There are 

many variables that are neglected in the numerical model; in Sysnoise the 

truck is defined as a stiff structure when it in the real world is everything but 
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that. Furthermore CD4 is not anechoic in the same extend as the void created 

in Sysnoise and therefore colouring the outcome.  

To summarise: The present numerical model offers more of an indication 

than an answer to how the sound field around a truck behaves. Too many 

variables are neglected in the calculation e.g. material properties. Also several 

structural features are lost in the discretisation. Still it is important to 

remember that these kinds of software have numerous constrictions, the main 

one being the ability to calculate high amounts of elements within a 

reasonable time span. In a perfect scenario the entire truck, including the parts 

removed for this thesis, would have been imported and calculated with a 1-2 

Hz frequency step and a higher quadrature. This would however require a 

vast amount of calculation hours and therefore becoming unmanageable for 

this thesis.  

The work done in this thesis could in the future be used to further tune the 

model. This could be done by:  

1. Exploring the potential of FMM. Given shorter processing time it is 

possible to increase the amount of elements and narrow down the 

frequency step and by so producing more accurate calculations.  

2. Adjusting the model itself by assigning admittance and impedance 

values to different sections so that they better resembles the real 

truck.  
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APPENDIXES 

Appendixes 1 - Commando file for Sysnoise calculations 

 
 
New Name 'M1-KD2' Model 1 File M1-KD2.sdb Return  
 
Option BEM Indirect Variational Uncoupled Baffled Frequency   
Return  
 
Import Mesh Format Nastran File 
/home/helbil/akustik/Filip/Nastranfiler/MODELL_Test_95.nas  
Return  
 
Check Mesh Return  
 
Set 1 Name "Envelope" Envelope Return  
 
Boundary Jump Pressure Real 0 Imag 0  
Nodes Set 1 Return  
 
Table 1 Name 'a1' File 
/home/helbil/akustik/Filip/Tabeller/A1_t_adm_insida.dat  
Return  
 
Table 2 Name 'a2' File 
/home/helbil/akustik/Filip/Tabeller/A2_t_adm_insida.dat  
Return 
 
Table 4 Name 'a4' File 
/home/helbil/akustik/Filip/Tabeller/A4_t_adm_insida.dat  
Return  
 
Table 5 Name 'a5' File 
/home/helbil/akustik/Filip/Tabeller/A5_t_adm_insida.dat  
Return  
 
Table 6 Name 'noll' File 
/home/helbil/akustik/Filip/Tabeller/adm_noll_third_oct.dat  
Return  
 
Table 7 Name 'a1 utan abs' File 
/home/helbil/akustik/Filip/Tabeller/A1_t_adm_utan_abs.dat  
Return  
 
Table 8 Name 'a2 utan abs' File 
/home/helbil/akustik/Filip/Tabeller/A2_t_adm_utan_abs.dat  
Return  
 
Table 9 Name 'a4 utan abs' File 
/home/helbil/akustik/Filip/Tabeller/A4_t_adm_utan_abs.dat  
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Return  
 
Table 10 Name 'a5 utan abs' File 
/home/helbil/akustik/Filip/Tabeller/A5_t_adm_utan_abs.dat  
Return   
 
Table 11 Name 'adm_2Hz' File 
/home/helbil/akustik/Filip/Tabeller/admittans_2Hz.dat  
Return  
 
Relation  
    Elements 35001 To 35944 Step 1  
    Transfer Table 1 2 6 4 5 6  
    Return  
 
Relation  
    Elements 30001 To 32142 Step 1  
    Transfer Table 7 8 6 9 10 6  
    Return  
 
Boundary Admittance Table 11 Positive  
    Elements 25001 To 26823 Step 1  
    Return 
     
Source Name 'monopole' Spherical  
    Amplitude Real 1 Imag 0  
    Position 0 2.4 0.74  
    Return   
 
Point 1.26 0 0.4 Return  
     
Parameter Model 1  
    Physical  
    Save Potentials none  
    Save Results none  
    Store Results  
    Points all  
    Return  
     

Near 2  
    Far 5  
    Quadrature 2 2 1  
    Positive  

Return      
 
Solve  
Frequency 25 To 256 LinStep 25 Return  
 
Save Return  
 
Exit Save Models  
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Appendixes 2 – Commando file for MatLab calculations 

 
clear all; 
 
load Dodecaheder_Huq_mean.mat 
load CD4_fil.dat 
fm=CD4_fil(:,1); 
Hupm=CD4_fil(:,2)+CD4_fil(:,3)*i; 
Huqm=interp1(f,Huq_mean,fm); 
Hpqm=Huqm./Hupm; 
plot(fm,abs(Hpqm)) 
grid 
hold 
 
load Sysn_fil.dat 
fc=Sysn_fil(:,1); 
pc=Sysn_fil(:,2)+Sysn_fil(:,3)*i; 
konst=2./(i*1.21*fc); 
Hpqc=konst./pc; 
plot(fc,abs(Hpqc),'r') 
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Figure App-1. Plot of the M2-KD4 measurement and calculation in the higher frequency region 
with a frequency step of 5 Hz. 
 

Figure App-2. Plot of the M2-KD4 measurement and calculation in the lower frequency region 
with a frequency step of 5 Hz. 
 

Appendixes 3 – Plots from the truck calculations 
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Figure App-3. Plot of the M3-KD1 measurement and calculation in the higher frequency region 
with a frequency step of 5 Hz. 
  

 Figure App-4. Plot of the M3-KD1 measurement and calculation in the lower frequency region 
with a frequency step of 5 Hz. 
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Figure App-5. Plot of the bookcase-2 measurement and calculation in the higher frequency region 
with a frequency step of 5 Hz. 
 

Figure App-6. Plot of the bookcase-2 measurement and calculation in the lower frequency region with a 
frequency step of 5 Hz. 
 

Appendixes 4 – Plots from the bookcase calculations 

 




