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1. INTRODUCTION 
 
The combination of demands from public and authorities 
on a low noise level and a wish to reduce both energy costs 
and material consumption, has lead to different 
requirements on an exhaust system. These requirements 
are: sufficient noise reduction, low back pressure and 
compact outer geometry. Until recently exhaust systems 
available for ships have been characterised by a few but 
space consuming muffler units which are rather difficult to 
repair or replace. The need for a compact, modular and 
more easily maintained exhaust system with low back 
pressure has led to the creation of the Compact Silencer 
System. 
The throat-cutting competition among shipyards for the 
conquest of the leadership in the construction of large 
cruise ships has determined a technical evolution ever 
more complex and sophisticated. 
If, on one side, such an evolution has brought about 
quality standards of excellence, on the other side has 
emphasized new challenges among which one of the 
most interesting is the “acoustic pollution” that affects 
the external environment of the ship and thus the control 
of airborne and waterborne noise. 
Concerning the first issue, that is the control of airborne 
noise by the ships, some regulations relevant to the 
maritime coastal traffic (ref. 1) are becoming effective.  
As a consequence of these, in addition to the noise limits 
relevant to the internal areas of the ship, noise limits at 
the moment applied on Fast Ferry ships operating in 
Alaska, also at considerable distance from the ship, 
equal to 60 dB(A) at 305 m (ref. 2), are imposed. 
Also the problem of the noise impact radiated by the 
Fast Ferry ships on birds and their behaviour in the 
presence of acoustic disturbances has been taken into 
due consideration.  The avicultural fauna has developed 
a hearing capacity ranging between 100 Hz and 10 kHz 
and presents more uniform hearing capacities in respect 
of mammals.  Some studies have demonstrated that 
certain specimens react to persistent environmental 
noises with a drop in their colonization productivity to 
the extent of abandoning the noisy areas.  Consequently, 
it is deemed advisable to keep ferry routes where the 
threshold of 60 dB(A) at a distance of at least 10 m  
(ref.3) is not crossed. 
The extension of this type of limitations to cruise ships 
also is only a matter of time. 
Furthermore, some international regulations concerning 
in particular the North European harbours, in compliance 
of which some noise limits outside the ship are to be 
observed, for instance on open decks, when the ship is  

 
 
 
moored in a harbour for the usual loading/unloading 
operations (ref. 2), are operative. 
 
Conversely, concerning the noise relevant to the acoustic 
pollution of the water, the study of such a phenomenon 
on  cruise ships is still in the early stages inasmuch this 
issue has emerged only recently following the 
announced introduction, by some Countries, of 
prescriptive limits for noise radiated in protected waters.  
Obviously, to overcome such restrictions it is imperative 
to supply a timely answer under pain of being excluded 
from attractive routes such as, in prevailing position, the 
natural parks in the Caribbean Sea and those of Alaska, 
that are among the first to adopt such regulations.   
 
2. NOISE RADIATED IN THE AIR 
RESULTS OF THE RESEARCH 
 
To control the noise radiated in the air, FINCANTIERI 
has adopted a new system of gas exhaust silencers called 
CSS – Compact Silencer System –developed in 
conjuction with ABB Flakt Marine - that essentially 
entails a diligent control, performed in frequency, on 
acoustic performances and a significant reduction both 
of weight and load loss. 
The innovation consists is the idea  that,  instead of 
installing for each exhaust gas line of the Diesel engines 
a sole silencer, usually rather cumbersome owing to its 
dimensions and of difficult installation, the whole 
exhaust gas line is subdivided into silencing modules of 
three types, namely resistive, reactive and resistive-
reactive, exploiting thus all the available space. 
The latest passenger ships of P&O (from Grand Princess 
to Crown and Emerald Princess) have been fitted with 
such a system and its superiority is apparent. 
 
3. THEORY 
 
Here we can explain only the main items that have been 
followed in order to obtain the required attenuations 
(ref.1). The description of the acoustic field inside a pipe 
varies with frequency because of the ability the different 
wavelengths has to resolve the cross-sectional shape of 
the pipe. At low frequencies only the first mode, the 
plane wave, can propagate through the pipe. At high 
frequencies a large number of modes are allowed to 
exist and propagate through the pipe. In order to make a 
mathematical description in the entire frequency range of 
the acoustic field inside a pipe, a complete analysis 
would have to be carried out in 3-dimensions to take 
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the higher modes into account. This leads to a general 
mode-matching procedure, which is complex even for 
the simplest muffler types. To avoid this problem the full 
modal approach can be limited to the plane wave (low 
frequency) range only, where the so-called 4-pole method 
is valid. Then for high frequencies, where a large number of 
modes are propagating, it is known that the modal 
behaviour in a frequency averaged sense will 
disappear and a simple energy based ("power flow") 
model can be used. However, at intermediate 
frequencies where only a few modes are allowed to exist, 
a complete modal description is necessary. Instead of doing 
this it is suggested in this work that the intermediate 
frequency range can be estimated, at least in a frequency 
averaged sense, by interpolation between the "simple" low 
and high frequency models. 
The performance of an exhaust system is given in terms 
of sound reduction and back pressure. The models above 
provide us with tools to predict the sound reduction but 
there will also be tools needed for the prediction of back 
pressure, and such will be given . 
 
3.1 LOW FREQUENCY MODEL 
Four basic assumptions concerning the acoustic field 
inside the exhaust system are made: 
· The field is assumed to be linear. 
· The exhaust system does not induce any noise by itself. 
· The field is periodic in time. 
· Only the plane wave is allowed to propagate at the inlet 
and outlet of an acoustic element'. 
If the exhaust gas is assumed to consist of air at normal 
pressure, the first of these assumptions allows sound 
levels up to 140-150 dB in the system before the model 
breaks down, which means that this is generally not a 
problem. The second assumption could be a problem if 
the source was a silent fan and flow generated noise was 
induced. However, when the source is a diesel engine 
the level of the flow generated noise is normally far 
below the noise generated by the engine. The third 
assumption allows the analysis to take place in the 
frequency domain as every periodic signal can be looked 
upon as a Fourier series of sinusoidal signals. The fourth 
assumption allows the analysis to be carried out in only 
1dimension, but at the same time it determines an upper 
frequency limit of the validity of the model. With these 
four assumptions in mind the 4 -pole method [1-3] can 
be used. 
 
3.2 THE 4-POLE METHOD 
The 4-pole method originates from an electric-acoustic 
analogy where electric current is equivalent to acoustic 
volume flow, q , and electric voltage to acoustic 
pressure, p . An entire exhaust system is by this analogy 
represented by: 
   
 

 
 
Figure 2.1: The electric-acoustic analogy. 
 
In Figure 2.1 the engine is represented by a volume flow 
source qS and a source impedance ZS. All muffler units, 
here called a system, is represented by the system 4-pole 
in the middle. Finally, the termination of the exhaust 
system is represented by a termination impedance ZT . 
The 4-pole method is an effective way to handle the 
analysis of sound propagation along acoustic elements 
connected to each other. The method makes use of the 
transfer matrix, Ti, that relates the Fourier transformed 
acoustic pressure Pl and acoustic volume flow ql at the 
inlet, to the acoustic pressure P2 and acoustic volume 
flow q2 at the outlet, for any type of acoustic 4-pole 
element. 
 
 

  
 
 Figure 2.2: An acoustic 4-pole element. 
  
     
The relationship between the state variables is given by: 
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The major advantage with the 4-pole method comes 
when its time to connect all acoustic elements to each 
other in order to create a system. When the boundary 
conditions between cascade connected acoustic elements 
are; continuity in acoustic pressure and acoustic volume 
flow, the system 4-pole is obtained by simple matrix 
multiplication of transfer matrices. 
 
To determine which acoustic elements to make use of, 
the most complicated CSS element, the Triple, is looked 
upon. 
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   Reactive (upstream)       Resistive         Reactive (downstream) 
 
 
 
 
 
 
   
 
Figure 2.3: The Triple element. 
The Triple is a composite made from three separate 
elements: 
1. The Reactive (upstream) element. 
2. The Resistive element. 
3. The Reactive (downstream) element. 
The resistive element acts like an expansion chamber at 
low frequencies and both reactive elements acts like 
A/4-resonators. The acoustic principle of these elements 
is that they cause reflection of acoustic energy. If the 
dimensions and positioning of the elements are properly 
chosen, the reflected energy will destructively interfere 
with the non-reflected energy and reduction of noise is 
achived. Basically the reactive elements are tuned to 
reduce the frequency components of the noise 
originating from the firing frequency. 
An element (or muffler unit) is defined as some specific 
geometric configuration, used in order to build a 
complete CSS from. An element must be distinguished 
from an acoustic element. 
  
3 .3  HIGH FREQUENCY MODEL 
At low frequencies the acoustic principle was reflection 
of energy in order to reduce noise. At high frequencies the 
noise reduction originates from dissipation of energy due to 
viscous losses in the absorbing material located in the 
resistive silencer elements. 
 
The general formula for Insertion Loss, DIL,high, in a 
resistive silencer reads   
 
                     DIL,high - DP • L + De - DS 

 
 
here Dp is damping due to propagation [dB/m], L is the 
length of the silencer, De is damping due to reflection and 
mode conversion at the ends of the silencer, and finally DS 
is the influence of structural transmission paths. 
 
At low frequencies where the plane wave carries the 
acoustic energy through the system, resistive silencers will 
provide very little propagational damping. Also at high 
frequencies the damping is poor, mainly because the 
surface impedance of the absorbing material increases with 
frequency and therefore makes it difficult for the sound to 
penetrate the surface. Consequently there is only reflection 
of sound at the surface. A typical DIL,high of a resistive 
silencer is shown in Figure 2.6 with a distinct maximum in 
the mid frequency range. 
 
 
 

 
3.4 PRESSURE DROP 
 
The program is able to predict the pressure drop (back 
pressure) because a low pressure drop means also that 
the fuel cost came down. It is important to outline that it 
is a conflict between a high damping of noise and  a low 
back pressure :same time when there is a very hight 
noise reduction of the silencers (very high damping of 
noise) the engine can stop because of the high back 
pressure. 

Flow 

There are two types of pressure drop: 
 

• pressure drop caused by wall friction 
• pressure drop caused by flow separation 

 
The program is able to calculate both the contributes and 
to make the sum. 
 
4. CONCLUSIONS 
 
The advantages provided by this new type of silencers 
are many: 
- since the whole line is made up of silenced baffles that 

operate in the whole acoustic frequency field, the 
damping reached is rather precise, focused on the most 
important frequencies in order to obtain the control of 
the best acoustic result attainable.  As it is a modular 
system, it is always possible to add another module, 
designed to the frequencies of interest, in order to 
improve the acoustic target.  This possibility is in fact 
not feasible with the traditional systems for exhaust 
gas silencing; 

- lower bulk; 
- lower weight; 
- lower load loss; 
- easier installation on board. 
When the new regulations will become effective, the 
ships will be already arranged to comply with the noise 
limits thanks to the fact that the system can be always 
improved with new modules. 
Similarly, before the challenge of the noise control also 
outside the ship, this system proves to be reliable and 
safe. 
We show hereunder the arrangement of the CSS exhaust 
gas modules foreseen on a ship under construction at the 
Monfalcone Shipyard (fig. 1) and the relevant  diagrams 
of calculated damping (fig. 2).  As shown in fig. 1, some 
of the silencing modules have been accurately  coupled 
in two or three elements owing to arrangement 
requirements on board.  Each single silencing element 
has been designed to damp the noise at the different 
frequencies:  the resistive elements work better at high 
frequencies thanks to the absorption capacity of the 
internal material while the reactive elements contribute 
to the reduction of the noise spectrum components 
around the frequency on which they are tuned. 
The composite element made up of three modules 
(reactive-resistive-reactive) is the one that contributes to 
the damping of low and high frequencies working in a 
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separate manner on the noise spectrum.  The last two 
resistive elements nearby the funnel have been designed 
to damp drastically the most noxious medium-high 
frequencies thanks to the introduction of a special 
internal silencer whose shape and dimensions have been 
studied at an experimental stage for the optimisation of 
the insertion losses. 
Also the photographs (figs 3 and 4) relevant to the 
construction in actual size of the CSS modules, already 
used for other constructions, are shown. 
We wish once again to stress the convenience of this 
system in respect of traditional plants, inasmuch the 
noise of exhaust gas of our Diesel engines is the 

prevailing one emitted in the air by a ship.  The control 
performed both in frequency and at a general level and 
the possibility to improve the system constitute one of 
the most efficient solutions for the compliance with 
environmental noise limits. 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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