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SUMMARY 
This study has been realized in the scope of AQUO, a collaborative research project 

supported by the 7th Framework Programme through Grand Agreement N°3142 27, whose 

final goal of AQUO project is to provide to policy makers practical guidelines to mitigate 

underwater noise footprint due to shipping, in order to prevent adverse consequences to 

marine life. The present document is the deliverable D5.1 project “Comprehensive listing of 

possible improvement solutions and mitigation measures”. 

Several papers or reports have already addressed possible mitigation solutions for 

underwater radiated noise of ships, but not in a systematic way in the scope of the impact of 

underwater noise on marine life. 

This report establishes a list of mitigation solutions, which can be split into to categories: 

(1) Reduction of the noise sources (i.e. the ships) through design requirements or 

recommendations: 

a. Design solutions at propulsion level 

b. Reduction of machinery noise (elastic mounting, acoustic enclosures…) 

c. Reduction of propeller noise (propeller blade optimization, non conventional 

propellers, wake conditioning devices) 

d. Structural solutions, such as damping or use of lightweight materials, 

e. Other solutions, such as bubble curtains, or operational issues. 

(2) Mitigation measures related to traffic control 

a. Mitigation solutions applied to a particular ship, such as ship or track change, 

b. Mitigation measures at ship traffic level, for example traffic concentration or 

dilution, use of sea bottom characteristics, etc. 

In this report, the different mitigation solutions considered are described as much as 

necessary, outlining qualitatively their relationship with noise reduction, as well as their 

possible impact on fuel efficient. 

All these elements are used as inputs for the following tasks in the WP5 of AQUO Project, 

which consist in evaluating quantitatively their impact on: 

- Underwater radiated noise (source level of ships) – Task T5.2, 

- Fuel efficiency – Task T5.3, 

- Underwater noise impact on marine life – Task T5.4. 

. 
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1. INTRODUCTION 

1.1. Scope 
AQUO is collaborative research project supported by the 7th Framework Programme through 

Grand Agreement N°314227, addressing the Call FP7-S ST-2012-RTD-1 “Transport”. The 

final goal of AQUO project is to provide to policy makers practical guidelines to mitigate 

underwater noise footprint due to shipping, in order to prevent adverse consequences to 

marine life.  

The purpose of this study, corresponding to Task 5.1 of the project, is to establish a 

comprehensive list of possible improvement solutions and mitigation measures. We remind 

that different noise mitigation solutions considered in AQUO Project can be split into two 

categories: 

- First category: Reduction of the noise sources (i.e. the ships) through design 

requirements or recommendations for new vessels, and if possible for the 

improvement of existing vessels. These solutions could apply to propellers, for 

example in order to avoid cavitation, or to noisy internal machinery. 

- Second Category: Solutions related to ship traffic control. For example, one of these 

is the reduction of speed of the noisiest ships in the maritime area considered, 

provided it is associated with a reduction of sound source level of these ships. 

1.2. Position of this study within the AQUO Project 
Once possible improvement solutions and mitigation measures have been defined, it is 

necessary to evaluate their efficiency, in a quantitative way as far as possible. This is done in 

tasks 5.2 to 5.4, as shown on figure 1-1. 

- Task 5.2: Assessment of the solutions regarding ship radiated noise reduction. Using 

the predictive models developed in WP2 and experimental data from WP3, the 

purpose is to determine the efficiency of the different solutions for the reduction of 

ship underwater radiated noise (i.e. the ship as a noise source). 

- Task 5.3: Assessment of the solutions regarding ship fuel efficiency. The purpose is 

to determine whether the different solutions considered have an impact on ship fuel 

efficiency of not. 

- Task 5.4: Assessment of the solutions for the reduction of the impact on marine life. 

This is done using the noise footprint assessment model developed in WP1.  
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Finally, the outputs of Tasks 5.2 to 5.4 will be used to produce the final “Practical Guidelines” 

document in Task 5.5 and to justify the recommendations. 

 
Figure 1-1.-  Position of present Task 5.1 within AQUO Project for the derivation of guidelines.- 

WP1 
Noise Footprint 

Assessment Model 

Task 5.1: Listing of 
improvement solutions and 

mitigation measures 

Task 5.4: Assessment 
of solutions regarding 
impact on marine life 

Task 5.5: Synthesis  
Practical Guidelines 

Task 5.3: Assessment 
of solutions regarding 

ship fuel efficiency 

Task 5.2: Assessment 
of solutions regarding 

ship radiated noise 
reduction 

WP2 – Noise Sources 
WP3 - Measurements 
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2. SOLUTIONS REGARDING SHIP DESIGN 

2.1. General 
The aim of this chapter is to introduce improvement solutions at design stage (and possibly 

for the improvement of existing ships), for the ship considered as an underwater noise 

source. The list of improvement solutions can be split into different sub-categories: 

- Design solutions at propulsion level, including hull design, 

- Reduction of machinery noise, 

- Reduction of propeller noise, 

- Structural solutions, 

- Other solutions, addressing several noise sources, or related to maintenance or 

operation issues. 

The assessment of the efficiency of the improvement or mitigation solutions will be done in 

the scope of task T5.2 (for underwater radiated noise) and task 5.3 (for fuel efficiency), 

although some preliminary information is given here. 

2.2. Design solutions at propulsion level 
This paragraph introduces different types of propulsion architectures and it will analyse the 

advantages and disadvantages regarding the underwater radiated noise by the ship. Firstly, 

a qualitative description of the most common propulsion units is performed and then, they will 

be analysed in terms of the performance with regard to their acoustic signature. After that, 

this paragraph will describe in more detail the different solutions and the expected impact on 

underwater radiated noise and fuel consumptions.  

One of these solutions is the use of electric engines for propulsion. These electric engines 

will require a much higher generation of electricity power which makes the gen-sets one of 

the most significant underwater noise sources. Due to this fact, gen-sets will be also dealt in 

this section even though they are not directly related to the ship propulsion.      

2.2.1. Types of propulsion - Machinery 

Many different types of propulsion are used in the ship industry tailored for specific 

applications. However, ships within the same family generally use similar type of machinery. 

In this regard, the most common main machinery used to generate the required propulsion 

are: 
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• Diesel systems. 

• Steam / Gas turbines. 

• Turbines / Diesel – Electric systems 

Some families tend to implement a specific type of propulsion architecture because it is 

better adapted to their requirements. In this regard, and even though it will not be true for all 

cases, we can state the following classification: 

• Tankers, bulk carriers and container vessel : Two stroke diesel engine with 

auxiliary four-stroke diesel gen-sets and in certain cases a shaft generator or a gas 

turbine for electricity generation and energy recovery respectively. In addition, steam 

turbines may be also used to supply cargo pumps. 

• Cargo (RO-RO, RO-PAX, car carriers, general cargo, etc.) : Two stroke diesel 

engine with auxiliary four-stroke diesel gen-sets and in some cases a shaft generator 

or a gas turbine for electricity generation and fuel recovery. 

• Ferry and passenger vessels : Four stroke diesel engine for propulsion machinery 

and gen-sets. Modern ferry vessels generally have installed diesel-electric propulsion 

due to its manoeuvrability. 

• Cruise ships : There is a mixture. Modern cruise ships tend to have on-board electric 

engines for propulsion and four-stroke diesel gen-sets. Within older cruise ships, 

typically four stroke diesel engines are used for propulsion. 

• LNG: Due to the fact that they carry Liquid Natural Gas inside, they commonly use 

steam turbines for propulsion and electricity generation. Anyway, a shift to diesel-

electric is being seen due to its better efficiency and low operational cost. 

• Ships that must use dynamic positioning  for their operations such as drilling 

vessels, uses diesel-electric propulsion due to its optimal manoeuvring and 

positioning properties. 

• Fishing vessels : Four stroke diesel engines for propulsion and electricity generation. 

• Research vessels : Diesel electric propulsion due to their demanding underwater 

noise requirements.  

The summary of the main propulsion systems used by each one of the vessel family being 

done, we are going now to describe the different propulsion systems in terms of their 

advantages with regard to fuel efficiency and their underwater acoustic performance. It is 

important to note that diesel electric and podded propulsion will be dealt separately in 

specific paragraphs due to their potential to reduce underwater radiated noise by ships. 

The Figure 2.1 shows the thermal efficiency of different machinery with regard to the power 
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installed and Figure 2.2 shows the foreseen cost of the fuel prices. The aim of these figures 

is to give an idea the characteristics in terms of fuel cost of the different propulsion systems 

to understand the impact of shifting to propulsions that are quieter. 

Diesel engine:  From the propulsion systems listed above, systems based on diesel engines 

clearly are the most widely used systems with around a 90% of the ships recently built. 

Within this group, the majority of large ships are propelled by a low speed, 2-stroke diesel 

engine directly driving a single propeller. These engines work at low revolution speed (70 to 

120 rpm) and are heavy (e.g., a 12-cylinder, 60 MW, approx. 2500 t). Due to the size, the 

engines are rigidly connected (application of passive elastic mounts are considered to by 

currently unfeasible) to both the ship hull and the propeller shaft. Vibrations generated by the 

engine will be transmitted to the hull of the ship and into the ocean. Due to the fact that two-

stroke diesel engine works at low RPM, the energy of their URN signature will have a 

significant low frequency content (below 40Hz). The underwater noise radiation of the hull in 

this frequency range is not so efficient. In addition to that, the sea surface makes the 

transmission loss much higher for this frequency range. 

 

 
Figure 2.1.- Thermal efficiency of the different propulsion types vs power installed (source MAN).- 

However, the presence of high harmonics, the phenomenon of the piston-slap, the fact that it 

is rigidly connected and the high power of this type of engines make it a significant 

contributor to the acoustic signature of the ship and one of the worst options for main 

engines when it comes to achieve a low acoustic signature, specially below 1000Hz. 

The second most common option is four-stroke diesel engines. They normally operate in the 

range of 500-1500 RPM, they commonly have less power and they are smaller than two-

stroke diesel engines. However, they cannot run with heavy diesel oil so in terms of fuel cost 

are a less adequate solution than two stroke diesel engines for large commercial ships. On 
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the other side, this type of engines is used for almost all ships to drive gen-sets for supplying 

alternating current for ships services. In this case, auxiliary engines commonly operate at 

1500-1600 RPM and they can be better insulated with elastic mountings. 

 

 
Figure 2.2.- Fuel prices and foreseen evolution up to 2030 (pink: HFO, green: LSHFO, blue: MDO, 

yellow: LNG, brown: Methanol) extracted from [133].-,  

Due to the features of the four stroke diesel engines (weight, size and RPM of the engine), 

specific solutions to reduce the structure-borne noise (elastic mountings) as well as the 

airborne noise (acoustic enclosures) are applicable. On the other side, this type of engines 

commonly requires a gearbox which can produce high level of noise at its gear teeth mesh 

frequency (commonly above 200-300Hz) may produce higher noise levels due to the fact 

that at this frequency the hull better radiates than at lower frequencies. This can be solved 

applying the countermeasures required to isolate the source from the hull. 

 

Turbines:  Most new-built ships with steam turbines are specialised vessels such as nuclear-

powered vessels, and some particular merchant vessels (notably Liquefied Natural 

Gas (LNG) and coal carriers) where the cargo can be used as bunker fuel. In addition, in 

some specific vessels with very demanding on board noise and vibration requirements along 

with high power and speed needs, gas turbines are used with electric engines to achieve a 

quiet performance. Another relevant example is the case of anti-submarine ships, which 

mostly are powered by steam/gas turbines, sometimes coupled with water-jets achieving low 

levels of underwater noise. In other ships, where there is no requirement of acoustic 

signature, this type of propulsion is no longer used due to its poor fuel efficiency compared to 

diesel engines. The Figure 2.3 shows the evolution of the new buildings that install gas or 

steam turbines since 1965. 
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Figure 2.3.- New buildings of turbine propelled ships.- 

Turbines are generally considered to give less excitation and to be quieter than diesel 

engines [41], [42] because their operation is smoother but also because the noise spectrum 

shows mainly high frequencies content. Moreover, steam turbines are known to be more 

silent than gas turbines. 

In this regard, turbines offer better characteristics in terms of underwater noise. The results 

shown in [40] reveals that, within different cruise ships, the oldest one called Universe 

Explorer (the only one with steam turbines) was the most silent ship at 10 knots where 

machinery dominates its acoustic signature. At 15 knots, its acoustic signature was 

dominated by the cavitation of the propeller and this result is not sufficient to assess the 

performance of the turbine. It is worth mentioning that this vessel was built in 1958, forty 

years before modern cruise ships, which probably have higher comfort requirements and 

hence acoustic and vibration solutions implemented, unlike the Universe Explorer. 

However, a high reduction of RPM is required for coupling with the propeller and it can be an 

important source of underwater noise at frequencies around 300-1000Hz. A way around this 

problem is the use of turbines for electricity generation and electric motors for propulsion. 

 

Electric propulsion : See paragraph 2.2.2 . 

 

Podded propulsion:  See paragraph 2.2.3 . 
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2.2.1. Type of propulsion – Propeller. (TSI) 

The propeller is a significant underwater noise source especially when it cavitates [1], [2], 

Two types of propeller noise can be distinguished:  

• Non-cavitating noise, which is made up of distinct tones at blade frequencies and its 

multiples, and also wideband noise due the excitation of blades by turbulent flow, 

• Propeller cavitation noise which usually appears at higher propeller load and speed 

above the cavitation inception speed. The noise is made up of broad-band noise up 

to very high frequencies and can be 20dB noisier up to 10 kHz when compared to a 

non-cavitating propeller [11].  

Other particular phenomenon, although not often observed, is the singing of the propeller. It 

appears when the excitation frequencies of the vortex shedding match the natural 

frequencies of the blade. 

In general, solutions applied to the propeller pursuit the shift of the cavitation inception speed 

to higher values or, even though cavitation appears, reducing its effects in terms of noise 

generation. Typical solutions applied in the design of the propeller are [11], [25], [43]: 

increasing the diameter, lowering the RPM, increasing the number of blades, increasing the 

skew to achieve lower pressure pulses and reducing the propeller load.  

Moreover, fixed pitch propellers are known to be more silent than controllable pitch propellers 

when they operate out of their design point [45]. In addition, research in model scale carried 

out in the framework of [2] suggests that the controllable pitch propeller which operates a 

constant RPM could make the propeller generate much more underwater noise than 

operating with variable RPM running according to a combinatory curve.  

Finally, twin propellers may be more silent because a better wake field can be achieved, 

especially for small vessels. 

Apart from what was stated above, there are types of propellers that are more silent than 

their conventional propeller counterparts. Below, an estimation of the underwater radiated 

noise reduction achieved and their associated cost compared to installing conventional 

propeller is presented in [44]. This is just a quick summary of the features of this type of 

propeller regarding underwater noise. Some of them will be detailed in depth in paragraph 

2.4.2.  

• Water jets or pump jets : Reduction in the low frequency noise can be up to 15 dB 

(ref 1µPa) compared to conventional propellers. This type of solution is especially 

applicable to new high-speed ships as their cost and efficiency is similar to 

conventional propellers. In fact, this solution is also used for some naval ships (high 



 

WP5 - Practical Guidelines 
D 5.1-Comprehensive listing of possible 

improvement solutions and mitigation measures 
Rev 1.0 

 

Dissemination level: CONFIDENTIAL 

 16 
© AQUO Project Consortium 2014 - all rights reserved 

speed corvettes and frigates) [36], [30], [36]. However the cost of fuel is increased at 

lower speeds and the cost of replacing conventional propeller to water jets in existing 

ships can be up to five to six times the cost of a conventional propeller. 

• Skewed propeller : It achieves reduction of underwater noise up to 10 dB (ref 1µPa), 

especially in the low frequency range, and an increase of cavitation inception speed. 

Its fuel efficiency and its cost is similar than conventional propellers for new ships and 

and economically and technically feasible for existing ships which makes it the best 

option for retrofitting. 

 
Figure 2.4.- Skewed propeller.- 

• Ducted propellers : A ducted propeller uses a duct around the perimeter of the 

propeller to modify the propulsion performance and noise characteristics of the 

propeller. This type of propeller is estimated to be 5 dB (ref 1µPa), more silent than 

conventional propellers but only a low speeds. Its fuel efficiency can be similar or 

higher than conventional propeller at low speeds which makes it a good solution 

for cargo ships. The cost of replacing conventional propellers with ducted 

propellers is three to five times the cost of a conventional propeller. 

 
Figure 2.5.- Ducted propellers.- 
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• Forward skew propellers in duct:  Unconventional designs that have been 

implemented in ducted propeller designs and thrusters to significantly improve noise 

and thrust. There is no clear data showing the efficiency of this application but some 

studies reported a reduction of 20 dB (ref 1µPa) in the 1000 Hz frequency band after 

replacing a conventional propeller with this one. 

 
Figure 2.6.- Forward skew propellers in duct.- 

• CLT propellers: These propellers are designed with an end plate which reduces the 

tip vortices, thereby enabling the radial load distribution to be more heavily loaded at 

the tip than with conventional propellers. In turn, this means that the optimum 

propeller diameter is smaller, and there is the possibility of reducing cavitation. No 

data of the reduction of the propeller noise have been reported. The cost of this type 

of propellers is estimated 20% higher than conventional propellers. 

 
Figure 2.7.- CLT Propeller.- 

• Propeller Boss Cap Fins:  This type of propeller has small fins attached to the 

propeller hub reducing the magnitude of the hub vortices. According to Mitsui OSK 

Techno-Trade Ltd, experiments were conducted in a cavitation tunnel which showed 
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that the PCBF caused a reduction in noise pressure level of 3 – 6 dB (ref 1µPa) for 

frequencies exceeding 1000 Hz. 

 
Figure 2.8.- Propeller boss cap fins.- 

2.2.2. Diesel-electric propulsion 

Diesel/Steam-Electric propelled ships are known to generate underwater noise several tens 

of dB below traditional ships [50] [134] , however this is not the option chosen for commercial 

ships without special requirements with regard to their acoustic signature due to its cost and 

necessity of using clean fuels. 

Depending on the way of producing electricity, we can distinguish between diesel-electric, 

steam turbine-electric, or mix of diesel/steam turbine-electric. The latter case can be found in 

the cruise ship “Coral Princess” which uses diesel engines for low speeds and steam 

turbines for high speeds to supply electricity to the electric engines. 

 
Figure 2.9.- Electrical propulsion plant.- 

Generally, diesel-electric configuration is the option widely used for research vessels, cruise 

ships and in general ships with high requirements of comfort, emissions and/or acoustic 
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signature. More recently, gas carriers were equipped with propulsion diesel-electric, which 

represents an effective alternative to the steam turbines solutions.  

When this type of configuration is implemented, diesel gen-sets generally become the main 

noise contributor within the machinery as electric engines are inherently quieter and induce 

less structure borne noise. This is why, diesel gen-sets must be included in the study of this 

type of configuration with regard to underwater noise. 

Electric engines are generally rigidly mounted and are DC-engines, even though, the modern 

frequency converters and filtering techniques enable the use of AC motors for also high 

demanding projects. In addition, they are directly coupled to fixed-pitch propellers due to the 

possibility of varying the speed of the engine without losing efficiency. Diesel engines are 

resiliently mounted by means of elastic mountings or, for ships with high requirements, by 

means of a double elastic bench and they are placed inside acoustic enclosures to minimize 

airborne transmission. 

 

This type of configurations has significant advantages regarding underwater noise: 

• Less propulsion noise and vibrations since electric engines have no reciprocating 

movement and the electric plant runs at a fixed condition.  

• Less shaft vibration as shafts can be shorter. 

• Both diesel engines and steam turbines used can be more easily isolated from the 

hull using elastic mounts, allowing a reduction of vibration transmitted to it. 

• Freedom in placing the main noise contributor within machinery (gen-sets). Locating 

them in the centreline of the vessel or even above the waterline for catamarans or 

SWATH ships will reduce the transmission of noise and vibrations to water. 

• Variable speed without using controlled pitch propeller that is known to be noisier 

than fixed pitch propeller. 

• No need to use gearboxes. The propeller can be directly driven by the electric engine. 

• Possibility for some vessels to operate in a very silent mode if batteries can supply 

electric engines. 

Electric engines are generally rigidly mounted and are DC-engines, even though, the modern 

frequency converters and filtering techniques enable the use of AC motors for also high 

demanding projects. In addition, they are directly coupled to fixed-pitch propellers due to the 

possibility of varying the speed of the engine without losing efficiency. Diesel engines are 

resiliently mounted by means of elastic mountings or, for ships with high requirements, by 

means of a double elastic bench and they are placed inside acoustic enclosures to minimize 

airborne transmission. 
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2.2.3. Pod propulsion 

The principle of podded propulsion appeared especially on cruise ships as a result of their 

demanding comfort requirements (low airborne noise and vibration levels in rooms and 

compartments). In podded propulsion units, a variable-speed electric motor is located in a 

compact pod. The fixed-pitch propeller is mounted directly on the motor shaft. Since a 

mechanical gear is avoided, the transmission efficiency is higher than in an azimuth thruster 

avoiding also the undesirable noise produced by the gear coupling. In fact Z-drivers can 

generate high noise levels in the frequency range between 100Hz-5000Hz. This is in line 

with the design guidelines proposed by [7] and [44], which recommends not using azipods. 

As for the conventional azimuth thruster, the podded propulsion is freely rotatable and may 

produce thrust in both forward and aft directions if the thrust bearings are designed for it. The 

electrical power is transferred to the motor via flexible cabling or slip rings for 360-degree 

operation.  

 
Figure 2.10 .-Example of a podded-electric propulsion unit.- 

One of the advantages with pods is the good manoeuvrability of the ship. Thus, pod 

propulsion has been popular for ships that frequently do harbour manoeuvres, e.g. ferries. 

Pods have been considered ideal for large cruise vessels that both needs a lot of electric 

power for other purposes than propulsion and needs a good manoeuvrability in harbours. 

Regarding underwater noise, this type of systems has all the advantages of the electric 

propulsion but, in addition, especially the pulling type pod, it achieves a near optimum and 

uniform wake field to the propeller, which increases its hydrodynamic efficiency and reduces 

the risk for cavitation, and hence give reduced propeller underwater noise. Moreover, due to 

the removal of rudders, better hydrodynamic performance in terms of underwater noise is 

expected. However, due to the fact that its motor is in direct contact with the seawater this 
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design may not result in lower underwater noise at all frequencies [44]. In fact, high noise 

levels at low frequencies due to the motor are evident in podded systems tested to date. 

The main drawbacks with pod propulsion are the high investment cost, the risk of high 

maintenance costs and reduced efficiency of about 0-8 % (see paragraph 2.2.6 ). Both the 

smoother wake field and the reduced efficiency which may come with it are comparable to a 

conventional two-propeller arrangement with struts. Thus, pod propulsion is mainly chosen 

when diesel-electric propulsion is considered for other reasons and a good manoeuvrability 

is required. 

2.2.4. Possible architectures 

The last few paragraphs have dealt with the features of main machinery and propellers 

regarding the underwater noise. The advantages and disadvantages of each one of them 

have been discussed as well as their applicability in the different vessels family. However, 

one cannot combine any type of main machinery with any type of propeller, which is why this 

paragraph will list the most common configuration along with possible variants that can help 

to reduce underwater noise and still being realistic for the ship family. 

Vessel family Common t ype of 
machinery Common propeller Possible variants  to 

improve URN 

Tankers, bulk carriers 
and container vessel 

Two stroke diesel 
engines. 

Fixed pitch propeller 
(for large ships). 
Controllable pitch 
propeller (medium size 
ships) 

Skewed propeller, CLT   

RO-RO, RO-PAX, car 
carriers, general cargo 

Two stroke diesel 
engines. 

Fixed pitch propeller 
(for large ships). 
Controllable pitch 
propeller (medium size 
ships) 

Skewed propeller, 
CLT. 
   

Passenger ships 
Four stroke diesel 
engines. 

Controllable pitch 
propeller. Skewed 
propeller. 

CLT 

Cruise ships Diesel electric 
Fixed pitch and high 
skewed propeller. 

Podded propulsion (not 
so clear its advantages 
regarding URN). 

LNG 
Hybrid two stroke 
diesel engines -Gas 
Turbines 

Fixed pitch propeller. 
Skewed propeller, 
CLT. 

High speed vessels 
Four stroke diesel 
engines 

Water jets. Diesel/Turbine electric 

Fishing vessel 
Four stroke diesel 
engine 

Fixed pitch propeller Skewed propeller 

Research vessels Diesel electric 
Skewed fixed pitch 
propeller - 

Table 2.1.- Common architectures and possible modifications for reducing underwater noise.-   
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2.2.5. Reduction of TPK  

Principle:  The TPK (Turns Per Knot) is a parameter which is not commonly used for 

commercial ships, but is well known in the sonar community because it is a characteristic 

feature of radiated noise of vessels. For a given situation (ship speed V, shaft rotation speed 

rpm), it is defined by: 

 
Eq. 2.1 

It can also be used for the design of the propulsion system of a ship as a whole. It can be 

applied to propulsion systems using both fixed and variable pitch propellers, at least for the 

design speed. However, note that in the case of controllable or variable pitch propellers, the 

variation of ship speed is obtained by varying the propeller blade pitch, resulting in different 

values of TPK. 

 
Figure 2.11.- Definition of TPK.- 

It has been observed that at sufficiently high speed the radiated noise from the propeller (in 

particular when cavitating) is dominating in the overall radiated noise of the ship [3], In 

general hydrodynamic radiated noise, and in particular noise from a propeller at constant 

pitch, increases rapidly with speed. Previous studies [102] have shown also that a rule of 

thumb for cavitation inception speed is 18 m/sat the tip of propeller blades, tangential. 

The principle of the proposed solution is here to reduce the TPK in order to reduce the speed 

of the flow at the blade tips, for the same ship speed. Another effect is the increase of 

cavitation inception speed. 

 

Description of solution: Assuming that a non-cavitating fixed pitch propeller presents a 

radiated noise level in the form: 
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Eq. 2.2 

Where A is a constant and vtip is flow speed at blade tip, we can introduce the TPK and 

propeller diameter D, leading to the following expression: 

 
Eq. 2.3 

When comparing two different designs N°1 and N°2 fo r the same vessel, the reduction in 

propeller noise (non cavitating) is: 

 
Eq. 2.4 

Provided that the quantity inside the parentheses is smaller than 1 by design, a large 

reduction of radiated noise can be obtained.  

An additional advantage is the increase of ship speed where the propeller starts to cavitate, 

for a propeller with similar technology. 

It should be noted that this solution can be applied only at design stage, because of the large 

consequences on ship design as a whole: 

• Propeller has a larger diameter, with possible consequence on propeller location and 

hull shape, 

• Propulsion engine running at lower speed, requiring a bigger engine and/or 

modification of the gearbox.  

 
Applicability 

Advantages: 

• Allows significant reduction of propeller noise, both cavitating or not. 

Drawbacks or constraints: 

• Applicable only for new designs, because of the large consequences in ship 

architecture as a whole, 

• Less applicability to variable pitch propellers, 

• Requires larger propeller and bigger engine and/or modification of gearbox, with 

consequences on ship size, weight and cost. 

2.2.6. Impact of optimization of hull design in URN  (SSPA) 

A smoother wake is generally better considering URN, pressure pulses and risk of erosion. 

This can be achieved by making the aft body fairly slender with a low nominal wake or even 

with the propeller working outside the viscous wake (with struts or in a pod arrangement or 

similar). However, to achieve a high propulsive efficiency, a high nominal wake with the 
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propeller working in the viscous wake is desired. To obtain this, the propeller will have to 

work fairly close to the hull with a skeg in front of it. This will normally give steeper gradients 

in the wake, creating larger pressure pulses and varying cavitation causing noise. Finding the 

optimum combination of a high nominal wake with small local variations in the wake field is 

therefore a delicate balance. 

There are also other parameters that have to be considered when designing the aft body. To 

maximize the cargo hold size the engine room will be made as short as possible, and 

therefore the aft body lines will often be fairly blunt. The space needed for engines, 

gearboxes, stern tube arrangements etc. inside the hull will also be limiting factors that affect 

the possibility to optimize the hull lines for low URN. 

Different propeller arrangements are used and will give very different aft body lines. Among 

the types that are used the most common ones are 

• Conventional 1-propeller arrangement with a skeg in front of the propeller. The skeg 

is often formed as an aft “bulb” to improve the wake pattern. 

• Twin-skeg design. Often used for vessels with large beam and small draft. The aft 

part of the hull often has a barge shape where the skegs lead the viscous wake to the 

propeller disk, improving the propulsive efficiency. At the same time this arrangement 

can create large wake gradients. Spreading the power on two propellers can reduce 

the propeller load, thereby reducing pressure pulses and cavitation noise. 

• 2-propeller arrangements with struts. The propellers will operate in a more uniform 

flow which can decrease the wake fluctuations. The design and placing of the struts is 

however important since they can generate very “sharp” wake peaks. Normally this 

arrangement also results in efficiency losses of 0-8%. It typically also results in a 

longer engine room (or an engine room placed further forward with cargo capacity aft 

of the engine room, partly over the propeller shafts). 

• Pods / thrusters. See paragraph 2.2.3 . The idea is to locate the propeller outside the 

wake or to use the pod housing to smooth the wake. With pods/thrusters, there is 

often a larger possibility to optimize the hull lines since the geometric limitations that 

shafts etc. imposes are “removed”, especially if a diesel-electric system is used. 

• Waterjets. Since the propeller (or rather impeller) is housed inside the hull the 

radiated noise can be reduced, see also 2.2.1. The housing also makes it possible to 

design the unit so that the pressure at the impeller is kept higher, thereby reducing 
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cavitation. For very fast vessels the efficiency can be higher than for open propellers, 

but for “normal” commercial vessels this is not a viable option from the point of view 

of propulsive efficiency. 

We must remind that in all designs the choice of hull lines in combination with the propulsive 

arrangement is a compromise between propulsive efficiency, noise/cavitation issues, 

manoeuvrability, reliability and, not least, economy. 

 

2.3. Reduction of machinery noise 
P. Arveson and D. Vendittis conclude in [1] that, in a particular coal carrier, at low speeds the 

underwater acoustic signature of the vessel was dominated by the ship’s service generator 

and at the operational speed, in which the propeller of the vessel heavily cavitates, there 

were three main sources of underwater noise: Main engine firing rate harmonics, blade rate 

harmonics and wideband cavitation noise. Acoustic design performed by the authors as well 

as corresponding measurements on this vessel suggests machinery noise is relevant. 

Moreover, the measurements performed in the SILENV and AQUO project [2] and the 

development of URN patterns performed in [3] also suggest that machinery noise dominates 

the spectrum at low speeds and machinery and cavitation noise (when occurring) are the 

most important sources of underwater noise at higher speeds. 

Of course, these assertions may be not true for all vessels as the underwater noise 

generation mechanisms are really complex and depend on a large range of parameters such 

as ship, machinery and propeller design, state of maintenance, operational settings and 

environmental conditions. However, specific solutions aimed at reducing the machinery noise 

is highly accepted as one of the most efficient ways of reducing the underwater noise 

signature of the vessel. 

The machinery generates underwater noise due to the existence of periodic oscillation or 

excitations in it that are transmitted to the hull in contact with the water through two 

mechanisms: The first one (and the most important) involves the direct transmission of these 

excitations to an elastic receiving structure that propagates this vibratory energy over the hull 

which in turn radiates noise into water. The second one consists on the excitation of the 

surrounding structural elements by the airborne noise generated by the machine and later 

propagation over the hull that again radiates noise into the sea.   
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The paragraphs 2.3.1 and 2.3.2 are focused on solutions to reduce the underwater noise 

caused by machinery generated by the first mechanism whereas the paragraph 2.3.3 deals 

with solutions to reduce the underwater noise generated by the second mechanism. 

2.3.1. Elastic mounting 

a) Basic theory 

In a first theoretical approach to understand the insulation principle we can model the system 

“machinery-isolator-receiving structure” as a single-degree-of-freedom system where the 

machinery concerned is represented as a rigid mass which is subject to an oscillatory 

excitation F0sin(ωt) (ω is the circular frequency of the excitation), the isolator is 

represented as a linear elastic spring with certain amount of damping and the receiving 

structure as a perfectly rigid structure. 

This basic approach is useful to get a basic understanding of the problem but in reality, 

especially when high frequency domain is relevant, the resonances of the equipment and 

supporting structure must be taken into account. 

The Figure 2.12 was obtained employing this basic approach and after solving the forces 

transmitted into the support structure for different values of ω . The vertical axis represents 

maximum amplitude of the transmitted force normalized by the maximum amplitude of the 

excitation coming from the machine and the horizontal axis is the angular frequency 

normalized by the natural frequency of the system given by .  

 

Figure 2.12.- Force transmissibility of a single-degree-of-freedom system.- 

The Figure 2.12 tells us that if the frequency of the oscillatory force is well below the natural 

frequency of the system equipment-isolator the transmitted force is almost identical to the 

oscillatory excitation of the machine and mostly controlled by the stiffness of the system. On 

the other hand, if the angular frequency of the excitation is around the natural frequency of 

the system we observe an amplification of the transmitted force only controlled by the 
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damping of the system. Finally, if the frequency of the machinery excitation is sufficiently far 

beyond the natural frequency the transmitted forces are approaching to zero which is 

precisely what we are looking for. Therefore, and without paying attention to other issues, if 

the elastic stiffness of the insulator is small enough we can filter out the oscillatory excitations 

generated by the concerned machine from the support structure. In practice, this solution is 

limited and transmission of very low frequency excitations of heavy machinery into the 

structure cannot be avoided by this method. 

b) Features of elastic mountings 

Elastic mountings are a cost effective solution to reduce structure-borne noise from 

machinery and they are widely employed in ships. Structure-borne noise can be transmitted 

by any structural element rigidly connected to the equipment so it is very important to 

insulate any possible path. Therefore, not only the concerned piece of equipment must be 

supported by a proper elastic insulator, but also any pipe or structural element attached to it.  

The Figure 2.13 shows an electric engine resiliently mounted and the Figure 2.14 shows 

different types of elastic mountings provided by known suppliers of this solution. 

 

 
Figure 2.13.- Detail of an elastic mounting of a electric engine.- 

An elastic mount is characterized by: 

• The natural frequency of the system made up of mounts and the supported 

equipment. 

• The static stiffness of the insulator. 
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• The dynamic stiffness and damping loss factor of the insulator. Commonly, insulators 

are made of rubber whose mechanical characteristics strongly depend on amplitude 

and frequency of the excitations. 

• The static and dynamic displacement of the upstream interface with respect to the 

downstream interface. 

• The static load the insulator can support. 

The last two factors limit the applicability of this solution in large slow two stroke diesel 

engine commonly used in large cargo ships. Indeed, the elastic mounting must support the 

static load of the machine with a static displacement within the allowable margin while also 

having a sufficiently low stiffness to filter out the main excitations of the piece of equipment. 

 
Figure 2.14.- Different elastic mountings used in ships.- 

The Figure 2.15 shows the measurement performed by TSI of the vibration insulation 

achieved by a single stage elastic mounting in a generator set. The measurements were 

performed in a test bench. As can be seen, up to 20 dB of differences can be achieved with a 

single stage of insulation. Anyway, once the system is installed on the ship the differences 

will be lower due to the flexibility of the supporting structure. 

 
Figure 2.15.- Average of structure-borne noise of a generator set measured above and below the 

elastic mountings (by courtesy of TSI).- 
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If we consider that the mechanisms controlling the phenomena of vibration energy 

propagation over the ship and the conversion of this energy into underwater noise by the 

radiation of the hull plates is linear, the same amount of reduction in the underwater noise 

produced by the piece of equipment can be expected.  

In case of demanding noise requirements, a typical solution is the double resilient mounting 

of the auxiliary engines (Figure 2.16) in diesel-electric propulsion systems. It consists on a 

double stage of elastic mounts with an intermediate heavy bench. The weight of the 

intermediate bench influences the amount of insulation achieved with this solution. 

 
Figure 2.16.- Double resilient mounting in a diesel generator.- 

 
Vibration Level in the di fferent stages of a double elastic bench  

Point  Overall 
vibration in Z 

Point  Overall 
vibration in Z 

A11 10,91 A32 1,94 

A12 1,79 A33 0,18 

A13 0,18 A41 9,22 

A21 8,15 A42 1,81 

A22 1,71 A43 0,17 

A23 0,19 -  

A31 9,91 -  

Table 2.2.-Overall vibration level of a diesel generator set in the different stages of a double elastic 
bench (Source TSI).- 

The Figure 2.17 and Table 2.2 show the overall vibration value (mm/s) measured in a 

generator set already installed in the ship on a double elastic bench. As can be seen, 

attenuation of the vibratory energy transmitted into the ship structure up to 99% can be 

achieved by this solution. This solution is specially adapted for electric propulsion layouts 

and its main defaults are the increase of the dimensions and weight due to the inclusion of 

the intermediate bench. 
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Figure 2.17.- Measurement points of the diesel generator set (Source TSI).- 

c) Necessary steps for the implementation of this type of solution. 

In order to achieve the best possible results a sequence of necessary steps must be taken 

during the design and implementation stage of this solution. These steps are designed for 

insulating the main noise & vibration sources in the ship within the machinery (mainly main 

propulsion and diesel generators). For smaller pieces of equipment, a simpler and more cost-

effective process is followed to isolate them because the reduction expected in the overall 

vibration transmitted to the hull by them is much less significant. The complete process 

consists in:  

• Definition of specifications : During this stage, specific requirements must be 

defined. Firstly, it is important to know things such as the frequency and amplitude of 

the main excitations generated by the machinery, its weight, moment of inertia, etc, 

which affect the design of the elastic mounting. Then, a transmissibility criterion 

should be also defined according to the overall noise requirements of the vessel. 

According to that, inertance and mobility limits are also defined for the bench of the 

machinery. Finally, all “connections” to the ship structure are identified (pipes, 

electrical wiring, etc.) and criteria of transmissibility for the joints are also specified 

according to experience. 

• Calculation : In this stage, numerical models are used to check the normal modes of 

the system machinery-elastic mounting and to ensure that the support bench is 

sufficiently “rigid” for the elastic mounting (the latter analysis being generally done 

using finite element models). Besides, numerical transmissibility forces can be 

computed from this model to check their fulfilment with the criteria defined above. 

• Factory tests : Before the installation on board of the piece of equipment and its 

associated elastic mounting a list of experimental tests should be performed in a test 
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bench. Among other things, transmitted forces to the test bench, attenuation of the 

elastic mounting, inertance and mobility of the support bench are obtained to check 

the suitable correspondence with the theoretical results and the criteria defined in the 

first step. 

• Installation: Installation of the solution should be carried out according to the 

recommendation of the supplier. Final tests are performed on board to check that the 

vibration transmitted to the vessel structure is what was expected. 

d) Implementation in new and existing ships, cost and effectiveness of the technical 

solution 

The effectiveness of this solution and related process is highly proven in the ship industry, 

where, first in warships and then in commercial ships, it has been successfully implemented. 

It is widely used to insulate diesel generator sets and medium and high-speed diesel engines 

in new large commercial ships as well as most of the small machinery of the vessel such as 

compressor, pumps, etc. 

Nowadays, its main limitation is that it is not used in the case of large two-stroke diesel 

engines due to the low frequency of its main excitations, its power and weight. Unfortunately, 

this type of engine is very common in cargo ships due to the savings in fuel. 

Traditionally, the application of this solution in fishing vessels is not well perceived by ship 

owners and technicians of the sector due to the fear the engine pulls out of this position. 

However, as shown in [3] the application of this solution in a particular fishing vessel has 

achieved very good results in noise and vibration on board which will certainly have an effect 

in its underwater noise signature. 

Regarding the applicability of this solution in existing ships (retrofitting), it can be simple and 

effective but it depends on the engine and constraints such as space and weight, which may 

make the implementation of this solution unfeasible. 

Regarding the cost of the implementation of this solution in a new ship, it will depend on the 

type of machinery and ship, but a reasonable estimate for the main engines (main 

underwater noise source within the machinery) for a “normal” commercial ships and including 

all the necessary steps listed above is 20K€ (including elastic mounts). On the other side, the 

suppliers of elastic insulators recommends to change them every 5 years due to the 

corrosive ambient of the machinery room (fuel, oil, high temperature etc.) wearing off the 

rubber material, even though according to DCNS experience, it can be extended to 8 years. 
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Finally, the overall vibration insulation for a given machinery item can be estimated about 20 

dB (ref 5×10-8m/s) for a single stage, as a greater insulation can be achieved for a double 

stage, depending of the physical characteristics (respective masses and stiffness of 

elements).  

2.3.2. Active insulation 

The active insulation consists in minimizing the machinery excitation to the hull structure by 

means of a secondary excitation in opposition of phase. This system is made up of: 

• Sensors (accelerometers, load cells, etc.) that measure the excitation and/or to verify 

the efficiency of the control. 

• A controller, which according to what is measured, computes the necessary force to 

compensate the one of the machine to be isolated. The types of control can be 

categorized in two groups: Feed-Forward when there is a reference signal of the 

disturbance and Feedback when there is not and the control is performed thanks to a 

control loop. 

• Actuators: It delivers the necessary force to produce the excitation in counter phase. 

Depending on the amount of excitation required we can have two different options: 

Electrodynamics actuators, which can deliver forces up to 400N with strokes up to 

15mm and magnetic actuators, which deliver forces over 2000N with strokes up to 

3mm. 

 
Figure 2.18.- Operating principle of an active insulation (courtesy of Hutchison Paulstra).- 

Active insulation can surpass the limitations of passive mountings with regard to the 

minimum stiffness required to withstand the load applied as well as its thermal 

characteristics. Moreover, according to a study presented in [39] the vibration level of a 

diesel engine (12 cylinders, four-stroke, 1500RPM, 1720KW) can be reduced about by 10dB-

20dB with regard to passive mountings in the filtered frequency band. The use of an active 

isolator can lead to filtering performances close to a double stage mounting. 
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The main technical limitation of this solution is the amount of force the actuator can deliver 

and the frequency range in which this application can be effective.  

 
Figure 2.19.- Example of an active insulation.- 

With regard to the latter limitation, a promising way around this problem is the combined use 

of active vibration isolation with passive isolators to reduce vibratory energy transmission. 

These passive mountings enable to reduce vibration energy transmission above the 

frequency band where active mountings are not efficient whereas active mountings improve 

the vibration isolation in lower frequencies enabling to select a stiffer passive mounting 

whenever it is required. 

As stated above, active operation can be considered a very effective solution in terms of 

structure borne noise reduction however their cost are still prohibitive for commercial 

shipping and only naval vessels and those having strict underwater noise requirement can 

consider this solution. 

 

2.3.3. Acoustic enclosures 

Principle: An acoustic enclosure is a physical envelope surrounding a noisy equipment item, 

totally or partially, with the objective to reduce the airborne radiated noise power (Figure 

2.20). The envelope is generally made with a sandwich material with sound insulating 

properties. 

We can distinguish: 

• The complete enclosure: it covers entirely the machine, but can have some openings 

to access commands or for air cooling, 

• The integrated enclosure: it is a closed envelope directly mounted on the machine 

mounting raft, fitting as much as possible the external shape of the machine, 

• The partial enclosure: it consists in one or several screens facing the parts of the 

machine which radiate the more. 
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Figure 2.20.- Principle of the acoustic enclosure.- 

Care must be taken on the secondary noise propagation paths: 

• Vibratory propagation through the walls themselves, 

• Vibratory transmission through the attachments or mechanical links between the 

enclosure and the machine, 

• Joints around pipes or cables. 

Furthermore, the presence of openings is necessary for different purposes (maintenance, 

surveillance, operation, thermal control). If not properly treated, these openings produce 

acoustic leaks, which can lead to significant reduction of noise insulation efficiency. 

 
Description of solution: A report from SILENV project cites the use of acoustic enclosures 

to reduce noise radiated from ship equipment items [39]. The main machines considered are: 

• Diesel generator sets (note that in the case where there are fitted with double-stage 

resilient mountings, they are in practice systematically fifed with acoustic enclosures), 

• Gearbox, 

• Cooling units. 

On the other hand, contrary to the diesel generators and due to arrangement constraints on 

the propulsion layout, it is generally not possible to use an acoustic enclosure to reduce the 

airborne noise emitted from the main engines. 

On the shipyard point of view, it is more adequate if the machine is supplied with a complete 

or integrated acoustic enclosure, rather than adding an enclosure on board around a 

machine already installed. An example from MTU [103] is shown on Figure 2.21. 

Numerous companies provide products (materials or full enclosures), some of which are 

adapted to marine environment. Regarding the material of the walls of the enclosure, the 

sandwich compound consists generally of thin metal plates (perforated or not) and one or 

several layers of foam or other insulating material such as fibreglass wool. The overall 



 

WP5 - Practical Guidelines 
D 5.1-Comprehensive listing of possible 

improvement solutions and mitigation measures 
Rev 1.0 

 

Dissemination level: CONFIDENTIAL 

 35 
© AQUO Project Consortium 2014 - all rights reserved 

thickness is typically from 50 to 100 mm. An example of such composite material, which is 

IMO compliant, is shown on Figure 2.22 [104]. 

 

 
Figure 2.21.- Example of diesel generator set fitted with an integrated acoustic enclosure.- 

 
Figure 2.22 .- Example of composite material for acoustic enclosures (from megasorber).- 

 

Applicability: As discussed previously, the acoustic enclosures can be used on some types 

of machinery items, more particularly diesel generator sets, cooling units and gearbox. 

Advantages: 

• Allows reduction of machinery noise transmitted underwater through airborne path, 

• Relatively cost effective if supplied with the machine.  

Drawbacks or constraints: 

• Not applicable to main engines, 

• Requires sufficient space on board, 

• Relatively low efficiency at low frequencies. 

Comment: The primary use of acoustic enclosures is to reduce onboard airborne noise in 

rooms and compartments, for crew and passenger safety and comfort. The reduction of 
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underwater radiated noise is expected to be relatively small, and depends on which are the 

dominant noise sources and noise transmission paths.  

2.4. Reduction of propeller noise 
 

2.4.1. Propeller blade design optimization (UNIGE) 

Propeller design procedures have evolved significantly in last years, with the introduction of 

numerical methods which can provide an ever improving assessment of propeller 

characteristics, considering propeller non stationary functioning and propeller unsteady 

cavitation with its side effects (pressure pulses) not only in correspondence to the usual 

design but also in correspondence to off-design conditions. This assessment has become 

rather usual, with numerical methods being able to predict propeller characteristic curves 

(and cavitating behaviour) in correspondence to a wide range of advance coefficients. 

Modern propeller requirements involve, actually, many different characteristics, not limited to 

maximising efficiency, but considering also propeller cavitating behaviour and, more and 

more, its side effects, in terms of radiated noise and pressure pulses. This is evident relation 

with the ever-increasing demand for improvement of comfort on board and concerns about 

noise radiated in the marine ecosystem, especially in proximity of protected areas.  

Traditional design methods (lifting line and lifting surface) are very well known approaches, 

used for a long time. Nevertheless, these methods cannot be used directly for the design of a 

propeller which needs to be optimised in very different working conditions (except by 

designing the propeller as a compromise between the functioning points under investigation).  

Further, they are unable to include, as design targets, aspects different from the maximum 

efficiency criterion.  

From this point of view, the design by optimization could represent a valid and more accurate 

strategy to design “low noise” propellers by applying numerical tools not specifically 

developed for the design but capable to accurately account for side effects like unsteady 

cavitation, pressure pulses and radiated noise. For instance, the coupling of panel codes 

(usually adopted for propeller verification, but not directly for design) with optimization 

algorithms can represent for the designer an efficient alternative to the classical approach. 

Panel methods, in fact, can efficiently solve the potential flow around the propeller, correctly 

taking into account the thickness effects of the blade (neglected or introduced in an 

approximate way in the lifting surface theories), the hub and, most important, the effect of 

cavitation. All such models have been developed for the analysis of given propellers, and so 

they cannot be directly integrated into an inverse design procedure, differently from the 
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simpler ones (lifting line and lifting surface) traditionally adopted. Nowadays, they are 

practically used for validation of a given propeller design or for systematic investigation of 

main parameter influence around a base design geometry. The time required to solve a 

steady cavitating propeller problem is in the order of few minutes on a modern PC and the 

type of data and accuracy of the results obtained is of the same level of accuracy of the 

RANS in a quite wide range of functioning points around the design one. Hence, the 

straightforward idea is to include the panel method into a parametric optimization procedure 

for the automatic optimization of an initial propeller geometry, allowing for a more congruent 

and effective search of the best geometry subjected to constraints and requirements that are 

more stringent and not only confined to the maximum efficiency. A multi-objective 

optimization algorithm, which drives the selection of the main geometric parameters of 

propeller blades to converge on the optimum solution, represents an ideal application of 

these direct (panel) method for the design of such specific propellers. Panel methods can be 

directly employed as they had been developed for, namely as analysis methods, to take 

advantages of all their specific peculiarities, to indirectly obtain a new geometry that, keeping 

the same thrust, for instance, minimizes the cavitation area/volume and possibly increases 

the efficiency in correspondence of one or more different working points.  

The experience within the SILENV project demonstrated, by a dedicated experimental 

campaign at the University of Genoa Cavitation Tunnel, the reliability of this kind of numerical 

design approach. In that particular case, a conventional propeller (different from the one 

actually adopted on the real ship) was designed through the optimization approach based on 

Panel Method calculations. The design exercise was carried out in order to improve, as 

usual, the performances of the propeller but also in order to reduce the unsteady cavitation 

the original propeller was subjected to, in view of a reduction of the radiated propeller noise. 

The design process was particularly complex (and probably impossible with traditional lifting 

line approaches), due to the fact that the propeller was supposed to operate in two different 

conditions: at the design speed, and at a reduced one, achieved by decreasing the propeller 

pitch at constant rate of revolutions. Both suction and pressure side sheet cavitation had to 

be monitored and reduced, providing in both operative conditions the given values of thrust 

at the maximum possible efficiency. 

The multi-objective optimization with the Panel Method allowed to achieve the desired results 

by designing a propeller with a different distribution of pitch, camber, chord and profile 

shapes that was able to reduce the radiated noise (indirectly monitored by the unsteady 

cavitation volume) in both operative conditions, with an efficiency appreciably greater than 

the one of the original propeller. An experimental campaign, as shown in Figure 2.24 and 
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Figure 2.25, finally validated the design strategy and the design assumptions, showing the 

reliability of the propeller blade optimization approach as an efficient and robust design 

procedure. 

 

Figure 2.23 : Original (left) and Optimized (right) propeller geometry. 
 

 
Figure 2.24 : Comparison of propeller performances at design (left) and reduced (right) pitch setting. 

Original Propeller versus Optimized Propeller. CEHIPAR Towing tank measurements. 
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Figure 2.25:  Comparison of propeller radiated noise at reduced pitch setting. Original Propeller versus 
Optimized Propeller. UNIGE Cavitation Tunnel measurements. 

 

2.4.2. Non-conventional propellers 

There exist several types of non-conventional propellers: ducted, end-plate (CLT etc.), 

Kappel, boss cap fins, water and pump jets and few more like the less common surface-

piercing, stator-rotor, cupped propeller etc. and the ones described in 2.4.3. 

The basic idea of their creation was to improve some of the deficiencies of the conventional 

propellers related mostly to propulsive efficiency and cavitation. There is a very reduced and, 

for some types of non-conventional propellers, inexistent information about their capability to 

reduce the ship generated noise.  

As the cavitation is a prime factor for high levels of noise, its reduction would generally 

reduce the noise. Nevertheless, experience in Cavitation Tunnels shows that sometimes the 

search for high efficiency may reduce the cavitation inception speed thus leading to lower 

performance related to noise and vibrations.     

Ducted propeller : This propulsor has been studied for many years and applied widely 

because of the gain of efficiency, almost always achieved if its design is correctly performed.  

In SILENV Project [117], [119] a case of fishing research vessel has been experimented in 

model scale by CEHIPAR (Figure 2.26). The introduction of such non-conventional propeller 

even without its optimization increased the propulsive efficiency by 2% compared to a free 

running stock propeller. The cavitation on the propeller blades in the duct has been reduced 

substantially thus reducing noise and vibrations.     

 
Figure 2.26.- Hull and Ducted propeller for a fishing research vessel model used in the study.- 
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Full scale trials conducted by TSI [118] to measure the vibrations of the hull structure 

obtained values inferior to 2 mm/s, being significant the propulsor’s contribution to this very 

good result of vibrations norms accomplishment. Undoubtedly, this solution in most of the 

conditions would reduce also the noise in comparison with conventional propeller. More 

detailed information about ducted propeller is given in [120]. 

Endplate CLT propellers :  This propulsor is characterized by endplates fitted on the 

pressure side of the blades tip. This propeller has shown to improve the open water 

efficiency by establishing a finite load at the tip region thus contributing more to the thrust 

than the torque, especially in full scale conditions. CLT propellers have been successfully 

installed, the last 10 years, to more than 280 ships achieving higher propulsive efficiency (up 

to 8%) than the conventional ones [121]. From the point of view of noise and vibrations a 

case is reported in [117] for a twin screw super-ferry fitted with twin high skewed propellers 

which suffered from severe vibrations of the stern with the passenger’s cabins. The solution 

of this problem has been obtained by substituting the conventional skewed propellers with 

endplate CLT propellers (Figure 2.27).  

 
Figure 2.27.- Photo of a stern view of the super-ferry ship with the CLT propellers.- 

The result was satisfactory as not only the vibrations (and consequently the noise) were 

reduced, but also a substantial gain of propulsive efficiency has been reported [122]. To find 

out the reason for lowering the excitation CEHIPAR performed tests, showing significant 

broadband pressures pulses on the hull for the skewed propeller. Comparatively, the CLT 

propeller showed more stable cavitation and although the low frequency harmonics of the 

pressure persisted, the broadband at higher frequencies was almost eliminated [122].  

The designers of CLT propellers are trying to improve the design to decrease the cavitation, 

especially around the endplate.  



 

WP5 - Practical Guidelines 
D 5.1-Comprehensive listing of possible 

improvement solutions and mitigation measures 
Rev 1.0 

 

Dissemination level: CONFIDENTIAL 

 41 
© AQUO Project Consortium 2014 - all rights reserved 

Kappel Propellers : The Kappel, or tip-fin propellers have an unconventional design of the 

blade tips which are smoothly curved towards the suction side.  

These propellers are usually optimised for efficiency by reducing the strength of the tip vortex 

thus increasing the tip vortex cavitation inception speed. The increase of the efficiency is 

usually 2 to 4% [123], however the experimental and numerical study in [124] reported an 

increase of the cavitation and the pressure pulses in comparison with conventional propeller 

and consequently a higher noise can be expected. Further data is necessary to have a 

broader view of those propellers from the point of view of noise generation. 

 
Figure 2.28.- Kappel propeller.- 

Propeller hub caps (PBCF):  Also called “boss cap fin”, as shown in Figure 2.29 proposed in 

1988 consist in fitting planar fins on the propeller hub. The fins are designed to be capable of 

diffusing and weakening the hub vortex and thus increasing the efficiency of the propulsor. 

They reduce the propeller shaft torque and increase the thrust. It is easy to install without 

modification of the vessel or the propeller blades.  The gain of efficiency was reported to be 

up to 4%, although known model tests results gave from 0 to 1%. The weakening effect on 

the strength of the hub vortex, in principle, should increase the cavitation inception speed. 

Being the fins quite far from the tip region of the blades no adverse effect on the general 

cavitation performance is expected, so this propulsor can be a good candidate for noise 

reduction study and application.    

 
Figure 2.29.- Photo of a propeller hub caps 
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2.4.3. Wake conditioning devices 

The phenomenon of cavitation mainly depends on two parameters: 

• The propeller design  

• The wake flow into the propeller 

The second item will be developed in this section. 

The varying inflow produced by the hull during the ship’s movement is known as the wake. 

This flow of water into the propeller can often result in fluctuating cavitation.  

Although the propeller noise is partly due to the propeller rotation, propeller’s wake inflow is a 

significant factor in the propeller performance and in the phenomenon of cavitation.  

Consequently, the improvements of both propeller design and wake flow into the propeller 

could reduce hydro-acoustic noise from ships and increase propulsive efficiency.  

For new ships the wake flow can be improved by specific design which will require model 

testing and fluid dynamics analysis.  

The wake flow into the propeller for existing ships can be improved by fitting appropriately 

designed appendages such as wake equalizing ducts or spoilers for example.  

These devices can generally be retrofitted, either during a special docking, or during a 

routine docking.  

According to Renilson Marine Consulting[108], the approximate cost to retrofit in dry dock a 

wake equalizing duct on a 250,000 dwt tanker is from 80-100k US$ to 300-400k US$. 

 

Schneekluth duct:  The Schneekluth duct is a device installed on the hull of the ship in 

order to improve the flow on the upper part of the propeller. As a result the formation of 

cavitation can be decreased. So it could involve a decrease of noise due to cavitation. 

However, there is not sufficient information about the effectiveness of this method in reducing 

the generated noise in all existing vessels. 

According to the manufacturer (www.schneekluth.com), with the Schneekluth duct, a 

decrease up to 12% in fuel consumption and up to 50% in vibration can be achieved.  

According to the proponent of Schneekluth duct, fitting the duct to a ship in dock takes only a 

few days, and can be done during a routine dry docking period. The total cost of the duct and 

associated spoilers for a 22 – 23 knots 2,500 TEU container ship is approximately US$120k, 

with the installation cost (during a scheduled dry dock) being about US$20k. According to 

information on the website an annual fuel saving of 1,200 tons of fuel is possible, giving a 

saving of about US$500k (assuming a fuel cost of US$410/ton). This results in a payback 

period of about four months.  
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Figure 2.30.- Schneekluth duct (extracted from www.schneekluth.com).- 

This technology could be beneficial in terms of hydro-acoustic noise reduction (for ships with 

very non-uniform wake fields) but can also be financially advantageous by increasing the 

efficiency of the propulsion system. 

Mewis duct®: The Mewis duct® is designed by Becker Marine Systems. This element is 

placed just before the propeller.  

 
Figure 2.31 .- Mewis duct® (extracted from [110]).- 

The goal of this system is to improve the flow into the propeller by two means, namely:  

• The pre-duct.  

• The pre-swirl fin system. 

The advantages of the Mewis Duct® are the improvements of four components of the 

propeller flow:  

• Equalization of the propeller inflow by positioning the pre-duct ahead of the propeller.  

• Reduction of rotational losses in the wake by integrating a pre-swirl fin system within 

the duct.  

• An additional small improvement of the propulsion efficiency  
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• A further small power reduction results from the improvement of the cavitation 

behaviour at the propeller blade tips.  

 

 
Figure 2.32.- Mewis Duct® - the pre-duct (extracted from [110]).- 

 
Figure 2.33.- Mewis Duct® - The pre-swirl fin system (extracted from [110]).- 

According to [109]., installation of this system on a VLCC ship (Very Large Crude Carrier) 

with the length of 318m, breadth of 60m, water draft of 20m, 16 knots speed and 22,000 KW 

engine power has led to a 5% fuel savings, resulting in an annual fuel saving of US$700k.  

According to Mewis’s study [110], the results of tests performed for several projects in 

different tanks worldwide have been very successful: the Mewis Duct reduces the required 

power by up to 8 % with a mean saving averaged over 35 tests of 6.5 %, but also 

significantly reduces the vibration excitation.  

This demonstrates the possibility of retrofitting a wake modification system to improve the 

wake, increase the propeller efficiency, and reduce cavitation and consequently noise and 

vibration. 

Nozzle: When the propeller blades rotate in the water, they generate high-pressure areas 

behind each blade and low pressure areas in front. This pressure differential provides the 

force to move on the vessel. However, losses occur at the tip of each blade. The presence of 
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a nozzle around the propeller reduces these losses by restricting water flow to the propeller 

tips. 

 

Figure 2.34.- Nozzle (extracted from [111]).- 

Simplified compensative nozzle: The Simplified Compensative Nozzle (SCN) is another 

method of improving the flow into the propeller. This device is installed on both sides of the 

hull in the aft section.   

The improved efficiency is achieved by re-shaping the nozzle to improve uniformity of wake 

flow into the propeller. This is accomplished by having a more vertical or cylindrical shape, 

rather than remaining circular.  

 
Figure 2.35.- Simplified Compensative Nozzle (extracted from [109]).- 

The system will result in uniformity of the wake inflow in the stern region and could therefore 

reduce the generated noise due to the propeller’s inflow perturbations. In addition, SCN 

system can be built a lot easier compared to other inflow modification tools. 

 

Grothues spoilers : Grothues spoilers are composed of a small series of curved fins 

attached to the hull just ahead of the propeller. They straighten the flow into the propeller and 

therefore improve the propeller efficiency.  
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Figure 2.36.- Grothues spoilers (extracted from [112]).- 

According to Schneeklut (1987), claims of efficiency improvements of up to 6% for tankers 

and fully laden bulk carriers, and up to 9% for tankers and bulk carriers in ballast have been 

made. More recently, according to Mewis, and Hollenbach [113] independent claims of up to 

3% have been reported.  

There is no information currently available on the reduction in cavitation, and hence noise 

because of these spoilers. However, specialists assume that this device should be efficiency 

particularly for cases where the flow into the propeller is extremely non-uniform.  

 

Swirl generating devices: Contra-rotating propellers and pre- and post-swirl stators (rudder 

fins included) aim to reduce rotational energy losses.  

 
Figure 2.37.- Pre-swirl stator (extracted from [112]).- 

The pre-swirl stator has been developed by Daewoo Shipbuilding and Marine Engineering 

Co. Ltd (DSME) in collaboration with SSPA. This device aims to improve propulsive 

efficiency and reduce propulsive power. By mounting it just before the propeller, it generates 

flows which improve the propeller’s slipstream (in terms of rotational energy loss).  

Model tests and sea trial tests done by DSME/SSPA on VLCCs, tankers, bulkers, Ro-Ro 

ships and containerships show an average gain of 4% on propulsion power. For more swirl 
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generating details, the optimized configuration of the stators selected by DSME/SSPA 

(based on Computational Fluid Dynamics (CFD) and tank tests) is composed of 4 blades 

with a diameter equal to the propeller diameter. 

According to K. Kim [114], an approximate 5-6% power gain can be achieved by the best 

pre-swirl stators. 

 

 
Figure 2.38.- Post-swirl stator (extracted from [112]).- 

There is no much information available on the acoustic behavior of these pre-swirl stators. 

But, according to SSPA, in some cases high risk of cavitation erosion and high pressure 

pulses can be observed. Thus, it could involve an increase of underwater radiated noise. 

 

 
Figure 2.39. - Rotational energy behind the ship without pre swirl stator (left) and with pre swirl stator 

(right) (extracted from [114]).- 
 

According to Johan de Jong’s study [111], pre-swirl stators can provide efficiency gains up to 

5% for both single-screw and twin-screw vessels.  

The principle of the contra rotating propeller consists in reducing with the aft propeller the 

swirl induced by the forward propeller.  
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Figure 2.40.- Contra-rotating propeller (extracted from [111]).- 

According to [115], this device allows to reach power efficiency improvement in the range of 

10% compared to a single propeller. 

According to [116], the gain of reduction power is around 10% compared to a conventional 

propeller. 

 

Grim wheel: This device is composed of an inner part that operates as a turbine extracting 

energy from propeller slipstream. This energy is used to power the outer part of the device 

that proceeds as a slow turning large diameter propeller. Unlike the contra-rotating propeller 

the thrust loading of the system is reduced and the efficiency is increased compared to the 

equivalent single propeller. 

 
Figure 2.41.- Grim wheel (extracted from [111]) 
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2.5. Structural solutions to reduce Underwater Radiated Noise 
Many publications and researches [1], [5], [6], [7], [8] have concluded that the main 

underwater noise sources are the propeller and machinery. Machinery noise turns into 

underwater noise mainly by the radiation of the hull plates in contact with the water whereas 

propeller noise turns into underwater noise by two mechanisms: Direct radiated noise and 

indirect radiated noise through the excitation of the hull by the propeller. 

Previous studies dealing with mitigation measures for vessels URN mitigation [9], [10], [11] 

have proposed solutions to reduce the transmission of structural machinery noise to the 

vessel structure (resilient mountings, damping etc) and to avoid the cavitation of the 

propeller. However, very few references ([7], [12] and [13]) have worked with the idea of 

applying specific design solutions to the hull to reduce the machinery and propeller global 

underwater noise modifying the hull’s radiation features. 

However, comparison of experimental results obtained in channel basin and full scale 

measurements obtained in AQUO [2], suggests an amplification of the cavitation noise by the 

hull. This is a part of what we have called indirect propeller noise. 

 
Figure 2.42.- Comparison between model and full scale URN measurements in one vessel performed 

in AQUO [2].- 

Other publications, such as [17], suggest that proper selection of the frame spacing and hull 

thickness may imply a reduction of radiation up to 10dB (ref 1µPa).  

Finally, there are many publications (for instance [13], [18] and [19]) of research projects 

funded by the Navies deals with the development of tools to predict the amount of noise 

energy radiated by structures of thin plates stiffened like submarines and vessels and 

quantification of the reduction of radiation achieved applying different solutions. This 
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amounts of efforts applied in this field for military ships suggests the potential of the solutions 

applied to the structure to reduce noise. 

Taking into account all of this and that two thirds of the most important mechanisms of 

underwater noise generation involves hull radiation, studying possible solutions focused on 

this topic has been considered relevant. Different solutions found in the literature will be 

overviewed in this paragraph. 

2.5.1. Hull girder spacing and hull thickness desig n according to acoustic 

specifications 

Usually, the hull thickness, spacing between stiffeners, girders and frames are specified 

according to structural criteria. However, from an acoustical point of view the features of the 

hull will also govern the mechanism of the transformation of the structure borne noise 

generated by the machinery into underwater noise as well as the indirect noise produced by 

the propeller and reflected on the stern area of the hull. Therefore, it may be worth studying 

the development of additional design criteria for the hull of the vessel including acoustic 

requirements. 

In general, the underwater noise power radiated to the hull can be divided in two parts: there 

is a part of radiation (direct radiation) that is proportional to the hull vibration, area and 

radiation efficiency, and a second part (airborne noise transmitted to the water) that is 

proportional to the hull thickness and area. Typically, for commercial surface ships, structure 

borne noise dominates the transmission to the water but high level in airborne noise can 

contribute to the total acoustic signature [36]. 

In order to understand the physics of the problem the hull plates can be modelled in a first 

approach as an assemblies of flat plates reinforced by line stiffeners. Maidanik [14] 

introduced the idea of estimating the power radiated from a flat panel reinforced by line 

stiffeners and vibrating in flexure by multiplying its measured mean squared velocity by a 

calculated panel radiation efficiency. According to [20], the radiated power and the mean 

square velocity of vibration are related by the following formula: 

 Eq. 2.5 

Where  is the radiation efficiency and  is the mean square velocity of vibration 

of the corresponding hull. We shall find that  is affected by the geometry of the structure 

and by the structural dynamics. 

The former quantity was estimated in [14] and refined later on in [15] by a different hull plate 

dimensions and ribs stiffening in air. However, there are three assumptions implicit in this 

model of radiation resistance. The first one is that the stiffness of the rib attachment is much 
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larger than the bending stiffness of a line of the plate so zero plate velocity is assumed on 

that line. The second assumption is that the remaining of the co-planar exterior structure in 

which the panel is located can be considered as a high impedance baffle for that panel. The 

third is that the nature of the plate’s vibration is unaffected by the reaction of the acoustic 

medium. These two latter assumptions are not valid for hull plates on water at low 

frequencies. Publication [16] deals with it and provides a new formulation for hull plates 

submerged in water. 

When a structure vibrates, there are two characteristic dimensions of importance in sound 

radiation: the size of the structure compared to the wavelength of sound and how the 

wavelength of vibration is compared to the wavelength of sound.  

The latter ratio will determine the critical frequency, above which the radiation efficiency of 

the hull plate approach one. Below this frequency, only constraints to the plane will produce 

radiation. Unlike air, the critical frequency in water will be probably high enough to consider 

the hull plates radiate exclusively below the critical frequency. In this range, the amount and 

type of constraints as well as the stiffness of the plate will determine .  

On the other hand, the power radiated by the hull will also depend on the average vibration 

of the plate. Therefore increasing the stiffness of the hull may be seen as a solution for 

reducing the underwater noise signature of the vessel. However, increasing the number of 

stiffeners, thus the amount of constraints, will increase the radiation efficiency of the plate, 

which may cause an effective increase in sound radiation. Therefore, both competing 

parameters should be balanced. Indeed, [21] suggests that reducing the spacing between 

stiffeners will not have big influence in the sound power radiated by the hull (see Figure 

2.43). In addition, experimental and numerical results of [17]are in line with previous 

conclusion (see Figure 2.44). 
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Figure 2.43.- Average sound power for different hull-plate[21].- 

On the contrary, according to [17], increasing the spacing between stiffeners, which would 

lead to increase the hull thickness, will indeed have a reduction of the sound radiation. In 

fact, experimental results suggest a reduction of up to 10 dB (ref 1µPa) in the range 100Hz-

5000Hz. However, these results does not take into account the effect of the decrease of the 

airborne transmission through the hull due to the increase in the hull thickness, but as stated 

by [36], structure borne noise radiation is usually much more important than airborne noise 

radiation. 

 
Figure 2.44.- Radiated sound power comparisons of the un-stiffened plate submerged in water (left) 

and the stiffened plated submerged in water (right)[17].- 

Regarding the efficiency of these solutions, no much bibliography about particular solutions 

applied to vessel has been found. However, there are a few references [14], [17], [21] that 

suggests differences of up to 10 dB (ref 1µPa) in different type of panels.  
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On the other side, regarding the cost of this type of solutions we can distinguish: 

• The cost associated to the engineering work necessary for the correct design of the 

hull attending these underwater noise criteria. 

• The cost associated to these measures during the construction of the vessel. 

In the first case, the modelling activities and prediction calculation required to compute the 

efficiency of this type of solutions as well as to help in the correct design of the frame spacing 

and hull thickness attending noise criteria is foreseen to be around 30 k€ for a vessel whose 

ship length is 100 m. 

 
Figure 2.45.- Radiated sound power comparisons of stiffened plates submerged in water (left) b=2m, 

a=1m, h=0.005m with five stiffeners (right) b=4m, a=2m, h=0.02m with five stiffeners [17].- 

The cost estimation during the shipbuilding stage is more difficult to assess than for the first 

one, as it will depend on many factors. In principle, if no high-strength materials are required, 

the cost of the construction of the vessel is believed not to change substantially as these 

solutions of the hull are very localized and the weight of the vessel will not be substantially 

changed. However, care should be taken to avoid solutions that may lead to difficult and 

expensive manufacture procedures such as very thick hull plates, the use of materials that 

cannot be weld easily, etc. because in this case there may be an impact on the cost 

associated to the construction of the vessel. 

On the other hand, specific work performed in [12] with regard to the topic of vibration 

propagation over the hull investigates the effect on hull vibration level of applying uneven 

spacing between stiffeners. It compares numerically the vibration levels of two plates 

supported by six stiffeners, one with even spacing between them and the other one with one 

stiffener shifted. The numerical results show a reduction of almost one order of magnitude in 

the plates unevenly stiffened. Higher values of radiation efficiency are not expected as 

neither the number of stiffeners nor their stiffness have been increased in the plate, which is 

why similar reduction in hull radiation is expected. However, neither numerical or 
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experimental result supporting this claim nor application of this solution in shell structure has 

been found in the bibliography. In addition, using uneven spacing has impact on structural 

resistance, leading to a review of the hull design as a whole, with possible consequences on 

weight and cost.   Further research would be needed on this topic. 

2.5.2. Lightweight materials 

The main lightweight materials used currently in ships are fibre reinforced plastic (FRP) 

composites and aluminium alloys. FRP is used in both single-skin and sandwich 

configurations. Current and potential applications of lightweight materials in ships are mainly 

related to patrol and rescue craft, small naval ships (e.g. mine countermeasure vessels), 

pleasure craft and sailing yachts, and small passenger and car ferries. Furthermore, they are 

used extensively in secondary structures and components for all types of ships, from masts 

and casings to moveable vehicle ramps and decks. As a main limitation, FRP is used 

nowadays for craft with length up to about 50 m, and aluminium for vessels up to about 120 

m. 

Within the composite materials, there is a wide range of raw materials to configure FRP 

composites. As an example, resins can be made of polyester, vinyl or epoxy, fibres can be 

made of fibreglass or carbon and in case of using the sandwich configuration the core can be 

made with PVC, Polyurethane, etc. The suitable configuration of the FRP composite is really 

important in terms of achieving good radiation characteristics while keeping the required 

strength and properties according to the ship requirements. 

Among the advantages of using lightweight materials are the weight reduction, its aesthetics, 

longevity and maintainability.  In terms of underwater radiated noise performance, the weight 

reduction will enable to require less power which will imply to (without paying attention to 

other issues) a reduction in the ship’s acoustic signature. In that way, the use of lightweight 

materials has clearly an indirect effect on radiated, through reduction of propulsion power. 

Regarding its radiation characteristics, the sandwich hull configuration can offer favourable 

attributes compared to steel thanks to its higher internal damping and flexural rigidity to 

weight ratio [38]. However, this statement is not fully convincing, as a lighter material may 

exhibit larger vibration levels for a given excitation, and more difficulty in achieving rigid 

foundations (required to ensure good efficiency of elastic mount isolators). 

Indeed, [37] states that composites are often selected in naval ships so as to utilise 

properties which generally surpass those of steel or aluminium such as minimum weight and 

a better signature performance regarding to radar, magnetic and acoustic invisibility. It also 

presents a case study of the construction of six HUON Class Mine hunters where main 
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engines, generators and auxiliary machinery, instead of resting on conventional foundations 

were slung in composites “hammocks”, isolating them from the ship hull reducing 

dramatically the noise and vibration transferred from the engines throughout the hull and 

hence the associated underwater noise signature. 

Some minehunters and patrol ships of the navies are made of composite mainly because of 

its excellent non-magnetic properties. However, as seen before, composites materials have 

other characteristics that make them suitable for this type of vessel. In this regard, [36] states 

that CFRP (Carbon Fibre Reinforced Pastic) sandwich has a low hydro-acoustic signature 

due to its built-in noise damping characteristics. In addition, it reduces the weight up to 50% 

compared to equivalent steal ships. This concept was used in the construction of the Visby 

Class Corvettes of the Swedish Navy whose stealth performance is acknowledged. 

However, the cost of FRP composites could be high depending on the application and the 

properties required for the material. In addition, these types of materials are not used in 

vessels larger than 50m because of the lack of tools and accurate structural analysis method 

for composites structures. Therefore, a lot of research and work would be required to be able 

to use this type of materials in large commercial vessels, so, at short term, this solution looks 

only applicable to special vessels. 

2.5.3. Structural damping 

Principle: Most of noise and vibration of ship machinery equipment is transmitted to water 

though the ship structures. The frequency response of structures includes resonances which 

can increase the transmissibility. The role of damping treatments is to reduce the amplitude 

of the resonances, leading to a lower overall vibratory level of the structures, and 

consequently less underwater radiated noise. Figure 2.46 shows an example of vibratory 

response of structure without and with damping treatment (which is already efficient in that 

case, except at low frequencies). 
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Figure 2.46.- Vibratory response of a test structure, undamped and damped.- 

For ship structures, damping treatments are sometimes used in conjunction with thermal 

isolation and the most common application is for the reduction of airborne noise in ship 

rooms and compartments, for crew and passenger safety and comfort. It can also be used to 

reduce underwater radiated noise into water through the structure and the hull. 

 
Description of solution: Classical solutions consist in covering the structure to be damped 

by a viscoelastic layer (free or constrained layer). However, marine structures are usually 

thicker than for other types of industrial structures and there is a need for noise and vibration 

reduction at relatively low frequencies, so more specific solutions are considered. 

The classical solutions consist in covering the structure, usually a plate, to be damped by a 

free a constrained viscoelastic layer. The purpose is to make the viscoelastic layer to deform 

either in extension mode, either in shear mode (Figure 2.47). If the damping factor of the 

damping layer is high enough in the frequency range of interest, the damping factor of the 

plate increases significantly, up to 10% typically. 

The constrained layer is general more efficient regarding damping, thanks to rigidity of the 

added plate. The drawback is that there is a significant increase of mass. In addition, this 

kind of solution is not well adapted to thick structures and not very efficient at low 

frequencies. 
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Figure 2.47.- Structural damping using free or constrained layers.- 

Applying damping treatments to reduce noise is a widely used solution for airborne noise and 

vibration in ships. Typical applications on board vessel includes above the propeller, in 

engine room and bulkheads. For reducing underwater noise has been scarcely used at the 

moment even though, some specialist [7], [11], [26] and [35] suggest the use of damping 

treatments to reduce underwater noise in ships due to its reduction of airborne noise and 

structure borne noise matching at the resonant frequencies. 

There are two approaches for applying this solution [35]. The first one is the most used and it 

consist on focusing on reducing the structure borne noise caused by the main machinery 

sources such as diesel generators and propulsion motors. With the aim of doing so, their 

foundations have higher stiffness and have damping applied to the foundations. The global 

approach applies damping to hull, longitudinal and transverse bulkheads. Damping 

treatments cannot be applied in any form to fuel or potable water tanks. 

Local treatments are focused on reducing noise caused by particular machinery and it is the 

recommended approach for reducing low frequency noise, whereas global treatments are 

less effective and generally applied for reducing high frequency noise. Besides, global 

treatments are more difficult to apply effectively and more expensive due to the size of the 

area where it is applied. 

Regarding their efficiency in reducing underwater noise, [7] states a reduction about 5-10dB 

in the primary and secondary structure borne noise so similar reduction of direct radiation are 

expected. Regarding the cost, [26] provide a reference cost for this treatment about 12$/ft2, 

which makes this solution only efficient for local applications aimed at reducing machinery 

noise in merchant vessels. 

 

Specific cases of ship structures: Some solutions have already been addressed in a 

report of SILENV project [12].A large number of companies or suppliers propose damping 
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treatment products, some of them adapted to marine environment. As an example, the 

website [105] shows different types, and some illustrations are shown on Figure 2.48: 

• Megasorber: constrained layer with built-in self-adhesive technology. Said to provide 

high viscous damping with low added mass. IMO compliant. 

• Mascoat is a coating which can be applied by sprayer, roller, or brush. This product is 

mainly intended for the reduction of airborne noise in ship compartments. 

• Soundac damping cassettes have been developed for the purpose of reducing the 

resonant bending modes in steel or aluminium plates. They are well suited for plates 

where thickness exceeds 5 mm and can easily be welded to the host structure. More 

detailed description of this solution is given in reference [12]. 

An alternative of the damping cassette, is the SPADD system [106], which uses secondary 

structures in order to amplify the deformation of constrained layer, resulting of enhanced 

damping ratio at low frequencies. Recent applications have been done for aircraft cabin 

noise. This concept has also been tested successfully on aft structures of surface ships. 

Another document [107] presents the development of special features in finite element 

models in order to optimize the location and characteristics of these secondary structures. 

See Figure 2.49. 

 
Figure 2.48.- Example of structural damping products usable on ships.- 

 
Figure 2.49.- SPADD concept.- 
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Applicability: 

Advantages: 

• Reduction of noise radiated from the hull due to vibratory response, 

• Some special solutions exist, which are more adapted to low frequencies and thick 

structure. 

Drawbacks or constraints: 

• Limited efficiency (relevant only for machinery noise and vibro-acoustic interaction 

between propeller and hull), 

• Increase of weight, 

• Additional cost, 

• Difficult access for integration on some hull locations. 

Comment: This kind of solutions seems to be relevant to solve issues related to well 

identified resonant modes in some particular areas of the structure. 

 

2.5.4. Double hull 

Some references [7], [22], [23], [24] and [26] suggest the use of double hull to reduce 

underwater radiated noise, particularly the underwater noise generated by the machinery. 

Indeed, a proof of the potential of this solution is given by [24], which says that “American 

submarine designers are considering the transition to the double-hulled option for future 

submarines, to improve their load capacity, stealth and range”. 

However nowadays, the construction of double-hulled ship typically responds only to 

requirements of preventing pollution from ships (e.g. oil spillages from oil tankers) as well as 

for safety reasons. In fact, the use of double hull in oil tankers was recommended in the 

MARPOL convention (International Convention for the Prevention of Pollution from Ships). 

Even though this solution is very efficient when it comes to protecting the tankers from oil 

spillages, it has significant disadvantages with regard to single hull design: 

• Increase weight, therefore a bigger propulsion plant. 

• Significant increase of the vessel cost. 

Due to these important disadvantages, the application of this solution aimed at reducing the 

acoustic signature of commercial vessels is not sensible in terms of the cost-efficiency ratio. 

However, for those ships whose specifications require a double hull design, it is interesting to 

study the influence of this type of hull in their acoustic signature and what is the correct 

design to maximize their acoustic performance.  
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In this regard, [24] says that double hull design achieves an enhancement in terms of 

underwater radiated noise by means of the inner and outer hull decoupling. Such decoupling 

is achieved by the application of coatings so the reduction is expected to be for the mid and 

high frequencies. Moreover, special care should be taken in the “bridges” between the inner 

and the outer hull to obtain a significant reduction. According to [27], “…the technological 

challenge here lies in the developing hull coating that could provide the required acoustic 

attenuation at a reasonable cost and would impose no significant penalty…” 

An example of this type of application with the aim of reducing underwater radiated noise is 

the NATO Research vessel Alliance that has a double-coated hull to help to reduce its 

acoustic signature. 

An alternative solution to hull coatings is proposed by [25], [26] suggesting the gap between 

the inner and outer layer be filled with ballast water of fuel to reduce radiated noise. 

Due to the fact that double hull design is expected to reduce machinery noise, [7] and [25] 

suggests the use of double hulls or tanks outboard the engine room for those vessels that 

have demanding underwater noise requirements but a double hull design is out of the 

question due to its important disadvantages. 

Since the use of this solution to reduce underwater radiated noise by ships is almost non-

existent, no figure quantifying its efficiency has been found in the available bibliography. 

Numerical and experimental results of radiation of simplified models made up of double 

plates can be found in [13] and [28]. 

2.5.5. Other structural solutions 

This paragraph deals with other ship structure solutions that can help to reduce underwater 

radiated noise of ships. The performance of multihull ships and SWATH hull, which is used in 

particular for ships with acoustic missions such as oceanographic research and surveillance 

[29], is presented here according to the available bibliography. 

Regarding SWATH vessels, [30] claims that this type of vessels, among other benefits, may 

offer the opportunity to install most major noisy machinery items in the deck structure remote 

from the submerged hulls which is seen as an opportunity of reducing underwater noise. 

Indeed, [31] provides the underwater acoustic signature of the new German Navy Research 

vessel called “Planet” whose hull shape makes use of the SWATH technology. This 73m ship 

is in compliance with ICES Nº209 and it is one of the most silent vessels within the existing 

vessels in the available database of underwater acoustic signatures. 

Even though specific solutions to reduce underwater noise have been applied to this vessel 

(low noise propeller, elastically mounted machinery and so on), the key aspect, in the 
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shipyard’s opinion, was the propulsion configuration used by this ship. The SWATH design 

enables to place the auxiliary gen-sets on the main-deck well above the waterline and only 

the four electric motors used for propulsion were installed below the waterline, two in-line in 

each float. 

On the other side SWATH watercrafts are more expensive than conventional catamarans 

and mono-hulls, require a complex control system, have a deeper draft and higher 

maintenance requirements. Besides, its construction is technologically more complex so this 

solution does not look applicable to regular commercial vessels even though it could be an 

interesting architectural solution for those vessels with demanding underwater radiated noise 

requirements. Note also that existing SWATH vessels often have a low maximum speed, 

unsuitable for most commercial and passenger vessels. 

Regarding the performance of multihulls in terms of underwater radiated noise, the 

bibliography is rather confusing and contradictory. On the one hand, we can find in [32] the 

following statement: “Commercial fishermen indicated to Fisheries Queensland and later to 

GBRMPA when it was established, that the change in ferry technology from displacement 

hulls to hovercraft and later to high speed catamarans was associated with a discernible rise 

in underwater noise as perceived through the hulls of fishing vessels and to fishermen and 

divers nearby in the water.” 

On the other hand, [33] states that, the 79 foot catamaran tour vessel with diesel/jet 

propulsion is one of the most silent vessels within the fifteen vessels measured in Glacier 

Bay. In this regard, [34] suggests that average levels of radiated noise of catamarans are not 

statistically different with regard to the average sound levels of cruise ship having the group 

of catamarans much less power installed than the group of cruisers. 

Finally, the catamarans with available underwater noise data have a diesel- water jet 

propulsion, and as seen in paragraph 2.2, water jets are known to radiate less sound power 

than conventional propellers. 

2.6. Other solutions to reduce Underwater Radiated Noise 
In this section, we consider solution that can address the mitigation of several noise sources 

(for example the ship hull as a whole, or both machinery and propeller noise), as well as 

solutions that don’t enter the scope of the previous paragraphs (for example regarding 

maintenance or operation). 
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2.6.1. Bubble curtains (DCNS) 

Principle:  It is well known that the presence of air bubbles in water affects strongly sound 

propagation. The effective speed of sound in this heterogeneous medium is lower than in 

plain water and the absorption increases greatly. When an acoustic wave crosses such an 

area, some significant propagation loss occurs. 

Among other application, this principle can be applied with the objective to reduce 

underwater noise radiated by the hull of a ship into water, by creating a bubble curtain in 

water at the boundary of the radiated hull, resulting in a reduction of radiation efficiency and 

consequently of noise level emitted in water (see Figure 2.50).  

 
Figure 2.50.- Principle of the hull bubble curtain and expected effect on ship radiated noise.- 

The presence of the bubble curtain allows reducing radiated noise due to vibrations and 

airborne noise emitted by machinery items installed on board, transmitted to the hull through 

different noise and vibration paths. The expected reduction of radiated noise can reach 

several dBs in the medium frequency range, as shown on Figure 2.50. 

A variant is the injection of air bubbles around the propeller(s). The presence of an air bubble 

cloud aft the ship can reduce significantly the noise radiated underwater from the propeller 

(cavitating or not cavitating). 

 
Description of solution: The concept described here, known as the “Prairie Masker” 

system, has been used previously on some naval vessels, including the DD-963 and DDG-

51-class destroyers and the CG-47-class cruisers [95], [96].  

The main issue is to generate a bubble curtain on the ship hull located underwater, on hull 

sections where most noisy machinery items are located (i.e. main engines, diesel 

generators…). For that purpose, one or several tubes are fitted along the hull, vertically or 

horizontally, with holes allowing generating the bubbles, called here “hull bubble belt”. A 
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second type is the injection of air around the propeller, using one or several pipes. The tubes 

are fed by an air compressor. See Figure 2.51. 

 
Figure 2.51.- Principle of the “Prairie Masker” system.- 

Some details are given on Figure 2.52 and Figure 2.53. 

 
Figure 2.52.- Hull belts for air bubble generation (Prairie Masker System).- 

Some care must be taken in the design of the system: 

o Suitable diameter and spacing of holes in the tube in order to generate bubbles 

adequately, taking into account depth with respects to waterline, 

o As the air pressure will diminish along the tube, the belt will have to be split into 

several sections, each one fed by an air inlet, unless the treated hull area is small, 

o The air compressor must be designed in consistency with the needs (air flow rate and 

pressure). 

 

 
Figure 2.53.- A propeller based masker system being tested in drydock.- 
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Applicability : Although it has not been reported to be already used for commercial vessels, 

it can be considered for reduction of both machinery noise and propeller noise (Figure 2.54). 

 

 
Figure 2.54.- Possible installation of a bubble curtain system on a commercial ship.- 

Advantages: 

o Allows significant reduction of radiated noise, 

o Possibility to address both new vessels and modification of existing ones, provided 

sufficient space on board to install a dedicated compressor and pipe network. 

Drawbacks or constraints: 

o In the case of integration on the hull, it can be difficult to apply on large vessels with 

numerous machinery items at different locations along the hull, and may be not 

suitable for vessels with strong draught variations (such as tankers), 

o In the case of injection at propeller, possible disturbance of propeller operation and 

risk of reduction of propeller efficiency can occur, 

o Possible incompatibility for integration of the belt outside the hull, 

o In the case of hull belts, possible flow disturbance with impact on drag, 

o Requires installation of dedicated compressor and pipe network, 

o Requires specific maintenance procedures for the belt and the piping system [2]. In 

addition, as the pipes and tube outlets can be obstructed after some use, an 

additional subsystem is used for that purpose. 

Comment: This type of system seems to be less in use on the most recent naval vessels, 

probably due to maintenance issues. 

2.6.2. Decoupling hull coating  

Principle: The purpose is to reduce underwater noise radiated by a ship due to internal 

machinery noise and vibrations. It is well known, that the noise radiation into water is driven 
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by the radiation factor of the hull in contact with water, which is proportional to the term 20 

log (P/F) introduced in reference [97], where P is the pressure radiated and F the internal 

force acting on the hull. A decoupling coating is a low acoustic impedance layer of material 

which will reduce the radiation factor of the hull, as shown on Figure 2.55. It should be noted 

that the reduction will affect the vibratory path �and the airborne acoustic path�, but not the 

pressure fluctuations path �(in case where the water pipe outlets are located underwater). 

 
Figure 2.55.- Principle of acoustic decoupling coating for reduction of hull radiation.- 

A decoupling coating is characterized intrinsically by the decoupling coefficient, as introduced 

in reference [98]. This decoupling coefficient, which can reach 10-15 dB or more, except at 

low frequencies, depends on frequency and of respective physical characteristics of the 

coating and of the hull (thickness, density, sound speed).  

In practice, the reduction of hull radiation factor will be smaller than the intrinsic decoupling 

coefficient, because of the influence of the coating on the hull vibrations, and also in case 

where the material covers only partially the hull. These aspects are discussed in references 

[99] to [101]. 

 

 
Figure 2.56.- Definition of decoupling coefficient and example.- 
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The use of decoupling coatings as noise control solutions have been used extensively on 

naval submarines, but not on surface ships. However, such a coating has been successfully 

integrated on a French warship, as a scale one experiment, at the end of the years 90’s. 

 

Description of solution:  Decoupling coatings are generally in the form of tiles glued on the 

hull, as shown on Figure 2.57. The sizes of the tiles are typically a few decimetres and 

thickness is a few centimetres. 

 
Figure 2.57.- Integration of acoustic decoupling tiles on a hull.- 

 
The technology of acoustic decoupling coatings can be of two types (see Figure 2.58): 

o “Micro-voided materials”: the coating is made of a polymer foam, or a castable 

polymer, in general polyurethane, incorporating some volume fraction of air-filled 

cavities. In the latter case. micro-balloons with compliant boundaries are used (note 

that the use of rigid air filled inclusions as used for synthetic foams is not adequate), 

o Visco-elastic slabs, in most cases natural or synthetic rubber, with internal moulded 

cavities (in general arranged in a periodic pattern). 

 

 
Figure 2.58.- Technologies for acoustic decoupling tiles.- 
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The content of air is typically 20% or greater. Both technologies can be used on submarines, 

whereas for surface ships the second one is more relevant. Moreover, submarines are 

submitted to hydrostatic pressure, leading to more design constraints in particular a limitation 

of air volume fraction content. 

Particular care must be taken on: 

o The qualification process of the tiles, which must be specified in order to withstand 

the marine environment in the long term and the hydrodynamic efforts on the hull, 

o The gluing process. If not properly qualified, the tiles can be lost during ship 

operation, resulting in a lack of efficiency and consequences on hull aspect and 

related hydrodynamic drag. 

 

Applicability: 

Although they have not been used already, acoustic decoupling coatings can be considered 

as an advanced noise treatment for commercial ships, as mentioned in reference [101]. 

Different companies are providing acoustic coatings from marine applications, but there is 

not to our knowledge any off-the-shelf product for surface ships. 

Figure 2.59 represents an example of possible integration on surface ship, treating in priority 

the hull locations hosting noisy machinery. 

Advantages: 

o Allows significant reduction of radiated noise due to machinery, 

o No interference with ship internal arrangement, 

o It can be applied to both new designs and to the refit of existing vessels, 

o No significant maintenance cost if qualification of tiles and gluing process is properly 

done. 

Drawbacks or constraints: 

o It reduces only radiated noise due to machinery, not propeller noise, so the efficiency 

can be reduced if propeller noise dominates, 

o Difficulty to control hull corrosion behind the coating, 

o Cost (typically in the range 1-2 k€/m2), which could be reduced if the product is 

produced in large quantities. 
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Figure 2.59.- Possible integration of decoupling coating on a surface ship.- 

 

2.6.3. Propeller/hull cleaning 

Introduction: The main sources of underwater shipping noise are propeller (cavitation), 

machinery noise and flow noise. These three noise sources may be affected by the 

interactions between the ship hull/propeller and the fluid.  

Indeed, on one hand, frictions between ship hull and the water are directly linked to the 

necessary power. For two ships sailing at a same speed, the output power will be lower for a 

ship with a clean hull and propeller than for a ship with a fouled hull. In this last case, 

underwater noise will be directly higher.  

On the other hand, hull roughness and fouling will degrade the water flow conditions creating 

turbulences. Hydrodynamic noise, or flow noise, due to pressure fluctuations will be more 

important. Moreover, these turbulences may trouble water flow around the propeller which 

could leads to noisy phenomena such as cavitation.   

As described above, fouling may have key role in underwater noise reduction. A definition of 

fouling and its consequences on underwater noise will be presented in a first part. Then, a 

list of solution in order to improve the interaction hull/water will be given. Each solution will be 

described from a technical point of view. Information about its implementation and 

economical aspect will be also mentioned.    

 

Definition of fouling: According to International Maritime Organization (IMO), fouling “is an 

unwanted growth of biological material - such as barnacles and algae - on a surface 

immersed in water”. Hull fouling is an age old problem for ships.  

Marine fouling can be classified into two broad groups:  
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• Micro-fouling which concerns unicellular algae and bacteria. The micro-fouling 

organisms form part sticky coating called a bio-film. In addition to their own nuisance, 

this bio-film provide both a food source and convenient interface for larger organisms 

responsible of macro-fouling    

• Macro-fouling which concerns plant and animal fouling such as barnacles, mussels, 

polychaetes and various bryozoans and hydroids.  

There are over 4000 fouling species worldwide. Fouling species and process will not be 

described here. Nevertheless, fouling extension depends of many factors such as water 

salinity, light, water temperature, pollution and nutrient availability. 

For example, fouling will be more severe in tropical zones than in polar zones and for vessels 

with low speed (e.g. less than 10knots), low activity vessels (e.g. 50% stationary).     

 

How much is fouling? Even if it is difficult to imagine consequences of a full fouled hull, a 

vessel may gather 150kg of fouling per square meter in less than six months. On a very 

Large Crude Carrier with 40,000 square meter underwater areas, the fouling can add up to 

6,000 tons to ship.   

 
Consequences of fouling: The main direct consequence of fouling is the fuel consumption 

increase. This increase is mainly caused by the ship friction resistance increase.  

Indeed, for a low speed ship, friction resistance represents up to 90% of the total resistance 

composed of friction resistance, wave resistance, eddy resistance and air resistance. Due to 

fouling, the total resistance may increase up to 50%. As the corresponding effective power 

necessary to move the ship through the water is the product of the ship speed by the total 

resistance, the effective power may increase up to 50% with a full fouled hull. In general, for 

every 25µm increase of the average hull roughness, it results power increase between 2 and 

3% or a ship speed reduction of about 1%.  

Moreover, a fouled hull modifies the flow conditions around the propeller. In particular, it 

changes the effective wake velocity at the propeller. Details will be not given here but the 

effective wake velocity at the propeller can be expressed in a dimensionless coefficient 

called wake fraction coefficient. This coefficient increases when the hull is fouled. It means 

the speed of advance of the propeller, thus the speed of advance of the ship, is lower.  

A fouled hull will also present an increased roughness, which is known to affect unfavourably 

the pressure fluctuations on the hull due to turbulence. 

Finally, a high wake fraction coefficient increases the risk of propeller cavitation. This is 

caused by an inhomogeneous water velocity around the propeller in such conditions.   



 

WP5 - Practical Guidelines 
D 5.1-Comprehensive listing of possible 

improvement solutions and mitigation measures 
Rev 1.0 

 

Dissemination level: CONFIDENTIAL 

 70 
© AQUO Project Consortium 2014 - all rights reserved 

To conclude, fouling may represent an important source of underwater noise caused by the 

following effects:  

• The increase of necessary power from machinery  

• The risk of propeller cavitation 

• The hydrodynamic noise 

 
Solutions: 

Indirect solutions: Even if the solutions described here are not solutions against fouling 

phenomenon, they may be interesting in order to reduce the ship friction resistance and thus 

the necessary power. These solutions are:  

• To reduce the wetted surface which causes a liner reduction of the friction resistance 

• To reduce the ship speed which causes a quadratic reduction of the friction 

resistance 

Direct solutions: Contrary to indirect solution, direct solutions are intended to improve the 

interaction between the wetted surface and the fluid around. The different types of direct 

solutions can be categorized in two groups: 

• General solutions. 

• Anti-fouling solutions (p18 IMO). 

Within the group of general solutions we can find: 

a) Air lubrication: The aim of air lubrication is to separate the wetted surface of the hull 

from the fluid with a kind of air-cushioning. There are two main types of air lubrication: 

o The air cavity system for which a thin layer of air is formed (for example by a 

specific design of the hull). This layer allows reducing the friction between hull 

and water.  

o The micro-bubbles system allows reducing the fluid density around the ship 

and improving the viscous behaviour of the water in contact with hull by 

mixing it with air to form micro-bubbles 

Advantages: 

o Decrease around 10% of fuel consumption 

o Applicable for all ship types  

Disadvantages: 

o Still under research for commercial use  

o For new ships only 

Economic information: The implementation and maintenance cost of this solution 

should be important. 
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b) Hull surface texturing: The hull surface texturing aimed to reduce the friction between 

the hull and the fluid. This can be achieved by means of riblets and semi-spherical 

microcavities which distort the flow through the boundary layer. 

Advantages: 

o Decrease between 5 and 10% the fuel consumption. 

o Applicable for all ship types (new and retrofit). 

Disadvantages: 

o Still under research for commercial use. 

o For new ships only. 

Economic information: The implementation and maintenance cost should not be very 

important for new ship. Cost is mainly caused by the study. 

c) Propeller cleaning and polishing: The propeller surface is damaged by corrosion, 

cavitation erosion and impingement attack. Fouling also may occur on propeller. In 

service regular underwater propeller cleaning and reconditioning of the propeller 

surface is done. Any large damage should be repaired. A propeller coating should be 

applied in order to protect the propeller. 

Advantages: 

o Simple solution. 

o Decrease up to 6% the fuel consumption. 

o Applicable for all ships (ships in service). 

 

 

 

 

Disadvantages: 

o Operation shall often be renewed. 

Economic information: The cost of anti-fouling paints mainly depends on the cost of 

dry dock. On the other hand, divers can clean a 10 m diameter for five blade propeller 

in about 3-4 hours for $3k in the Far East, double the cost in Europe. 

d) Condition-based hull and propeller maintenance: In order to prevent any important 

degradation of hull and propeller, a simple way is to monitor the roughness and 

fouling of the hull/propeller surface. It could be done by regular inspection or 

measurements.  

One other way is to follow the fuel consumption and the main engine power to detect 

a loss of efficiency. 
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Advantages: 

o A monitoring may be low cost to implement  

o To avoid unnecessary cleaning operation 

Disadvantages: 

o Monitoring does not solve the problem 

Economic information: The cost depends on the kind of monitoring which is set up. 

Within the group of anti-fouling solutions we can find: 

a) Anti-fouling paints: Anti-fouling paints are used to coat ship hull in order to prevent 

fouling. They may have additional function such as anti-corrosion properties or 

decrease the friction with water. 

Advantages: 

o Lifetime between 3 and 12 years. 

Disadvantages: 

o Not 100% efficient. 

Economic information: The cost of anti-fouling paints depends on the paint quality 

(approximately 50$/gallon for low quality paint up to more than 400$/gallon for high 

quality paint). Cost for application of anti-fouling paint will be different for a new ship 

than for an existing ship because of the steps of removal old paint and the cleaning of 

the hull surface. Anti-fouling must be applied during dry dock visit.   

A full blast to remove surface roughness and application of primer, anticorrosive, and 

high quality antifouling can cost $10/m2 (vary between $6 and $17 in the Far East), or 

about $300k for a typical VLCC. 

b) Hull cleaning: The most basic way for anti-fouling is a periodic cleaning of hull. This 

operation can be done during dry-dock or at anchorage. Cleaning is made using 

rotating brushes or high-pressure hoses. 

Advantages: 

o Simple solution 

o Decrease between 7 and 30% the fuel consumption 

o Applicable for all ships (ships in service) 

Disadvantages: 

o Operation shall often be renewed 

Economic information: Hull cleaning by divers or robot costs $1.5/m2 to $2.5/m2 in 

the Far East, or about $50k for a VLCC if all areas are cleaned. Cost is higher in US 

and Europe. 
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c) Non-stick coatings: Non-stick coatings contain no biocide but have extremely slippery 

surface – preventing fouling occurring and making it easier to clean. 

Advantages: 

o Non-stick coatings contain no biocide but have extremely slippery surface – 

preventing fouling occurring and making it easier to clean. 

o Applicable for all ships 

Disadvantages: 

o Suitable for vessels operating at a speed of 30 knots minimum 

o Damage to coating difficult to repair 

Economic information: Coating material cost expensive in comparison with classic 

anti-fouling paint. 

d) Natural resistance, natural biocide: Natural resistance or biocides are substances 

produced in nature that prevent fouling or hinder fouling process. These natural 

substances are based on capacity of marine organisms such as corals and sponges 

to remain free of fouling.  

For example, enzymes can break the sticking of bacteria to the hull; hydrophilic 

coatings are not favorable to fouling which prefer hydrophobic surfaces, such as 

rocks and vessels. 

Research on use of natural compounds is in early stages. Only few new natural 

biocides have been synthesized. 

Advantages: 

o Applicable for all ships 

 

Disadvantages: 

o Still in research and development 

e) Electricity: A difference of electrical charge between the hull and sea water unleashes 

chemical process which prevents fouling. 

Advantages: 

o More effective than anti-fouling paint. 

o Low energy consumption. 

Disadvantages: 

o System easily damaged. 

o Expensive solution. 

o Increase the corrosion risk.  
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f) Prickly coatings: Prickly coatings are coatings with microscopic prickles. Effectiveness 

in order to prevent attachment of barnacles and algae depends on length and 

distribution of prickles. 

Advantages: 

o Applicable for all ship. 

Disadvantages: 

o Still under research. 

o Prickles could increase water resistance of vessel. By consequent, this 

solution seems more realistic for static objects (such as buoys). 

 

2.6.4. Appropriate management of the DP 

Principle of the Dynamic Positioning:  A dynamic positioning system allows a vessel to 

automatically maintain its position through the coordinated control of thrusters. 

Position reference sensors, combined with wind sensors, motion sensors and gyro 

compasses, provide information related to the vessel's position, the magnitude and direction 

of wind forces and waves affecting its position to the controller. These data allow the 

computer to calculate the required steering angle and thruster output for each thruster. 

Problem areas: 

• Thruster noise : Underwater radiated noise problems are associated with the impeller 

cavitation. Cavitation is the creation of air bubbles in the water due to the impeller 

load and tip speed. Bubbles will collapse when they pass into the higher regions of 

pressure, causing noise, vibration and damage to many of components. The 

reduction of cavitation is the most direct and effective way of reducing the underwater 

radiated noise of thrusters. 

• Acoustic signal : Some dynamic positioning systems use extensively acoustic 

signals to locate the vessel position. These acoustic systems consist of one or more 

transponders placed on the seabed and one or more transducers placed in the ship's 

hull. The transducer sends an acoustic signal to the transponder, which is triggered to 

reply. As the velocity of sound through water is known, the distance is calculated. The 

difference in Time Of Arrival (TOA) of a signal at each transducer determines the 

position of the transponders from the vessel. 
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Figure 2.60.- Configuration of the system for acoustic positioning.- 

Moreover due to thruster cavitation noise, the output levels from transponders could be 

increased in order to optimize the received signal. Of course these acoustic signals 

constitute a high level of underwater noise. 

According to Keith Vickery [55], the frequency band usually used for acoustic positioning 

systems is related to the maximum water depth as follow: 

 Frequency Range Water depth 

Low Frequency  8 kHz to 16 kHz >10km  
Operational to full ocean depth 

Medium Frequency  18 kHz to 36 kHz 2km to 3.5km 
Problems beyond 3,500m 

High Frequency  30 kHz to 60 kHz 1,500m 

Extra High Frequency  50 kHz to 110 kHz <1,000m  
Problems beyond 800m to 1,000m 

Very High Frequency  200 kHz to 300 kHz <100m  
Problems beyond 100m 

Table 2.3.-Frequency band required for acoustic positioning in different water depths.- 
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Solutions suggested for thruster noise reduction:  

• Design for cavitation reduction : Studies done by N. A. Brown [57] show that 

increasing blade thickness is a solution to provide tolerance against cavitation due to 

incidence angle (or angle of attack). 

In 2001, N. A. Brown shows that a small lift change of the blade involves a little 

reduction in blade back pressure [56]. It results a greater cavitation tolerance to 

incidence. Therefore, a thin sharp leading edge is intolerant of incidence changes for 

cavitation. A rounder and thicker leading edge generates smaller pressure reductions 

and is more tolerant to incidence changes of cavitation. 

Disadvantages: costs for design, tests and implementation. The blade weight 

increase induces an increase of the power of thruster. It could involve more thruster 

noise. 

The work to be done to a correct design of a thruster propeller to achieve low 

cavitation is the following: 

o Calculations: propeller design (blade design) taking into account a new 

geometry able to reduce back cavitation and face cavitation with the same 

delivered thrust of the original propeller [43] 

o Experimental verification: after design, model testing is required, in order to 

check design assumptions (cavitation reduction) and to check if original 

propeller’s properties are not degraded. 

o Manufacturing:  Any modifications are to be feasible, at reasonable cost and 

time, by shipyard while the vessel is in dry dock. 

• Baffling : According to N.A. Brown [57], the duct, tunnel of a thruster can be 

considered as an acoustic baffle to reduce the underwater noise radiated at 90 

degrees to the thruster axis.  

The amount of thrust produced by a tunnel thruster is directly proportional to the 

product of water flow and water velocity through the tunnel.  Larger tunnel diameters 

allow greater flow rates at lower velocities.  Noise increases proportionally by the 

square of the water velocity through the tunnel.  Therefore, a larger tunnel diameter 

with larger water flow at lower velocity is more efficient and less noisy than a smaller 

tunnel diameter for the same amount of thrust produced. 

Even if there are advantages in using thrusters with small tunnel diameters (easier to 

implement in the hull design), a smaller tunnel diameter makes more noise and less 

efficient thruster. 
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Disadvantages: structure excitation of the wall from interfering with the baffle 

effectiveness can be induced. 

The work to be done to a correct design of the baffle is the following: 

o Calculations: tunnel design (sizing) taking into account structure excitation of 

the wall from interfering with the baffle effectiveness. 

o Implementation:  following studies done by R. Fischer [58], it may be 

necessary to use a decoupling material on the upper half of the exterior of the 

tunnel wall to prevent structure excitation of the wall from interfering with the 

baffle effectiveness. 

• Air emission system: These systems decouple the hull bulkhead from the hydro-

dynamic noise induced by the impeller. Air is injected near the tunnel inlet or near the 

impeller. It is similar to perforated air emitter pipes located near the duct. This air 

would be put into the thruster and mixed with the cavitation. The result is a gaseous 

cavitation-ventilation mixture. This mixture would amortize the bubble collapse and so 

reduce the induced structure noise. The additional air provides also absorption in the 

tunnel. 

Following Raymond Fischer’s studies [58], these air systems have provided 

significant interior noise and underwater noise reductions. Measured noise reduction 

on one system is 10 dB in the frequency range above 500 Hz.  

Disadvantages:  

o These systems tend to increase the low frequency noise in the range below 

100 Hz. 

o According to N.A. Brown [57], care must be taken that air emission-equipped 

thrusters do not produce air bubbles around the ship's DP system 

hydrophones. Gas in the water near the hydrophones generates noise and 

introduces position mistakes by the effect of the speed of sound in the water. 

This problem can be avoided by locating the hydrophones far enough below 

the ship's bottom.  

o The expenses and complication of added air systems in thrusters are also 

disadvantages. 

 

Suggested solutions for acoustic signal reduction: 

• Nautronix’s signal ADS 2: The acoustic waveform usually used for positioning is the 

sinusoidal pulse. This waveform corresponds to a pulse of a single frequency. The 

bandwidth of this signal is given by: 
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 Eq. 2.6 

Where: 

o B: bandwidth of the signal in Hz 

o T: duration of the signal in seconds 

This equation shows that decreasing the duration of a sinusoidal pulse increases the 

bandwidth of the signal. 

Problem: According to Donald Thompson’s studies [59], a reduction in pulse length 

will result in a reduction in transmitted energy, which will degrade the probability of 

detection of received signal energy. Furthermore, absorption of acoustic energy in 

seawater is more important at higher frequencies.  

Nautronix Company has developed a signal technology called Acoustic Digital 

Spread Spectrum (ADS²).  The accuracy of acoustic positioning system depends on 

the accuracy of TOA (Time Of Arrival). The variation of the TOA is inversely 

proportional to the bandwidth of the acoustic signal.  

The conventional signals have bandwidth equal to the inverse of the pulse duration. 

ADS² signals have bandwidth larger than the inverse of the pulse duration.  

A feature of ADS² pulses is the characteristic of the filter output. When a conventional 

pulse is passed through a filter, the output has almost the same duration as the pulse 

itself. An ADS² pulse produces an output whose energy is concentrated in an interval 

smaller than the duration of the pulse. It involves the possibility to reduce the duration 

of the pulse and so the duration of the signal. 

ADS² signals can be stacked in the water column (important characteristic in deep 

water). The stacking consists on a repetition of transponder interrogations at a preset 

interval and the corresponding replies are received back at the surface at the same 

preset interval. 

The same Signal to Noise Ratio at the hydrophone can be achieved with a 

significantly lower output power from the beacon. Faster updates allow the DP 

system to better estimate the vessel position. 

• Sonardyne’s signal: Wideband®: Sonardyne purposes the use of complex signals 

called Wideband® to determine range and position. The pulse occupies a wider 

bandwidth than a corresponding standard tone signal. A typical wideband® pulse 

would have a bandwidth of several kHz as opposed to a few hundred Hz for a 

standard tone signal. In order to understand the advantages of this system, first it is 

important to understand the limitations in the power of the acoustic signal used due to 
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the noise generated by thruster cavitation, which will increase noise levels at the 

surface receiver. Thus, the reception of acoustic signals is more difficult as indicated 

by the following sonar equation  

 Eq. 2.7 

Where:  

o SNR = Signal to Noise Ratio i.e. amount of acoustic signal detectable above 

noise. 

o SL = Source Level of Transponder 

o TL = Transmission Loss 

o N = Noise 

Wideband® Signals offer advantages in a high noise environment for the following 

reasons: 

o Precision of ranging: According to Jonathan Davis, for a given signal to noise 

ratio the ranging precision of a wideband® system is typically ten time greater 

than a comparative narrowband system 

o Ability to detect transponder signal against a background of noise 

According to Jonathan Davis [61], [62], most DP vessels operate with transponder 

source levels around 192 – 202dB. Most transponders allow the operator to vary the 

output source level during operations and this allows the selection of the lowest 

possible output power level to be used. 

The use of wideband® signals allows better performance at lower signal to noise 

ratios. This also allows the user to operate positioning transponders with lower source 

levels and thus extend battery life. 

In addition, according to Jonathan Davis [61], [62], there is an improvement with time 

of arrival measurements from standard tone to wideband® signals. In terms of Signal 

to Noise Ratio, there is a 20dB improvement from standard tone to wideband®.  

The improved time of arrival measurement capability means positional repeatability 

improvement. Alternatively, the positional repeatability can be maintained with lower 

signal to noise ratio. Therefore, the output source level of the transponder can be 

reduced. 
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3. MITIGATION MEASURES RELATED TO TRAFFIC CONTROL 

3.1. General 
The aim of this paragraph is to introduce different mitigation measures related to ship traffic 

control. The main objective is to reduce the underwater noise footprint due to shipping in a 

maritime area of interest, in order to protect marine life. 

Two types are considered: 

- mitigation measures applied to a particular ship (already known to be noisy) 

- mitigation measures applied globally to ship traffic 

 

3.2. Mitigation solutions applied to a particular ship 

3.2.1. Speed reduction (or change) 

General:  

According to E. Kozaczka [63], at the low speed of ship, the auxiliary generator is the main 

source of the underwater noise transmitted by a ship. It radiates tonal components which 

contribute to a part of the radiated noise. The wide-band noise generated by the auxiliary 

generator is proportional to the square of the generated power. 

At moderate speed of ship, the propulsion engine is a main source of underwater noise. The 

tonal components are related to firing rate. Generally, the tonal level is not stable because of 

the variations of the propeller immersion.  

At higher speed of ship, frequency components appear in the spectrum of the underwater 

noise, which could be linked to the propulsion engines and the propellers.  

They are mainly noticed in the frequency range up to 100 Hz but sometimes also at higher 

frequencies depending on the effect of the cavitation. Indeed, a broadband noise can cover 

frequency range from 100 Hz to several kHz due to the move of a ship. At unfavourable 

conditions, cavitation can dominate the whole spectrum.  

One part of the propeller’s noise is linked to rotational speed of the blades. This signal and its 

harmonics make usually the dominant contribution at low frequency at high speeds of the 

ship. 

However, the speed is not always the predominant factor of underwater noise level. Indeed, 

according to McKenna et al. [66], the size is to be also taken into account. The 

measurements of radiated noise levels of 29 vessels (divided into seven categories 

according to ship type) show some common characteristics according to ship type: 
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• On average, container ships and bulk carriers had the highest estimated broadband 

source levels knowing that container ships travel faster but bulk carriers are larger.  

• Bulk carrier noise was predominantly near 100 Hz while container ship and tanker 

noise was predominantly below 40 Hz. 

More generally, it must be noted that only few experimental data is available regarding the 

evolution of underwater radiated noise from a given vessel at different speed. The situation, 

and hence the possibility of more detailed analysis could improve in the future if more data is 

available. 

 

Cavitation inception speed: 

Noise from cavitation is usually dominant relative to the other propeller noises. The lowest 

speed at which cavitation occurs is called cavitation inception speed. 

If merchant ships operated below this speed then the hydro-acoustic noise levels would be 

reduced, however, as cavitation inception speed is to be around 10 knots, or lower, for many 

merchant ships, this is difficult to reach this low speed in normal operating conditions. 

 

Type of propeller: 

Fixed pitch propeller: Kipple [33] and Wittekind [67] have shown that in general for a given 

ship fitted with a fixed pitch propeller, reducing the speed reduces the overall noise. 

However, levels may not necessarily decrease across all frequency bands. In addition, it is 

also difficult to operate at low speed in normal operating conditions. 

Controllable pitch propeller: The controllable pitch propellers show a complex acoustic 

behaviour. 

According to [33], tests performed on a cruise ship fitted with controllable pitch propellers 

generally show an increase in noise with increasing speed. However, this is not a general 

rule. In fact, the thrust can vary by pitch variation. If the pitch does not correspond to the 

design pitch (optimal pitch), this leads to unfavourable hydrodynamic conditions at the blades 

which lead to more cavitation.  It results a poor efficiency and an increase of noise.  

Generally, ships with speed control by pitch adjustment tend to increase noise levels with 

decrease of speed. Berghult [68] gave some experimental results that demonstrate that 

when the speed (with a constant rpm) is reduced, the noise is increased. 

In summary: 

In spite of an increase of noise outside the design speed, the controllable pitch propeller offer 

some advantages compared to fixed pitch propeller: 

• Higher propulsion efficiency 
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• Better maneuverability 

• More efficient use of the diesel engine 

Sometimes the result of speed reduction may result to be the opposite of what pursued. As a 

matter of fact the reduced speed often represents a critical situation under the underwater 

radiated noise viewpoint for ships equipped with controllable pitch propellers. This is due to 

the fact that the propeller, after a rigid rotation of the blades, works in conditions that are very 

far from the optimal design ones. 

In order to evaluate the influence of speed reduction on propeller performances different 

strategies will be investigated: 

• RPM reduction, fixed pitch 

• Pitch reduction, RPM fixed 

 

Relation between speed and sound level: 

Experiments conducted by Arveson and Vendittis[1] on a military coal carrier fitted with a 

fixed pitch propeller showed that for speeds higher than the cavitation inception speed: “the 

overall level (in dB) of the noise spectrum increases with speed according to 104log(rpm), or 

about 31 dB per double speed”.  

Measurements made on small craft also showed a linear relation between the noise level (in 

dB) and the log of the speed [69] 

Allen et al. [34] reported measurements for 11 different fishing vessels showing a significant 

relation with broadband source level proportional to 45log(rpm). 

This topic is also discussed in AQUO deliverable D2.1 [3]. 

 

Maneuver: 

Ship radiated noise spectra vary among different vessels, but also with the ship speed and 

during maneuvers. For example, a vessel maneuvering will have an increased broadband 

noise from flow noise along the hull and cavitation along the hull. 

According to Trevorrow’s study [70], during 180° tu rning maneuvers at 11 knots, an increase 

up to 15 dB from 500 Hz to 4 kHz is shown relative to the straight-line runs. 

Further to this study, an optimization of the ship’s course could be necessary in order to 

avoid any useless track changes. 
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Fuel consumption: 

Relation between speed and fuel consumption: The biggest cost factor in merchant shipping 

is the fuel consumption. The easiest way to reduce this cost is to reduce the ship’s speed. 

The ship’s speed is reduced by lowering the speed of the engine and propeller.  

According to Wiesmann [71], reducing the nominal ship speed from 27 to 22 knots (-19%) 

will reduce the engine power to 42% of its nominal output. This results in main engine fuel oil 

savings of approximately 58%. A further reduction down to 18 knots saves already 75% of 

the fuel. The fuel savings per roundtrip (for example Asia-Europe-Asia) are reduced by 45% 

at 22 knots, or 59% at 18 knots. 

The following Figure 3.1 (extracted from [71]) shows the correlation between ship speed, 

required engine power and fuel consumption. 

 
Figure 3.1.- Correlation between ship speed, required engine power and fuel consumption.- 

The relation between speed and fuel consumption is specific to the ships and depends on 

hull design & hull condition. However, a relation is usually used as follows: the fuel 

consumption is proportional to the cube of the speed. As recognized by Ronen [72] "reducing 

the speed by 20% will reduce the fuel consumption (per time unit) by about 50%, which may 

result in substantial cost savings". 

 

Slow steaming:  Slow steaming is the practice of operating cargo ships, at a speed 

significantly lower than their maximum speed. 

According to the research of Cariou [73], the concept of slow steaming has reduced fuel 

consumption by approximately 11% in major container trades worldwide during 2008-2010.  

With slow steaming, the ships run with approximately 80% of the main engine full power 

which reduces fuel consumption by approximately 40%. 
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The study of A. Klanac et al. [75] consists in the analysis of benefit of slow steaming based 

on the comparison between the ship operating at the standard speed (15 knots for the 

considered ship: AFRAMax tanker) and at slower speeds on an annual basis. 

In order to determine the fuel oil costs as a function of the ship’s service speed, they selected 

different engines for slow steaming at 12.5, 10, 7.5 and 5 knots. 

The results of this study are presented in Table 3.1 (extracted from [75]). 

 
Table 3.1.-Comparison of ships speed with power, consumption and annual cost of fuel (average 

value for the year 2009). The global market prices for year 2009 were applied.- 

The fuel consumption (and consequently the fuel consumption costs) increases 

approximately following a cubic equation of speed as per Figure 3.2: 

 
Figure 3.2.- Fuel consumption per day relative to the speed (data extracted from Table 2.2).- 

Klanac et al. [75] go further in their study by taking into account the following parameters in 

order to analyze the potential benefits of slow steaming and the optimal speeds to be 

operated:  
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• The number of slow steaming ships necessary to transport the equal amount of cargo 

as a ship operating at the standard speed  

• The annual charter rate 

• Shipowners operating cost per ship 

In this case, the analysis is presented as a graph (Figure 3.3, extracted from [75]) which 

define the speeds for which slow steaming is beneficial: 

 
Figure 3.3.-  Value of equal benefit from slow steaming for the shipowner and charterer as the function 

of speed.- 

Between 5 and 15 knots, there is expected benefit of slow steaming for an AFRAMax tanker. 

The trend, mainly for special protected areas, is to prescribe a reduction of speed for vessel 

transiting in that area, assuming that a lower speed implies a lower underwater noise 

emission without taking into account how this speed reduction is obtained.  

3.2.2. Track change 

Introduction:  

Track changes or ships’ routeing modifications could be a mitigation measure related to 

traffic control in order to reduce the shipping noise footprint.  

The shipping noise footprint could be reduced:  

• Directly: by a noise reduction from the ship by means of routeing modifications 

intended to fuel efficiency.  

• Indirectly: by an avoidance of sensitive areas.  

Direct solutions may include, for example, the voyage performance management such as 

weather routing or autopilot improvements. These solutions will be developed in a first part. 

The indirect solution will be explained in a second part. 
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Ships’ routing modification for fuel efficiency: 

Several operational factors can be managed during a voyage to increase fuel efficiency. 

These solutions are implemented in performance management systems and software offered 

in the marketplace: ‘just in time’ speed, weather routing, adaptive autopilot settings, 

optimizing quantity of ballast carried and trim. Only solutions linked to ships’ routeing 

(weather routeing and autopilot improvement) will be described here. 

a) Weather routing 

Principle of weather route is to select a safe and energy efficient route taking into 

account weather forecasts thanks to simulation. Fuel savings vary depending on 

climate (wind, wave and current conditions) and voyage length (> 1500 NM). 

Advantages: 

o Applicable for all ship types. 

Disadvantages: 

o Significant fuel savings only in case of severe weather 

o Applicable only in case of unrestricted navigation route 

Economic information: Cost is often based per voyage fee plus the shipboard 

software price. It could start to $200 per voyage for a basic weather forecast to $1000 

for a sophisticated weather forecast.   

b) Autopilot improvements 

Misadjusted automated heading and steering control system may cause excessive 

fuel consumption by:  

o Adding drag to the hull and so increasing the ship resistance 

o Increasing the distance sailed in a case of a ship course deviation.  

Autopilot allows optimizing rudder movements, i.e. the number of times the rudder is 

used and the amount of rudder angle. For example, autopilot will calculate an 

optimized ship course deviation taking into account the rudder use, its angular 

movement and the distance sailed.   

Advantages: 

o Applicable for all ship types 

Disadvantages: 

o Useless for directionally stable hull forms with small rudder angles because to 

minimize rudder use for this kind of ship is simple (less six to ten rudder angle 

movements per minutes in straight line)  

o Significant fuel savings only in case of Severe weather because of wind, 

waves and current. It requires larger rudder angles or harsh navigation 
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conditions with changes in draft, speed or water depth because it may change 

the vessel response to rudder angle modification.  

Economic information: Basic adjustment in existing autopilots is zero cost. A fully 

adaptive autopilot useful for severe weather or directionally unstable ships could cost 

up to 20,000$. 

 

Conclusion 

Ships’ routing modifications such as weather routing and autopilot improvement may 

slightly decrease the fuel consumption. No information is available today on the 

impact of these solutions on the underwater noise level. It may be negligible.   

 

Ships’ routeing modification intended to avoid sens itive areas  

a) Ships’ routeing definition  

The International Maritime Organization (IMO) is the only international body responsible 

for ships’ routeing as per as defined in Safety Of Life At Sea (SOLAS) Chapter V: Safety 

of navigation - Regulation 10: Ships’ Routeing. These responsibilities are also determined 

under the United Nation Convention on Law Of the Sea (UNCLOS) 

Principles of the ships’ routeing could cover underwater noise emitted by shipping 

activities as indicated in the 1st point of this regulation: ”Ships' routeing systems 

contribute to safety […] and/or protection of the marine environment.” 

The “routeing system” definition is given by IMO in the Resolution A.572(14) (General 

provisions on ships’ routeing): “Any system of one or more routes or routeing measures 

aimed at reducing the risk of casualties (…)” . It includes, amongst other things, 

recommended tracks, precautionary areas (areas where ships have to navigate with 

particular caution) and areas to be avoided (especially for ecological or sensitive factors).  

Governments or organization intending to establish a new routeing system has to submit 

it to IMO’s sub-committee on Safety of Navigation (NAV) which will then evaluate the 

proposal and make a recommendation regarding its adoption. The recommendation is 

then passed to the Maritime Safety Committee) (MSC) for adoption. 

All the ships’ routeing systems approved by IMO are contained in the IMO Ships’ 

Routeing publication which includes General provisions adopted in 1973 and its 

amendments. 

The MSC/Circ. 1060 “Guidance note on the preparation of proposals on ships’ routeing 

systems and ship reporting systems for submission to the sub-committee on safety of 



 

WP5 - Practical Guidelines 
D 5.1-Comprehensive listing of possible 

improvement solutions and mitigation measures 
Rev 1.0 

 

Dissemination level: CONFIDENTIAL 

 88 
© AQUO Project Consortium 2014 - all rights reserved 

navigation” (2003) describes the methodology to prepare and to submit a new ships’ 

routeing proposal: applicable requirements, elements to be provided, etc.   

 

b) Examples of new ship’s routing 

a. Intended to reduce whale strikes  

a. California coastline 

Shipping lanes have been adjusted from June 1st 2013 on the California coast 

to protect endangered whales from ship strikes.  

The objective of these navigation changes is twofold: to ensure protection of 

whales and to increase the maritime safety. It concerns the approach to Santa 

Barbara Channel, San Francisco Bay, the Ports of Los Angeles and Long 

Beach. 

A strong collaboration between the NOAA (National Oceanic and Atmospheric 

Administration) and the Coast Guard has been necessary.  

b. Massachusetts bay 

In 2007, similar shipping lane modifications have been implemented. Ship 

strikes with whales have been reduced by 81%.  

b. Intended to develop others activities 

In South Portland, Maine, the Coast Guard is currently examining shipping lane 

modification in order to develop other activities such as offshore wind farms.  

To date, no ships’ routing modification has been implemented for underwater 

noise reasons in the world. But these cases allow drawing the following 

conclusion:  

A ships’ routing modification in the European waters could be implemented by the 

International Maritime Organization due to underwater noise if scientific 

community is able to identify endangered species and to propose relevant and 

realistic solutions.  

c) Cost for a new ships’ routing proposal 

Governments and/or organizations which are intended to propose a new shipping 

route have to work together. A new ship lane proposal must be based on scientific 

researches, studies and data aiming to demonstrate the need, the relevance and the 

efficiency of the solution proposed.  

As a consequence, it is very difficult to estimate the real cost of a new shipping route 

proposal. Stakeholders are numerous and the process may take several years. 
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However, the European Union already has lot of results and conclusions of 

researches and studies undertaken on endangered species, on maritime traffic, 

underwater noise…etc 

. 

d) Particularly Sensitive Sea Area (PSSA) 

a. What is a PSSA ? 

A PSSA is an area which needs special protection regarding international maritime 

activities. It could be for ecological, socio-economic or scientific reasons. A PSSA is 

associated to an “Associated Protective Measure” adopted by IMO in order to 

prevent, to reduce or to eliminate the risk.  

A PSSA should meet at least one of the criteria listed in the table below:  

Criteria  Criteria to be met  

Ecological 

Uniqueness or rarity, critical habitat, dependency, 
representativeness, diversity, productivity, spawning or breeding 
grounds, naturalness, integrity, fragility and bio-geographic 
importance  

Social, cultural and 
economic 

Social or economic dependency, human dependency and cultural 
heritage 

Scientific and 
educational 

Research, baselines and monitoring studies and education 

Table 3.2.-Criteria that a PSSA should meet.- 

b. What type of measures could be applied to a PSSA? 

Each PSSA needs an appropriate protection measure. So any kind of measures 

could be applied such as areas to be avoided, compulsory ship routeing, or 

recommendations on how shipping should pass through an area. 

 

 
Figure 3.4.- Localization of the five PSSAs defined in European Waters 
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Figure 3.5.- The Wadden Sea (Denmark, Germany & the Netherlands).- 

 
c. Who is responsible for designating PSSAs? 

The Marine Environment Protection Committee (MEPC) of IMO works with coastal 

states and flag states to identify and establish new PSSAs.  

Guidelines for designating a PSSA are given in IMO Resolution A.927(22) (2002): 

“Guidelines for the Designation of Special Areas under MARPOL73/78 and 

Guidelines for the Identification and Designation of Particularly Sensitive Sea Areas 

defines a Particularly Sensitive Sea Area” 

IMO defined five PSSAs in the European waters: Wadden Sea, Baltic Sea area, 

Western European waters, the Strait of Bonifacio and the Canary Islands. 

Associated measures to Wadden Sea are: 

o Deep-water route and traffic separation schemes 

o Special protection under the European Union Bird Directive and Habitat Directive 

 
Figure 3.6.- Western European Waters.- 

Associated measures to Westerns European Waters are: 
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o A mandatory ship system reporting 

 
Figure 3.7.- Canary Islands.- 

Associated measures to Canary Islands are: 

o Traffic separation schemes 

o Areas to be avoided 

o A mandatory reporting system (CANREP) 

 

 
Figure 3.8.- Baltic sea area.- 

Associated measures to Baltic Sea Area are:  

o Traffic separation schemes 

o Deep water route 

o Areas to be avoided : all ships with a gross tonnage of 500 or more, should avoid 

designated areas near Hoburgs Bank and NorraMidsjöbanken (see 

MEPC.136(53)) 
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Figure 3.9.-  Strait of Bonifacio.- 

Associated measures to the Strait of Bonifaciao:  

o A mandatory ship reporting system called BONIFREP.  

o A mandatory traffic separation scheme. 

e) Economic information  

In order to give an estimation of the cost caused by a new shipping route for a ship-owner 

or a maritime company, two tables are presented below:  

o The Table 3.3 gives the distance that is sailed by a ship in function of the 

additional time due to the new shipping lane and its speed.  

o The additional voyage cost estimation for each additional time is listed in Table 1 

and for six different daily fuel consumptions. Proportion of fuel costs have been 

considered as 60% for the total voyage cost of the ship. The current fuel cost is 

approximately 450€/ton.  

Additional time due 
to new ships' 

routeing (in hours) 

Corresponding 
distance at 

24knots (miles) 

Corresponding 
distance at 

15knots (miles) 

Corresponding 
distance at 

10knots (miles) 

3 72 45 30 

6 144 90 60 

12 288 180 120 

24 576 360 240 

Table 3.3.-Distance sailed.- 

As an example, the CMA-CGM ship container Christophe Colomb consumes 300 

tons/day at 25 knots. Its consumption falls to 50 tons a day at 13 knots.  

For information, total running costs are composed by:  

o crew costs 

o ship’s stores costs 
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o repairs and maintenance costs  

o administration costs 

o insurance costs  

o depreciation of the ship 

Expenses such as port costs, canal costs handling cost are not considered here. Indeed, 

a ship’s routeing modification will not have an impact on these costs.  

 
 Time due to new shipping route (in hours)  

Daily Fuel 
Consumption 

(tons/day) 
3 6 12 24 

5 0.46875 0.9375 1.875 3.75 
15 1.40625 2.8125 5.625 11.25 
30 2.8125 5.625 11.25 22.5 
60 5.625 11.25 22.5 45 
150 14.0625 28.125 56.25 112.5 
300 28.125 56.25 112.5 225 

Table 3.4.-Additional voyage cost estimation (k€).- 

 
f) Relevance of new shipping lane for an underwater noise?  

A ships’ routeing modification does not decrease the underwater noise level. The aim is 

only to protect some species by avoiding exposing them to noise.  

As a consequence, the following methodology should be applied to determine the 

relevance of this mitigation measure:  

o To identify species to be protected and their location. To know accurately their 

habitat is decisive in order to determine an area to avoid.  

o To study the shipping traffic around the area to avoid and the underwater noise 

level. 

o To propose a new shipping lane in accordance with all the applicable standards 

previously listed and the minimal distance required so as ensuring a low 

underwater noise level in the protected area.  

g) Conclusion 

The existing PSSA within the European Union could facilitate the implementation of new 

ships’ routeing aimed to protect the maritime fauna of underwater noise. To create 

another PSSA could also be a way to impose shipping lanes.  

Limitations:  
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Ships’ routeing modifications intended to protect endangered species from underwater 

noise would not be realistic for all species.  

Indeed, only few species with a well-known behavior could be protected so as to be 

relevant.  

 

3.2.3. Change in the propulsion plant settings 

As discussed in previous sections, slow steaming is widely adopted by shipping companies 

as a way to reduce the operational costs. Marine engine manufacturers also have worked in 

this direction, analysing the effects of the low steaming in engines, providing operation 

instructions by means of service bulletins and offering upgrade kits to optimize the 

functioning of the engines at lower power loads.  

Although there are a large number of studies and documents analysing the benefits of the 

slow steaming on fuel consumption and contaminants emission, the effects on the radiated 

noise has not been well studied. There are a few documents where the relationship between 

operational conditions and underwater noise levels has been studied. According to the data 

included in one of these studies [66], a decrease in the ship speed generally produces a 

reduction in the source level value. However, at lower speeds, the transit periods increase 

and consequently this affects negatively to the sound exposure levels.  

What is said above is generally true for fixed pitch propellers that control the speed adjusting 

the shaft RPM. However, many ships, especially the ones in coastal trade and on shorter 

routes, have Controllable Pitch Propellers (CPP) for various reasons. Some of the main 

advantages are 

• Improved manoeuvrability, of special interest for vessels with frequent port calls. 

• Larger bollard pull which is of special interest to tugs, fishing vessels, vessels 

operating in ice etc.  

• Less risk of overloading the engine in situations where the resistance is increased. 

• No need to reverse engine or having clutched gears for going astern. 

• Possibility to match propeller and engine performance for optimum efficiency at a 

certain power range. 

Often the CPP is set up with an engine running at constant RPM. This gives the possibility to 

run an AC shaft generator generating a constant frequency power to the systems on-board. 

A vessel with Controllable Pitch (CP) Propellers operating at constant RPM is usually 

optimized at 85% MCR (Maximum Continuous Rating). If, however, the speed is reduced this 
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is then done by reducing the pitch of the CPP. When the pitch angle is reduced the pitch 

distribution is changed, see Figure 3.10. 

 

 
Figure 3.10.- Pitch distribution for a CPP at different pitch angles. For this propeller a reduced pitch 

angle of abt 20 degrees gives zero thrust.-  

Reduced service speed gives an off-design condition where the efficiency will significantly 

decrease due to the non-optimal angle of attack of the blade sections at different radii and 

result in unnecessary high fuel consumption. The differing angles of attack will also cause a 

non-uniform flow resulting in excessive cavitation and increased noise levels. In some cases 

the noise level can even increase with reduced vessel speed [67]. 

Some large ships have an arrangement so that the engine can run at variable RPM and 

allowing the propeller to operate at optimal pitch so the fuel consumption can be reduced. 

Similarly, from the viewpoint of acoustic signature reduction, another goal might be to sail 

with a shaft speed-pitch combination that gives least or no propeller cavitation. When sailing 

in operational conditions, continuous adjustment of the shaft speed-pitch combination might 

be used to match the propeller inflow as good as possible. The latter is expected to help to 

increase the cavitation free time in operational conditions. The main challenge is to find the 

optimum control rules to get continuously the optimum operation curve of the propulsion 

system.   

There are few references dealing with this topic. One of them is [128] which shows the 

measured noise levels for various control options (see Figure 3.11). This figure shows that at 

constant RPM, varying the pitch from full power to lower power first reduces the noise. 

However, reducing the propeller pitch further will make the propeller pass the point of 

pressure side inception. From this point the noise will increase again and be significantly 

much larger than at operating speed. On the other hand, the use of a combinator results in 
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lower noise levels, even though it continues to behave worse at very low power than a full 

power. 

 
Figure 3.11.- Effect of using a combinator for quiet operation of a RO-PAX vessel (extracted from 

[128]).- 

The use of a combinatory will normally require a modification of the engine RPM regulator. If 

a shaft generator is to be used the electrical system will also have to be modified or changed. 

Different solutions are becoming commercially available on the market, also opening up for 

the use of shaft generators on vessels with fixed pitch propellers. Examples of providers of 

this kind of systems are Lean Marine (www.leanmarine.se) and We Tech (www.wetech.fi). 

On the other hand, for existing ships, finding its optimum settings for a “silent configuration” 

by minimizing URN could help traffic controllers and ship crew to establish ship speed in 

certain areas. This could be done by performing URN experiments with different settings and 

speeds and select the quietest. 

In addition to that, other off-design conditions having a significant influence on propeller 

performance and thus on the ship acoustic performance are sea state and manoeuvring. The 

reference [129] reports a series of measurements on board the oceanographic research 

vessel HLNMS Tydeman that shows cavitation inception speed in different sea state 

compared to calm water condition. Figure 3.12 shows the results of these studies. They 

clearly show a large dependency of cavitation inception speed on the sea state, which from 

an acoustic point of view, must be taken into account when setting the propulsion 

configuration of a ship aiming at reducing noise while keeping fuel efficiency.  
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Figure 3.12.- Cavitation inception speed under different sea states (extracted from [129]).- 

On the other hand, as said above, manoeuvres has also an impact on the inception 

cavitation speed thus in the acoustic signature of the ship. In this regard, the Figure 3.13 

shows the effect of rudder angle on cavitation inception speed. 

 
Figure 3.13.- Cavitation inception speed at different rudder angles (extracted from [129]).- 

 

3.2.4. Optimized trim 

The trim is defined as the difference between the draught forward and the draught aft. 

The hydrodynamic behavior of a vessel may be significantly affected by the trim. Thus the 

trim could be linked to power conditions and fuel consumption and consequently, 

environmental noise footprint. That is why the optimization of trim is a possible way to 

improve indirectly the ship URN performance. 

Problematic:  Hull design is optimized by improving the draught at the bow and stern to 

achieve the lower resistance. If the draught at the bow or stern is different than the optimized 

design, the resistance can increase. Consequently an increase of hydrodynamic noise and 

fuel consumption can be expected.  

Optimized trim:  Most ships are designed to operate the most efficiently with a design 

amount of cargo at a certain speed. The draught and speed of a vessel during operating 
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conditions could be different. For example, the distribution of cargo, ballast and consumables 

could lead to different trims than those assumed during design of the hull.  

Taking into account these parameters, adjusting fore/aft trim can have a significant effect on 

the hull resistance. Ballast water is carried by vessels to provide stability and adjust a 

vessel’s trim. 

New ship designs are not the only subject concerned by the trim optimization. It can be also 

implemented on existing ships. 

Optimization tools : Actually, different trim optimization tools exist. They provide softwares 

which display the most efficient trim for an operating draught. It allows adjusting the ballast 

according to the most efficient trim in order to improve the hull resistance. 

Optimum trim tests : There are different methods to determine the effect of trim on hull 

resistance and fuel consumption. These methods can be classified into two categories: “in-

service measurements” and “model tests and calculations”. 

It is hard to obtain accurate results from full-scale measurements due to several parameters 

(use of accurate wind, wave, and swell information which are difficult to measure onboard 

with accuracy) and the difficulty to determine the effect of the trim from the other factors.  

Model tests are more objective and repeatable according to SSPA [131]. All powering 

predictions are based directly on model test measurements performed under controlled 

conditions. For these reasons, SSPA [131] has demonstrated that model testing is almost 

always the most effective and reliable. 

According to ABS studies [132], the cost to develop the data is $50,000 to $100,000 (total for 

all ships of similar design) using model tests. The cost to use the data involves shipboard 

software tools $500 to $5,000 per ship.  

The “in-service” cost is limited to energy costs for pumping ballast and cargo planning time to 

optimize cargo distribution. 

According to the same paper [132], the savings are approximate from 1 to 2% reduction in 

propulsion fuel consumption. 

Impact on noise : There is not much data regarding noise levels from individual ships and 

how it is related to different factors such as loading and trim. 

However, previous studies have shown the link between hull resistance and underwater 

radiated noise.  The hull resistance issue is directly linked to trim optimization. It could be 

possible to assume that an improvement of trim could improve hydrodynamic noise. 

According to Renilson’s study [65], propellers are generally designed for the full load 

condition. In ballast, the load of a ship is not close to full load condition. Thus the propeller is 

much closer to the surface, so the tip of the propeller could be above the waterline. The 
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lower pressure due to the smaller hydrostatic head could consequently involve more 

cavitation for a vessel in ballast than in full load.  

In addition, a ship in ballast is generally trimmed by the stern. This could involve a significant 

effect on the wake field and thus on cavitation.  

Following to Renilson’s study [65] it is likely that a tanker or bulk carrier in ballast will 

generate more hydro-acoustic noise than in full load.  

However, according to [66], an unloaded ship with a shallower propeller depth could 

decrease the radiated noise. 

Potential gains in terms of fuel consumption : SSPA [131] has shown that vessels such as 

VLCCs and product carriers have the potential to reduce their powering requirements over a 

standard operating range of trims by 10% to 15% in ballast and 5% to 8% in full load. 

Knowing that not every ship will realise such savings, a single ship with an average power 

saving of just 1.25% (0.5% in full load and 2% in ballast) can save enough fuel to cover the 

cost of a trim optimization study in less than a year of operation. For a fleet of sister-ships, 

the payback time could be shorter. 

The following figure shows the estimation (by SSPA [131]) of savings regarding fuel 

consumption for different type of ship and different size of fleet. 

 
Table 3.5.-  Annual estimated fuel and emissions savings based on a conservative power reduction of 

1.25% for 1, 5-, and 10-ship fleets operating in a trim optimized condition (Fuel prices from May 
2009)(Extracted from [131]).- 
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3.3. Mitigation solutions applied at ship traffic control level  
 
The objective of this section is to identify solutions to mitigate the noise at the global scale 

where individual vessel noise footprint interacts with others. The following mitigation 

solutions therefore address spatial and temporal planning of the traffic that could be achieved 

by local, regional, national or global regulation, as appropriate. 

The effectiveness of these solutions is rather difficult to predict without a proper evaluation 

that would involve modelling. At this stage, no solution has been discarded in order to insure 

their quantification in the following tasks of the AQUO project. 

3.3.1. Traffic concentration 
The mitigation solution consist in setting up traffic separation schemes (TSS) that obliged all 

vessels to follow a general direction in a given zone; ships navigating within a TSS all sail in 

the same direction or they cross the lane in an angle as close to 90 degrees as possible. 

TSS are already used to regulate the traffic at busy places, confined waterways or around 

capes. They are usually ruled by the International Maritime Organization (IMO) and 

incorporated in the International Regulations for Preventing Collisions at Sea (under rule 10). 

It is interesting to evaluate the influence of this safety regulation on the environmental noise 

footprint. For example, in the English Channel, and on the maritime area located west of 

Brittany, there are two traffic lanes corresponding to the main maritime route. These lanes 

are crossed by local traffic or by passenger or ferry ships sailing across the Channel. 

 
Figure 3.14.- Ship traffic in the English Channel showing traffic separation scheme.- 

Reference: Mapping UK shipping density and routes from AIS. Marine Management 

Organisation, June 2014. 

https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/317770/1066.pdf 
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3.3.2. Traffic dilution 

The “traffic dilution” mitigation solution is in essence the opposite of establishing a TSS. It 

consists in routing the traffic such as the average density of vessel in a given area is as 

homogeneous as possible according to the area considered and the navigation constraints 

inherent to its safety. This is illustrated on Figure 3.15, where the black dots represent the 

location of particular vessels and the yellow circle the zone of noise influence (for more 

simplicity it is assumed here to be the same for all vessels, as in reality they can be different, 

according to their respective source levels). The expected result would be a “smoother” noise 

map, i.e. with less high intensity “hot spots” and smaller amplitude between the maxima and 

minima of underwater noise in the map.  

 
Figure 3.15.- Ship traffic management for noise mitigation – dilution.- 

3.3.3. Vessel type separation scheme 

At places where the traffic is regulated by a traffic separation scheme (TSS), vessels tend to 

navigate in single file. The mitigation solution consists in recommending target speeds of the 

vessels entering the route-system in order to guarantee a minimum and/or a maximum 

distance between successive vessels Figure 3.16 The expected result is similar to the traffic 

dilution, except that there is an increase of noise on the shipping lanes. 
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Figure 3.16.- Ship traffic management for noise mitigation – constant separation distance on shipping 

lanes.- 

A second case of vessel separation scheme could be to form groups of vessels capable of 

sailing at the same speed. In some way, it is the contrary of the traffic dilution. It is known 

that when two noise sources are co-located, and the second has a source level significantly 

lower than the first one, the source level of the equivalent noise source obtained from the 

superposition of the two is nearly equal to the first one, i.e. the smallest is masked by the 

noisiest. It can be translated by the following expression (with source levels SL in dB): 

( )10/10/ 21 1010log10 SLSL
combinedSL +=  

For example, if SL2 is 10 dB lower than SL1, the combined SL is only 0.4dB higher than SL1. 

This principle could be extended to a fleet of ships in order to reduce the number of “hot 

spots” in a noise map. It is illustrated on Figure 3.17. Here, the “circle of influence” is larger 

than previously because the equivalent source level of the group of ships is higher than the 

source levels of the individual ships. The expected effect is a noise map with higher “hot 

spots” but in a reduced number. Thus, the affected maritime area, spatially and/or 

temporally, is smaller. 
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Figure 3.17.- Ship traffic management for noise mitigation – formation of groups of ships sailing at the 

same speed.- 

3.3.4. Regulated areas 
In fully regulated areas, such as marine protected area, the interdiction of any type or some 

type of vessel in a given area would reduce the acute noise levels locally. Though, the effect 

of this type of regulation on the chronical noise footprint is still unknown. 

For maritime areas which are not fully regulated, but considered to be sensitive regarding 

marine life, some restrictions could be defined. For example, restricted access could be set 

for one or a group of vessel category, and/or according to the age of the vessels (e.g. 

according to new regulation on ship design), and/or according to their length. 

3.3.5. Exploitation of bathymetry features 
The “shallow water preference” mitigation solution (Figure 3.18) consists in establishing TSS 

or navigational areas in waters that are rather shallow than deep in order to benefit from 

bottom absorption and surface waves diffusion of the noise generated by the vessels.  

 
Figure 3.18.- Ship traffic management for noise mitigation – Shallow water preference.- 

However, the decay factor for propagation of acoustic waves is generally smaller in shallow 

waters than in deep waters, which can result in higher underwater noise at large distance. 
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The “deep water preference” mitigation solution consists in establishing TSS or navigational 

areas in waters that are rather deep than shallow in order to benefit from the geometrical 

spread of the acoustic pressure field generated by the vessels. 

3.3.6. Exploitation of geographical features 

This type of solution consists in exploiting geographical features of the maritime area 

considered, where applicable. 

The “canyon” preference mitigation solution consists in establishing TSS or navigational 

areas that are rather above and along canyons in order to confine the noise generated by the 

vessels (Figure 3.19). 

 
Figure 3.19.- Ship traffic management for noise mitigation – Confinement of noise above an 

underwater canyon.- 

 

The “Island preference” mitigation solution is to organize the traffic in order to benefit from 

the presence of islands that could mask a given area of interest. What would be an optimal 

distance from the island and the main traffic is still unknown, and should be evaluated. 
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