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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 D5.5 of the project entitled “Impact of Solutions on Fuel Efficiency”.
This deliverable takes the list of proposed solutions and mitigation measures from Task 5.1 [1]
for the reduction of underwater radiated noise and explores the potential impact they may have
on the fuel efficiency of an individual vessel. An overview of the solution and its likely impact on
fuel efficiency is f presented, followed by more detailed exploration. The overall impact of the
measure on energy efficiency, and hence on fuel consumption and emissions, will be clearly
outlined; whether this is positive or negative along with some quantification of the impact. In
cases where the measure is thought to have negligible impact on the fuel efficiency, this will also
be highlighted, but the measure will then not be considered in detail.
Each topic is explored in general rather than with specific reference to a type of vessel or usage.
It has been found that there are a number of noise mitigation measures that could also benefit
vessel fuel efficiency. Whether or not the vessel in question is a new design or an in-service
vessel will generally have a bearing on the most suitable measures for that particular case, as
not all of the measure discuss are suitable for retro-fitting. It has also been found that several of
the measures require a careful compromise between URN, efficiency and other requirements in
order to ensure that the solution is suitable for all aspects of the ship’s operation.
In general, the mitigation measures applied at ship traffic control level have been found to have
negligible direct impact on the fuel efficiency of the individual vessels unless this indirectly
requires them to change speed or track, or the resulting sea conditions of geography indirectly
impact on the vessels performance. These aspects are discussed in Section 3.2.
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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 5.3, is to investigate the impacts of the
possible improvement solutions and mitigation measures proposed in Task 5.1 on the fuel
efficiency of the vessel or vessels should they be applied. As for Task 5.1, the solutions have
been divided into two main categories:
-

Solutions regarding ship design

-

Mitigation measures relating to traffic control

These two categories are then further subdivided in relation to the different aspects of the ship
system which they particularly address:
-

-

Solutions regarding ship design
o

Design solutions at propulsion level

o

Reduction of machinery noise

o

Reduction of propeller noise

o

Structural solutions to reduce underwater radiated noise

o

Other solutions to reduce underwater radiated noise

Mitigation measures relating to traffic control
o

Mitigation solutions applied to a particular ship

o

Mitigation solutions applied at ship traffic control level

Each of the solutions or measures which have been identified within Deliverable 5.1 [1] is
discussed within this deliverable. Where appropriate, the measures are addressed in detail,
providing a quantitative assessment of the impact on these measures on the fuel efficiency of
the basis ship presented below, while some are only addressed with general comments
regarding their known impact on fuel efficiency based on the state of the current knowledge
presented in published literature.

Dissemination level: PUBLIC
© AQUO Project Consortium 2015 - all rights reserved

9

WP 5 - Practical Guidelines
Rev 1.0
D5.5 Impact of solutions on fuel efficiency

There are additional measures which may also impact on the fuel efficiency of a vessel and its
underwater acoustic properties which have not been included within this study as they are
beyond the scope of the current project.

1.2. Position of this study within the AQUO Project
The purpose of Task 5.1 was to identify a comprehensive list of possible improvement solutions
and mitigation measures for addressing ship noise footprints.
Task 5.2, 5.3 and 5.4 are then investigating the efficiency and suitability of the listed solutions.
Task 5.2 will focus on the effectiveness of the solutions in reducing ship underwater radiated
noise, whilst Task 5.4 will investigate how effective the solutions may be in reducing the impact
of noise on marine life. The present task, Task 5.3, will investigate how the proposed solutions
will impact the fuel efficiency
Finally, the outputs of Tasks 5.2, 5.3 and 5.4 will be used to produce the final “Practical
Guidelines” document in Task 5.5 and to justify the recommendations which have been made.
Figure 1.1 below further demonstrates how Task 5.3 relates to the other tasks within Work
Package 5, and also other work packages.

Figure 1.1: Position of present Task 5.3 within AQUO Project for the derivation of guidelines
Dissemination level: PUBLIC
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1.3.

Importance of this study

As well as discussing the importance of this task within the frame of Work Package 5, and the
AQUO Project, it is also important to understand the context of the task within the wider frame of
the current maritime industry. Recent changes in the regulatory climate and in particular with
regards to energy efficiency and the reduction of harmful emissions in shipping have furthered
the need for (global) much more considered approaches to emerging problems. Noise cannot be
considered in isolation, or only with relation to the direct impact it may have on marine life.
The Energy Efficiency Design Index (EEDI) was introduced by the International Maritime
Organisation (IMO) and came into operation in January 2013 (resolution MEPC.203 (62)). The
EEDI places a requirement on the minimum level of energy efficiency for transport of cargo,
which varies for different ship types. This minimum level will become increasingly more stringent
over a given time period. The intention of the EEDI is to create a method for benchmarking the
energy efficiency of new ship designs. It is also used to try and improve the energy efficiency of
new and existing ship operations. Alongside these, regulations specifically for the control of SOx
emissions from shipping were introduced, with specific limits set. Limits also already exist for
NOx emissions (Tier II) and these will be followed by more stringent (Tier III) limits in 2016, and
in the future potentially also by limits on CO2 and particulate matter (PM) emissions. As well as
these design related consideration, the operation of vessels in a more efficient manner was also
addressed. The Energy Efficiency Operational Indicator (EEOI) was also released, along with
the requirement for all vessels to devise a Ship Energy Efficiency Management Plan (SEEMP).
The SEEMP "is an operational measure that establishes a mechanism to improve the energy
efficiency of a ship in a cost-effective manner". The EEOI is a measure which enables operators
to evaluate and monitor the energy efficiency of a vessel in operation, and to better understand
the impact of changes in operations [2]. It should additionally be noted that there is increasing
focus on the safety and manoeuvrability of vessels especially in adverse weather conditions in
cases where the available power has been reduced, therefore careful consideration of all
measures should be carried out to ensure that it will not compromise the ship in other areas.
This means that in considering solutions and measures for the reduction of ship underwater
radiated noise, careful consideration of their possible impact on fuel efficiency should also be
included to ensure that any measure, whilst addressing one issue, is not further exacerbating
another. This task aims to address this need for a more global approach to the whole ship
system in addressing underwater noise. Within this study, each measure proposed will be
investigated.
Dissemination level: PUBLIC
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1.4.

Solution applicability overview

The tables below provide an overview of the solutions and their applicability to either existing or
new vessels:
Table 1.1 - Applicability of Design Solutions

Solutions Regarding Ship Design

Suitable for Retro-Fitting?

Suitable in new
Designs?

Types of Propulsion – Machinery

No

Yes

Diesel-Electric Propulsion

No

Yes

Pod Propulsion

No

Yes

Reduction of TPK

No

Yes

Optimization of Hull Design

No

Yes

Control Strategies for CPP

Yes

Yes

Elastic Mounting

Yes

Yes

Active Insulation

Yes

Yes

Acoustic Enclosures

Yes

Yes

Propeller Blade Optimization

Yes

Yes

Non-Conventional Propellers

Yes

Yes

Wake Conditioning Devices

Yes

Yes

No

Yes

Lightweight Materials

No

Yes

Double Hull

No

Yes

Other Structural Solutions

No

Yes

Bubble Curtains

No (*)

Yes

Decoupling Hull Coating

Yes

Yes

Propeller / Hull Cleaning

Yes

N/A

Hull Girder and Thickness
Modifications
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DPP Management

Yes

Yes

(*) Note: Installation of a bubble curtain system for retro-fitting can be envisaged but requires
relatively important modifications (installation of pipework under the hull and a specific on-board
system with an air compressor to generate the bubbles).
Table 1.2 - Applicability of Operation Solutions

Traffic Control Measures

Suitable for In-Service

Suitable for New

Vessels?

Designs?

Speed Reduction or Change

Yes

N/A

Track Change

Yes

N/A

Optimized Trim

Yes

N/A

Speed Limit

Yes

N/A

Yes

N/A

Traffic Concentration

Yes

N/A

Traffic Dilution

Yes

N/A

Yes

N/A

Regulated Areas

Yes

N/A

Use of Bathymetry Features

Yes

N/A

Use of Geographical Features

Yes

N/A

Optimised Distance Between
Vessels

Vessel Type Separation
Scheme

1.5.

Solution performance overview

Table 1.3 - Performance of Design Solutions

Solutions Regarding Ship Design

Impact on Underwater

Impact on Fuel

Radiated Noise

Efficiency

Types of Propulsion – Machinery

Discrepancy between
what is most suitable for

Dissemination level: PUBLIC
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URN and for fuel
efficiency
Diesel-Electric Propulsion

Can increase fuel
efficiency but heavily
dependent on ship
operating profile

Pod Propulsion

Can provide fuel efficiency
increases of up to 10% in
certain cases

Reduction of TPK

Small improvement of
around 1% per TPK in
open water efficiency

Optimization of Hull Design

Can increase fuel
efficiency

Control Strategies for CPP

Can improve fuel
efficiency by up to 20%

Elastic Mounting

Small increases of around
0.7% in ship weight

Active Insulation

Very small increases in
ship weight

Acoustic Enclosures

Negligible impact

Propeller Blade Optimization

More extreme designs for
lower cavitation and URN
can decrease efficiency

Non-Conventional Propellers

Can improve fuel
efficiency

Wake Conditioning Devices

Improvements in fuel
efficiency range from 110%

Hull Girder and Thickness
Dissemination level: PUBLIC
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Modifications

weight increase

Lightweight Materials

Impact dependent on ship
weight increase

Double Hull

Can

increase

fuel

efficiency but only in very
limited cases
Other Structural Solutions

Can increase fuel
efficiency but only in very
limited cases

Bubble Curtains

Very small decreases in
efficiency with around 1%
difference on achieved
speed

Decoupling Hull Coating

Dependent on the weight
of tiles and finish

Propeller / Hull Cleaning

Increases fuel efficiency
significantly

DPP Management

Negligible impact

Table 1.4 - Performance of Operation Solutions

Traffic Control Measures

Impact on Underwater

Impact on Fuel

Radiated Noise

Efficiency

Speed Reduction or Change

Reduction of speed can
generally significantly
increase fuel efficiency

Track Change

Dependant on distance,
weather and geographical
variations

Optimized Trim

Can improve fuel

Dissemination level: PUBLIC
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efficiency by 1-2%
Speed Limit

Reduction of speed can
generally significantly
increase fuel efficiency

Optimised Distance Between
Vessels

Negligible direct impact

Traffic Concentration

Negligible direct impact

Traffic Dilution

Negligible direct impact

Vessel Type Separation

Negligible direct impact

Scheme
Regulated Areas

Negligible direct impact

Use of Bathymetry Features

Impact only if this leads to
shallow water operations
or higher sea states

Use of Geographical Features

Impact only if this leads to
shallow water operations
or higher sea states
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2. SOLUTIONS REGARDING SHIP DESIGN
2.1. General
The aim of this chapter is provide a discussion on how the ship design-based solutions
proposed within D5.1 [1] for the reduction of underwater radiated noise (URN) will impact on the
fuel efficiency of the vessel to which they are applied. These impacts may be positive, i.e. they
may have the potential to reduce both URN and fuel consumption for the vessel, negative, i.e.
they may serve to increase the fuel consumption of the vessel, or neutral i.e. there will be little or
no impact on the fuel efficiency. Nevertheless it is important that the impacts of these solutions
on other aspects of a vessels operation are well understood and have been taken into account.
Some compromises may be required to ensure that there is a resulting benefit overall.
The majority of the solutions proposed are measures which need to be included within the
design of the vessel from the early stages, as there are several aspects of the whole ship
system which will be affected by their inclusion. In cases where a measure may be deemed as
detrimental to fuel efficiency, the inclusion of the measure within a new design may still allow for
additional changes to be made to the design to reduce or offset the disadvantages. The majority
are therefore not suitable retro-fitting options for vessels already in service however whether
they are options also available to in-service vessels, this will be highlighted.

2.2. Design solutions at propulsion level
This section will consider the measures which have proposed for addressing the noise
generated by and propagated from the propulsions system on board the vessel, and will
investigate the impact these changes may have on the fuel efficiency of the vessel.

2.2.1. Types of propulsion – Machinery
As seen in AQUO R5.9 the configuration of the plant and the propulsion system has an impact
on the underwater noise radiated by the ship. However, the selection of the propulsion plant is
currently driven by economic motivations constrained by existing or forthcoming regulation, like
the ones attending ecological aspects like NOx and SOx emissions. Therefore, it is important to
discuss about the fuel efficiency of the different plant configurations of existing ships, especially
of those plant configurations that have been identified as being best suited with regard to their
underwater noise signature.
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Nowadays, large two stroke diesel engines are predominantly employed for ship propulsion. In
fact, they are the dominant prime mover for the world’s deep-sea shipping due to their:
•

Efficiency

•

Fuel selection: This type of engine can burn Heavy Fuel Oil (HFO), which is significantly
cheaper than cleaner fuels (MDO)

•

Weight: The ratio power/weight is better for this type of engine compared to their four
stroke diesel engine counterpart, thus, the ship can carry more load

•

Its maintenance costs are low and it is very reliable

On the other side, large four-stroke diesel engines are applied in shipping generally only to
smaller vessels in which there are constraints regarding height and the savings in fuel costs do
not pay off the higher installation cost of two stroke diesel engines. In addition, four stroke diesel
engines are used to those vessels with special requirements, such as high speed or height
restrictions (like cruiser vessels, ferries and Ro-Ro’s).
Finally, regarding steam and gas turbines, they are only used in small market niches such as
LNG or high-speed crafts due to their low efficiency compared to diesel engines (see Figure
2.1). However, LNGs are switching over to dual diesel engines, which can burn both boil off gas
and heavy fuel oil. However, in recent years combined systems consisting of a gas turbine and a
steam turbine as marine propulsion systems are being employed. This type of systems can
achieve comparable efficiencies to diesel engines; however the plant is more complex and
requires more expensive fuel.
Figure 2.1 shows representative thermal efficiencies of the different propulsion plants. As can be
seen, low speed diesel engines (two stroke diesel engines) are the most efficient, followed by
four stroke diesel engines. Combined cycle gas turbines can only achieve comparable
efficiencies in high power plants.

Dissemination level: PUBLIC
© AQUO Project Consortium 2015 - all rights reserved

18

WP 5 - Practical Guidelines
Rev 1.0
D5.5 Impact of solutions on fuel efficiency

Figure 2.1: Thermal Efficiencies of the Different Propulsion Plants [3]

Below, there are typical fuel consumption data for different types of engines:
•

Two strokes diesel engines: 190 g/KWh

•

Four stroke diesel engines: 210 g/KWh

•

Steam turbines: 295 g/KWh

•

Gas turbines: 280 g/KWh

•

Combined cycle gas turbines: 250 g/KWh

Moreover, an estimation of the fuel prices performed in [4] are presented in Figure 2.2 .
Considering these figures and the types of fuel that can be burnt in the different types of plants,
the following figures give an idea of the fuel cost increment of using alternative propulsion plants
with regard to the use of two stroke diesel engines (for Year 2015):
•

Four stroke diesel engines: 20% more in fuel costs

•

Steam turbines: 55% more in fuel costs

•

Gas turbines: 60% more in fuel costs

•

Combined cycle: 43% more in fuel costs

Dissemination level: PUBLIC
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Figure 2.2: Fuel Price Index (indexed to 2010 HFO price) and Foreseen Evolution up to 2030 (pink: HFO,
dark green: LSHFO, blue: MDO, yellow: LNG, light green: Methanol) Extracted from [4]

On the other hand, the selection of the propulsion plant is not only driven by fuel costs but also
by:
•

Investment cost of propulsion plant

•

Fuel consumption at part load if the ship is expected to operate at part load a significant
proportion of its life

•

Power to weight ratio

•

Space requirements

•

Maintenance costs

•

Specific requirements (low emissions, high speed, etc.)

The Table 2.1 provides a qualitatively analysis of the different propulsion types regarding all the
items seen above plus its suitability for reducing underwater radiated noise considering the
technical feasibility of applying specific solutions inherent to each propulsion system.
Table 2.1: Qualitatively Analysis of Different Propulsion Systems

Two stroke
diesel engine
Four stroke
diesel engine
Steam
turbines
Gas turbines
Combined
cycle

Investment

Fuel cost

Space
requirements

Power to
weight ratio

Maintenance
costs

Medium

Very Low

Medium

Medium

Medium

Low

Low

Medium

Low

High

High

High

High

High

Very Low

High

High

Low

Very high

Low

Very High

Medium

Medium

Medium

Medium
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2.2.2. Diesel-electric propulsion
Diesel-electric propulsion is acknowledged to be an optimum propulsion configuration with
regard to underwater radiated noise [1]. Generally speaking, electric propulsion is recognized for
a set of advantages with regard to conventional propulsion:
•

Higher freedom in location of main generator units

•

Diesel engine load can be kept in the optimum range. Gain of efficiency in ships with
high auxiliary power demand and great variation in both propulsion power and electricity
demand

•

Lower exhaust gas emissions

•

Direct coupling between the main machinery and the propeller

•

High manoeuvrability

•

Less maintenance

•

Higher reliability

•

Improved safety due to higher level of redundancy.

Among the disadvantages, we can find:
•

Higher initial costs compared to propulsion systems based on internal combustion
engines

•

Increased transmission losses at full load compared to diesel mechanical propulsion

•

Larger system volume due to the large number of components parts

Regarding the initial cost of this kind of systems, Table 2.2 shows a comparison between the
cost of implementing an electric propulsion plant and a geared propulsion plant for a cruiser
whose power installed is 15MW. As can be seen, the cost of implementing an electric propulsion
system is 28% higher than the cost of the conventional system.
Table 2.2: Comparison between the Initial Investment of Electric Propulsion and a Conventional
Propulsion System for a 40.000 GRT 1400 Pax. Cruise Liner - Power Installed is 2 * 7.5 MW ([5])
Equipment
Main engines
Electric propulsion pack
FPP
Reduction gear coupling
CPP plant
Shaft bearing sets
Aux diesel generators
Aux engines
Main switchboard
TOTAL
DIFFERENCE

Electric propulsion
6.200.000$
6.700.000$
750.000$

320.000$

170.000$
14.140.000
3.310.000$
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4.400.000$
1.400.000$
1.200.000$
40.000$
3.800.000$
590.000$
400.000$
11.830.000$
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However, the use of an electric propulsion system enabled to include 14 extra cabins, whose
benefit was estimated in 1.330.000$/year thanks to the freedom in the location of the machinery.
Moreover, due to the operational profile expected for this vessel, the fuel and maintenance
savings for this vessels reached 15000$/year. Therefore, the electric propulsion investment was
paid back in 2.2 years for this vessel.
Below, we can find a comparison between the overall efficiency of the diesel electric system and
the efficiency of a conventional system. The electrical demand of the ship is considered constant
(5MW) whereas the propulsion power varies from 20% to 100% of total power (35MW). The
conventional system consists of two four-stroke diesel engine for the propulsion and four
auxiliary engines for the electric power generation. On the other hand, the diesel electric system
consists of eight generator sets and four electric engines.
In order to study the fuel efficiency of diesel-electric systems with regard to conventional diesel
systems is necessary to consider the transmission losses of the components between the prime
mover and the propeller.
Figure 2.3 shows the scheme of a power train of a conventional system with typical efficiency
values of the different components but the propeller.

Figure 2.3: Power Train of a Conventional System

Figure 2.4 shows the scheme of a power train of a diesel-electric system with typical efficiency
values of the different components but the propeller.
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Figure 2.4: Power Train of a Diesel-Electric System

Figure 2.5 shows the consumption per KWh of both systems; the conventional system and the
diesel-electric system. Due to the higher versatility of the diesel electric system the consumption
in terms of g/KWh provided is flatter. However, due to the losses of the electrical components,
Figure 2.6 shows that the consumption of the diesel-electric system is a bit higher in nominal
conditions. In fact, the increase in fuel consumption is about 8% with regard to an analogous
conventional system. However, at lower loads the diesel-electric system is a bit better.
Therefore, the increase (or decrease) in fuel consumption will depend on the ship operational
profile. In order to assess this, three different operational profiles are considered (see Figure
2.7). The first operational profile corresponds to a cargo ship. The second one is typical for ships
that have to enter and leave harbours several times each day like ferries that operate in short
routes. Finally, the third one may correspond to a ship that manoeuvres a lot.

Figure 2.5: Fuel Consumption of Diesel-Electric System vs Conventional System
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Figure 2.6: Increase in Consumption of the Diesel-Electric System Compared to a Conventional System

Figure 2.7: Operational Profiles Considered

Table 2.3 shows the comparison of conventional systems with diesel-electric propulsion. Dieselelectric propulsion is only competitive in terms of fuel efficiency for the special case of the third
operational profile. However, it is true that diesel-electric systems are the advisable choice for
ships having to manoeuvre a lot due to their higher flexibility and less maintenance in those
kinds of conditions.
Table 2.3: Increase in Fuel Consumption of the Diesel-Electric Systems with Regard to a Conventional
Propulsion System

Operational profile
1
2
3

Increase in fuel consumption
7.5%
4%
-0.1%
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As stated in [1] and [6] the diesel-electric systems induces 10dB-20dB less of underwater noise
compared to an equivalent conventional system as long as the auxiliary engines are properly
insulated (see Table 2.4).
Table 2.4: Increase in Fuel Consumption vs Underwater Noise Reduction Expected
Increase in fuel consumption
Around 7.5% for a conventional operational
profile. This figure is expected to be lower for
ships with different operational profile

Underwater noise reduction expected
10dB-20dB in the machinery contribution

2.2.3. Pod propulsion
Pod propulsion has an advantage over conventional propulsion from an interior noise and
onboard vibrations point of view. Most of the reduction in vibration noise and underwater noise
achieved through the application of pod propulsion is related to having a more uniform wake
field and the absence of appendages such as rudders and structures required to keep the
outboard section of the propeller shaft in place (struts etc.).
The better quality of the wake field and absence of appendages also reduce the drag of the
vessel and the thrust reduction coefficient of the propeller through which an increase of energy
efficiency can be achieved. In particular, the following are observed, and are also discussed in
detail in [7]:
-

Increase of efficiency due to a lower number of bearings - In podded propulsion there are
a lower number of bearings.

-

Decrease in hull efficiency due to reduced interaction between hull and propeller
however better efficiency can be achieved by placing a single pod behind a skeg or as
far aft as possible. Unfortunately this mean that the wake is no longer smooth and other
advantages will be lost

-

Increase of efficiency due to lower thrust deduction and added resistance from
appendages

-

Rotational energy recovery by the pod body in the propeller slipstream

-

Improvement of the flow characteristics into the propeller due to the absence of
appendages and significant influence from the vessel aft ship design

-

Decrease of efficiency due to losses in electric components - For space considerations
pod propulsion concepts are often driven by electric motors running according to the
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diesel electric principle described below. The decrease in efficiency is estimated to be
around 10% in total
-

Increase of efficiency at lower vessel speeds according to the same principles described
below. At low propeller loads, the number of diesel generators is reduced through which
each generator is running closer to its optimum design point thus operating at higher
efficiency. This is particularly an advantage when slow steaming is practiced for the
reduction of underwater noise in noise sensitive areas

-

Increase of efficiency for vessels with high electrical loading from other machinery - For
vessels with high electrical loads such as for instance passenger vessels (hotel load)
and dredging and offshore vessels (pumps, winches etc.) fuel savings can be achieved
through a more optimum loading of diesel generators. Heat losses in electrical
components of the propulsion installation become less dominant as well

Figure 8.8: Sources of Heat Loss in Propulsion System

Summary:
From an energy efficiency point of view podded propulsion can be a good solution. Increases in
hydrodynamic efficiency of 15 to 25% have been claimed [8] however there are disadvantages
to bear in mind as listed previously. Podded propulsion is, for practical space and layout
considerations, often diesel electrically driven. Heat losses in electrical components can be as
high as 10%. This energy disadvantage may be compensated by an increase in efficiency
achieved through intelligent load distribution over the diesel generators, particularly when
vessels are running at lower vessel speeds (lower propeller load), as vessels may do in order to
reduce underwater noise in noise sensitive areas. Also for vessels with other machinery on
board with high electrical loads, besides the main propulsion, the electrical heat losses become
less dominant.
Hydrodynamic noise is reduced as pod propulsion allows hull shapes which will give a much
more evenly distributed inflow velocity of the water into the propeller (even wake distribution).
Gear noise is also eliminated, as no gear transmission is required. Although the overall noise
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from pod propulsion would be lower than for conventional propeller arrangements, an increase
of low frequency noise can be expected coming from the electric engine that is in turn fitted into
the pod which is suspended under water. It is additionally noted that the use of podded
propulsion is only appropriate for new build vessels and would not be a suitable retro-fitting
option for in service vessels.
Table 2.4: Comparison of Diesel Electric Pod Propulsion and Classic Mechanical Propeller Drive

A significant body of research into podded propulsion was carried out in two EU-funded FP5
Projects, namely “OPTIPOD” [9]

and “FASTPOD” [10]. The findings indicated that whilst

general noise levels from pod propulsion may be lower, there tends to be a higher level at low
frequencies, and that at some yaw angle of the unit, both the noise levels and the cavitation
levels tend to increase [11]. The increase in cavitation could impact on the efficiency of the
propulsor. A study carried out within the FASTPOD project found that in terms of the power
required to achieve design speed, for both a ROPAX and a cargo vessel, a podded propulsion
system was found to require around 20% less power [7].

2.2.4. Reduction of TPK
In D5.1 [1] the beneficial effect of keeping propeller revolutions to a minimum has been
discussed in relation to underwater radiated noise. The lower the propeller’s revolution speed,
(expressed in turns per knot number (TPK)) the lower the propeller underwater radiated noise is,
providing no cavitation occurs.

Quantification of the impact on propeller efficiency
Decreasing the revolutions of a propeller means that the pitch of the propeller needs to be
increased if the thrust needs to remain the same. This increase of pitch is however limited as an
increase of pitch decreases the pressure at the propeller suction side closer towards the vapour
pressure. When the pressure at the propeller suction side becomes lower than the vapour
Dissemination level: PUBLIC
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pressure cavitation will occur which may result in thrust break down, but will also offset the
reduction of underwater noise aimed at in the first place.
To avoid cavitation, the propeller diameter may have to be increased in addition to increasing
the pitch. This has a beneficial effect on the efficiency of the propeller, as can be demonstrated
through the efficiency equations obtained through applying the momentum theory:
The effect of decreasing the turns per knots can be demonstrated with the equation for the open
water efficiency of a propeller:
2

Where:
-

is the ideal open water efficiency of the propeller
is the advance velocity expressed through
speed and

the wake fraction

-

is the propeller thrust

-

is the propeller torque

-

is the propeller revolution speed
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Figure 2.9: Effect of the TPK number on the open water efficiency of a 4-70 screw series 19A nozzle

From the equation for the open water efficiency it can be seen that the TPK is represented as:
2

Decreasing the turns per knot by a factor 2 will decrease the advance coefficient by a factor 2.
The ratio

stays roughly the same, as both the thrust and propeller torque are both projections

of the lift force, and will therefore, if they change, change at the same rate.
In Figure 2. the effect of the TPK on the efficiency is demonstrated through an open water
diagram of a propeller with a 19A nozzle, of which the open water diagram has been taken from
Carlton [12]. The propeller diameter has been kept constant and the change of turns per knot
has been achieved by changing the pitch of the propeller in order to obtain the same thrust at
every point in the second graph of Figure 2.. In this particular case, for a reduction of 1 TPK, an
increase of efficiency of approximately 1% is obtained.

Limitations to decreasing the TPK
The effect of the propeller diameter has been known for a long time, and selecting propellers
with as big a diameter as possible is for that reason common practise with the design of a
propulsion driveline. The propeller diameter is however limited by the following parameters:
From a noise and vibrations point of view:
-

Blade tip- hull clearance:

Although the blade tip displacement effect will be felt much stronger through the aft ship
vibrations, when the propeller blade tip is positioned closer to the hull, a much stronger effect on
vibration levels is induced by the increasing wake gradient closer to the hull. Through the rapid
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change of wake moving closer towards the hull, the vibrations induced by fluctuating cavity
volumes are also much higher with a propeller with smaller blade tip hull clearance. This also
adversely affects underwater radiated noise.
-

Distance between blade tip and water surface

The deeper a propeller is under water, the higher the static pressure is. Cavitation occurs at
higher propeller loads for a propeller deeper under water than for a propeller closer to the water
surface.
-

Propeller blade tip speed (max 35 m/s)

High tip speeds increase the chance of tip vortex cavitation occurring.
From a propeller-drive line performance point of view:
Another practical limitation to the maximum propeller diameter and the minimum propeller
revolution speed is the maximum torque the engine is capable of delivering. With an increasing
propeller diameter and pitch, the torque required to run the propeller also increases.
Unfortunately, at low revolutions, diesel engines are required with high cylinder displacement
volumes to a point that it would not be practical. Alternatively, the number of cylinders of the
engine could be increased, which increases the space required for the main machinery.
Another option would be to run the engines at high speed and apply gearboxes. However, with
increasing reduction gear ratios, the size of the gearbox increases as well.
Electric motor propulsion may be used to overcome the problems with high torque requirements,
as electric motors are capable of delivering high driving torque at low rotation speeds.
It would again be unsuitable to apply the principles of TPK in a retro-fitting scenario, as this is a
measure which should be applied from the start of a design.

2.2.5. Impact of optimization of hull design in URN noise
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 propeller working
in the viscous wake is desired, e.g. [13]. 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
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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 over 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 Section 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
greater 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 [14]. The housing also makes it possible to design the
unit so that the pressure at the impeller is kept higher, thereby reducing 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 propulsive efficiency.
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As in all designs the choice of hull lines in combination with the propulsive arrangement is a
compromise between propulsive efficiency, noise/cavitation, manoeuvrability, reliability and not
least economy.

2.2.6. Control Strategies for Controllable Pitch Propellers (CPP)
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, which is 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 engage the clutch 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 the engine running at constant RPM. This gives the possibility to
run an AC shaft generator to supply a constant frequency power to the systems on-board. A
vessel with CPP operating at constant RPM is usually optimized at NCR (nominal continuous
rating). If the speed of the ship needs to be reduced, this is done by reducing the pitch of the
CPP. When the pitch angle is reduced the pitch distribution is changed, see Figure 2.10.

Figure 2.10: Pitch Ratio as Function of Radius at Different Pitch Angles for a Specific CPP. For this
Propeller a Reduced Pitch Angle of about 20 Degrees gives Zero Thrust
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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
results in unnecessarily high fuel consumption, excessive cavitation and increased noise levels.
Some ships have an arrangement whereby the engine can run at variable RPM, which allows
the propeller to operate at optimal pitch so the fuel consumption can be reduced. The
calculations below have been done to quantify the gains possible by redesigning the control
system so that the vessel will run at variable RPM and more or less constant P/D instead of
constant RPM and varying P/D.

Power requirement
Based on the model test results [15], a calculation of the power requirement for different settings
was performed. Figure 2.11 shows the power needed to reach a specific speed with different
RPM.

Figure 2.11: Shaft Power as a Function of RPM @ Constant Speeds

As can be seen a reduction in RPM leads to reduced power requirement in all cases. If the RPM
would be decreased even further the pitch would have to be increased beyond the optimum and
the power would increase again. No tests were done for these pitch settings hence the optimum
is not clearly visible in the figure.
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In Figure 2.12 a comparison is made between the power requirement running at constant RPM
(the normal case for this kind of vessel) and the power requirement running at fixed pitch. The
pitch setting in the second case is the design pitch of the propeller, which is in principle the
optimum pitch. As can be seen the figures coincide at full speed.

Figure 2.12: Shaft Power (MW) as a Function of Speed @ Constant RPM

This is expected since this is the design point of the propeller - i.e. the optimization for the
propeller is done at this speed. At lower speeds the required thrust of the propeller is reduced.
At a speed of 11 knots the power required at constant RPM is 1600 kW, whereas with optimum
pitch it is about 1300 kW, a difference of 300 kW.

Fuel consumption
A typical engine for this kind of vessel has a specific fuel oil consumption (SFOC) of about 200
g/kWh. This means that the difference in propeller power requirement resulting from a change to
variable RPM directly results in the fuel consumption goes from 7.7 to 6.2 tonnes/day at 11
knots, a saving of about 1.5 tonnes/day or 20%. At lower speeds the proportional saving is even
higher, whereas it is nil at design speed. These figures are specific for the case study vessel,
but the general behaviour is the same for any ship.
There are also a few other factors changing when reducing the RPM, as follows:
•

The engine SFOC is lowered due to reduced frictional losses and more efficient
combustion. Typical savings are in the region of 1-6%
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•

Frictional losses in the gearbox are reduced. Typically the losses at full load are about
2% for a gearbox of this type, i.e. about 60-70 kW. If the RPM is not reduced the loss will
stay at 60-70 kW; with reduced RPM it will stay at 2% of actual power, thereby going
down to about 30 kW

•

Directly driven pumps at the main engine (lube oil, water circulation, etc.) will also
consume less power at lower RPM. Capacity problems may occur, however, if these
pumps are not designed for the lower RPM

In total these additional savings could result in 3-8% reduction (sometimes even more) in fuel
consumption, i.e. another 150-500 kg/day.
With a diesel fuel cost of about 550 USD/ton (late March 2015) this means a saving of about
1000 USD/day when running at reduced speed. In a weak market this kind of slow-steaming is
quite frequent and therefore the saving potential is definitely realistic.

Cost-benefit analysis
As has been shown running at (in principle) constant P/D ratio reduces the fuel costs
considerably, at the same time also reducing noise levels to a large extent.
What are then the costs for retrofit the system to make this type of operation possible?
There are two main parts:
•

The governor for the engine is often designed for constant speed (or possibly full speed
and idling speed). Changing the governor and reprogramming the control system for
variable RPM is normally not a very costly item

•

If auxiliary power is normally generated by a Shaft Generator (SG), the engine speed
cannot be changed without also changing the auxiliary power frequency. This means
that when fuel optimization mode is used the auxiliary power has to be supplied by
Diesel Generators, which is less efficient and reduces the savings. Introducing a
Variable Frequency Converter (VFC) drive system powered from the SG and supplying
the grid enables keeping the grid voltage and frequency constant also when the main
engine speed is lowered

Budgetary quotes have been received from a company specialized in this business.
Comparisons have also been done with quoted costs in [16].
The total cost for both parts above are likely to be about 200-300 000 € for the vessel in
question.
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Calculating with 250 running days/year (based on Sirius normal operating pattern, case study
vessel management) and being able to realize the saving about 40% of the time (when slowsteaming is an option) this means that the payoff time will be 2.5-3 years, which is well in line
with the conclusions in [16].The expected reduced maintenance costs will improve the equation
even further.
For new-built vessels the installation cost will be much smaller, therefore this solution should be
strongly considered for these. In the case of new-built vessel there are also other solutions
available regarding Shaft Generators that may be even more attractive from operational
aspects. Especially of interest are systems with DC Main Switchboards where the production
modes of electricity become much more flexible, see for instance [17].

2.3. Reduction of machinery noise
The following section will outline how some of the proposed solution for minimising the
propagation of machinery noise and vibration are likely to impact on the fuel efficiency of a
vessel to which they are applied.

2.3.1. Elastic mounting
Elastic mountings are well known solutions to reduce the structure borne noise of the machinery
of ships. When a single elastic bench is used, the weight of the elastic mountings and the bench
are negligible. However, the double bottom should be stiff enough (at least 20-30dB more in
terms of mobility, even though the more, the better) so the elastic mountings can work properly.
In addition to this, it is also important to remark that the amount of energy introduced into the
structure by the engine will depend on the stiffness of its foundation. With all these factors in
mind, depending on the application, the double bottom may require to be stiffened (with regard
to the structural integrity requirements) which would have an impact on ship weight. In a recent
experience of an 80m long research vessel, the thickness of the floors and tank top below the
engine room had to be changed from 9mm steel plates to 16mm and 13mm to 20mm
respectively. This modification caused an increase of 14.2ton in the weight of the ship structure
(0.3% more of the total displacement of the ship). In any case, this will depend on the specific
application and numerical prediction and experimentation are required to optimize the
foundation in this regard.
On the other hand, if a double elastic bench is used, the intermediate frame has to have
considerable mass (at least 40-50% of the mass of the engine). In order to understand what this
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would imply in reality (even though it depends on the application a lot), a real case is presented
below, referring to the same vessel as was presented earlier in the subsection.
The ship had a total displacement of 3300 ton and three diesel engines (diesel gen-sets)
mounted on a double elastic bench. The mass of each engine was 14500kg, so the intermediate
frame recommended for each one of them should have a mass of at least 7200kg. Therefore,
the three intermediate frames have a total mass of 21.6 ton which was about 0.7% of the
displacement of the ship. This increase of the weight will have a proportional impact on the fuel
efficiency in terms of grams of fuel consumed to transport a kg of cargo.
It is possible to add elastic mountings to in-service vessels if they are found to be appropriate.

2.3.2. Active insulation
Active insulation units work by introducing a secondary excitation which is out of phase with the
primary machinery excitation of the structure, in order to reduce some of the vibrations. This
therefore requires not only additional mountings for machinery items, which will incur a weight
penalty, but also a systems of sensors, controllers and actuators to deliver the secondary
excitation, which will require a modicum of electrical power. Whilst the current cost of such units
is a prohibitive factor to their use on board commercial vessels, these units are unlikely to have
a very large impact on fuel efficiency. It would be difficult but not impossible to design and retrofit active insulation to an in-service vessel.

2.3.3. Acoustic enclosures
Similarly to elastic mountings, acoustic enclosures and active insulation again have the
capability of making a notable impact on onboard and underwater noise levels when applied in a
suitable manner to noisy machinery installations however they are expected to have negligible
impact on fuel efficiency. The additional weight that they will add to the vessel will be very small
and hence the fuel consumption will not be affected. In terms of noise, acoustic enclosures
mainly affect the transmission of airborne noise and have the biggest impact on noise in the
engine room and noise in the compartment directly adjacent to the engine room (typically
spaces on the main deck, engine control room etc.). Acoustic enclosures however hardly affect
the transmission of structure borne noise which is the main transmission path of machinery
noise to the underwater environment. Therefore acoustic enclosures only have a small impact
on URN. They are however a suitable option for retro-fitting if the benefits can be found to
outweigh the cost implications.
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2.4. Reduction of propeller noise
The following section will address the noise and vibration generated by the propeller. It will
examine the mitigation measures proposed and will investigate whether the solutions could also
provide additional benefits in terms of fuel efficiency, or whether a compromise would need to be
sought between propulsive noise and efficiency. A general discussion on the factors which
influence propulsive efficiency can be found in [13], and it can be seen that some of the factors
discussed would compromise URN performance.

2.4.1. Propeller blade design optimization
As has been outlined in [1], propeller design procedures have evolved significantly over recent
years, allowing for improved assessment of propeller characteristics, considering both 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. Propellers are now required to not only maximise efficiency but also reduce sideeffects such as radiated noise and pressure pulses. As is discussed in [1], design optimization
approaches are required to enable compromises in the design between efficiency, cavitation
and noise, ideally at several key operating points for the propeller.
Within the scope of the SILENV project [14], a generic conventional propeller was designed
through an optimization approach. 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, 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 allowed the desired results to be achieved by designing a
propeller, see in Figure 2.13, 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 [18], as shown in the Figure 2.14,
validated the design strategy and the design assumptions, showing the reliability of the propeller
blade optimization approach as an efficient and robust design procedure for achieving a
compromise for both efficiency and noise performance.
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Figure 2.13: Original (left) and Optimized (right) Propeller Geometry [18]

Figure 2.14: Comparison of Propeller Performance at Design (left) and Reduced (right) Pitch Setting.
Original Propeller versus Optimized Propeller, CEHIPAR Towing Tank Measurements [18] (red = KT,
green = 10KQ, blue = η0)

2.4.2. Non-conventional propellers
Usually when trying to improve the noise and vibration (N&V) characteristics of conventional
propeller a decrease in the noise usually also results in a decrease in the fuel efficiency. That is
why when the goal is to decrease the N&V due to the propeller without affecting the fuel
efficiency a good option can be the use of non-conventional propellers.
Various non-conventional propellers can be used to reduce the propeller excitation. These
devices have been generally invented to increase the fuel efficiency, with some of them being
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beneficial from the point of view of noise and vibration as well. For instance, the propulsor called
the “ducted propeller” is so called simply for the fact that the propeller is shrouded by a nozzle
which partially protects the nearby hull from the propeller influence, reducing the pressure
fluctuations. A brief review of these is presented in [1] and in the deliverables of the FP7 Project
SILENV [19].
What follows is a study of the so called contracted and loaded tip (CLT©) propeller that is a kind
of end-plate propeller introduced around 30 years ago into the market. Many ships now are fitted
with CLT propellers with proven gains in fuel efficiency. One of them, a twin screw cruise ship
designated as RP-1-ACC (See main characteristics in section 2.4.2.1) was initially provided with
conventional high skew propellers. Severe vibrations of the high class cabins in off-design (low
pitch) conditions obliged the owner to find a solution that was a substitution of the conventional
with end-plate CLT propellers, designated as CLT1 [23] and which is still the propeller fitted on
the ship. The result of installing CLT propellers was a drastic reduction of the vibrations and a
gain of fuel efficiency of about 6% at design speed. This ship was also studied during the
previous EU FP7 project on noise and vibrations called SILENV [19]. A second propeller (CLT2)
of this type has been designed in order to improve the previous design. The tests and analysis
performed show that the new propeller (CLT2) succeeded in improving the characteristics of the
old one (CLT1) as outlined below:
•

The gain of propulsive efficiency was 2% for design and 6% for low pitch conditions

•

At low pitch, the CLT2 propeller has better cavitation characteristics, and is very similar
at design conditions

•

The above provoked a considerable decrease in the pressure pulses on the hull
(measured on a flat plate in the Cavitation Tunnel) for the low pitch condition, lower for
the design condition

•

The spectrum of the pressure pulses remains mainly tonal thus avoiding the
broadband excitation responsible for vibrations

However, stable cavitation was observed on this propeller at both conditions that may give rise
to low frequency underwater noise (up to 250 Hz). As a continuation of the work started in the
SILENV project, in the present work a new propeller (CLT3) has been designed by SISTEMAR
(subcontractor of CEHIPAR and exclusive designer of CLT propellers worldwide) with the aim of
reducing the cavitation and the pressure pulses in comparison to CLT2, permitting some loss of
propulsive efficiency, but keeping it above the efficiency of the conventional propeller. By
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comparing the behaviour of the CLT3 propeller with CLT2, conclusions will be drawn about the
results of the measurements for improvement and for further work.
The case study full scale ship afterbody view is shown in Figure 2.15. The ship holds the
propeller CLT. Its main particulars can be found in the Annex A (Table A.1).
The hull and the propellers of the ship have been reproduced in model scale (scale factor =
17.96) and tested in the facilities at CEHIPAR.

©

Figure 2.15: Photo of a Stern View of the Ship With CLT propellers (CLT1)

The new propeller was designed by SISTEMAR (subcontractor of the AQUO consortium). Using
as a basis the geometry of the previous design (CLT2), small modifications have been
performed with the aim of reducing the cavitation and improving the propeller from the point of
view of N&V, while avoiding a substantial drop in the fuel efficiency. The modifications affected
the pitch and camber distributions.
The model propeller has been constructed at CEHIPAR using Computer-Aided Manufacturing
(CAM) technology and a Computer Numerical Control (CNC) milling machine. The main
characteristics and a photo of the model are shown in Table A.1 and Figure A.1.
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The propeller model was tested in the CEHIPAR towing tank and the model test results have
been recalculated (extrapolated) to full scale by SISTEMAR. The forces measured as thrust and
torque coefficients are presented in Tables A.3 and A.4 for the design pitch and Tables A.5 and
A.6 for the low pitch condition, as a function of the advance ratio.
The propulsion tests have been carried out in the CEHIPAR towing tank following the ITTC
procedure [5] using a hull model previously fabricated in CEHIPAR and the model of the current
propeller (CLT1) of the ship. In the AQUO project the self-propulsion prediction was calculated
using the same propulsive coefficients at a similar loading condition derived for the open-water
tests of the CLT3 propeller. Tables A.7, A.8, and A.9 as well as A.10, A.11 and A.12 show
numerical results of the propulsion simulation with the CLT3 propeller at design and low pitch
conditions.
The cavitation and pressure fluctuation tests have been carried out in the cavitation tunnel at
CEHIPAR setting the appropriate conditions for loading on the propeller blades and surrounding
pressure. The results of the observations on both sides of a reference blade are presented as
cavitation diagrams, where the angular position increases in the sense of rotation and the
various types of cavitation have been schematically presented in Figure A.2. The corresponding
cavitation diagrams are shown in Tables A.13 and A.14, accompanied by cavitation pattern
figures.
The pressure pulses have been measured on a flat plate located above the propeller shaft,
simulating the stern part of the ship at the same conditions as the cavitation observation. The
harmonic amplitudes of the pressure fluctuations have been calculated using the Matlab function
“Pwelch” applied over the recorded time signal not windowed or overlapped, measured with
1000 Hz sampling frequency, in order to allow for comparison with the SILENV Project.
The locations of the 9 transducers on the plate and their numbering are given in Figure 2.17
below. A Fourier analysis of the spectrum is carried out and the results are presented in Tables
A.15 and A.16 as mean values of the first four blade harmonics:

p (θ ) =

∑

k =1

A m p l k . s in ( k .n z .θ + P h a s e k )

where nz is the blade passing frequency (BPF) and θ is the angular position of the reference
blade, positive in direction of rotation and zero at the top. Model result amplitudes are
extrapolated to the full scale ship without scale effect considerations.
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It is worthwhile to show the spectra of the pressure presented in Figures 2.16 and 2.17 at both
conditions, having a pronounced tonal character.

Figure 2.16 and 2.17: Pressure Spectrum at Sensor Nº1 at Design Pitch (left) and at low pitch (right)

The evaluation of the new propeller (CLT3) is done by comparing its characteristics with the
previous design (CLT2). At open water conditions the deviations (Figures A.4-A.7) are bigger at
design pitch. The only consequence of this is a shifting of the working point that was taken into
account.
At self-propulsion both propellers at the corresponding pitch conditions were compared as
shown in Figure A.8 for the design pitch. The conclusion about the fuel efficiency is more
evident comparing the propulsive coefficients. This is shown in Figures 2.18 and 2.19 below.
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Figure 2.18: Comparative Propulsive Efficiency of CLT3 and CLT2, as well as CON1 at Design Pitch
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Figure 2.19: Comparative Propulsive Efficiency of CLT3 and CLT2 at Low Pitch

Comparing the cavitation, at the design pitch condition stable sheet cavitation as well as tip
vortex cavitation consisting of two vortices separating from the endplate is observed for both
propellers (CLT3 and CLT2) on the suction sides of the blades. On this side, at the extremes of
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the sheets, small spots of cloud cavitation appear. In comparison, the cavitation extent in the
radial direction is a little larger for the old design (CLT2).
The observations did not detect any cavitation formation on the pressure sides of the blades for
either propeller.
For low pitch condition, no back cavitation was observed on the blade suction side of the CLT3
propeller, while for the CLT2 propeller a small extension sheet cavitation around the leading
edge appeared in a sector from 0 to 90 degrees. On the pressure side of the CLT3 propeller,
close to the root section small spots of cloud cavitation are observed, while the pressure side of
propeller CLT2 is free of cavitation.
Finally, the magnitude of the first blade harmonics of the radiated pressure from both propellers
are compared at design and low pitch conditions in Figures A.9 and A.10.
As can be observed, the distribution of the pressure changed with the new propeller and there is
no evidence which of them is better from the point of view of propeller excitation. To answer this
question it was decided to calculate the vertical force induced by the propeller on the flat plate
for the main harmonic.
The results for the first 3 blade harmonics in kN extrapolated to full scale case are shown in the
Tables 2.5 and 2.6 below.
Table 2.5: Forces on the Hull (Flat Plate) of the Full Scale Ship due to the Propeller at Design Pitch

kN
CLT3
CLT2

1st
BPF
75.1
55.7

2nd
BPF
14.3
2.0

3rd
BPF
17.0
3.7

It is evident from this table that for design conditions the CLT3 propeller generates higher tonal
forces and consequently we may expect higher tonal noise.
Table 2.6: Forces on the Hull (Flat Plate) of the Full Scale Ship due to the Propeller at Low Pitch

kN
CLT3
CLT2

1st
BPF
4.8
12.9

2nd
BPF
0.4
0.3

3rd
BPF
0.1
0.6
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The comparison clearly shows that for this service condition propeller CLT3 may be superior
from the point of view of noise and vibrations (NV).
To conclude, the study of the application of end plate propellers to reduce propeller excitation
was based on the experimental programme and evaluation with the present design of CLT
propeller, the previous one and the alternative conventional propeller. It is clear that it is possible
to reduce the pressure disturbance, and consequently the noise emitted from the propeller
without substantial reduction of the fuel efficiency. This was demonstrated indirectly by
comparing the pressure fluctuations affecting the hull represented by a flat plate especially for
low pitch conditions, and the propulsive efficiency of the propellers. Obviously, the small
modifications of design were not sufficient to improve the propeller at design speed but it is clear
that this can be achieved with more significant future modifications in the design, and there is
enough margin in propulsive efficiency compared to the conventional propeller.
The gain from the point of view of N&V should be in medium frequency range as this is where
the broadband excitation observed in cavitating conventional propellers has dominance.
Although the main problem for this ship is manifested at that condition and the new design
accomplishes its goal, further research is necessary to achieve better behaviour at design pitch.
In any case, this kind of propeller, if designed correctly, will satisfy both the N&V and the fuel
efficiency objectives.
This type of propeller is suitable both for retro-fitting and as a new design option.

2.4.3. Wake conditioning devices
The nature and speed of the flow of water from the stern of the ship’s hull into the propeller has
a significant impact on its operation. Changes in the wake change the conditions in which the
propeller is operating, which in turn can impact on its efficiency, noise and cavitation
performance. Ideally, the flow of the wake into the propeller should be as smooth and uniform as
possible however for commercial ships the shape of the hull stern section is often also
influenced by other concerns such as cargo and machinery requirements. Therefore an optimal
hull form design in terms of propeller performance cannot always be achieved. In these cases,
wake conditioning devices can be applied in the hull stern region or around the propeller in order
to try and modify the wake to a more uniform and ideal condition. The advantages of these
approaches are that they can be applied both the new designs and in-service vessels. However
as will be discussed below, these devices also have to be optimised for the particular vessel to
which they will be fitted, and this is discussed in detail in [21].
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Several different measures have been proposed in D5.1 [1] which all address various aspects of
the wake inflow into the propeller. In terms of impact on noise, all are thought to improve
cavitation performance and increase Cavitation Inception Speed (CIS), reduce propeller noise
and also vibrations through the improved homogeneity of the inflow. Their impact on fuel
efficiency will therefore be considered below:
•

Schneekluth duct – The Schneekluth duct or nozzle is probably the first of a group of
solutions known as wake equalizing ducts (WED). These are installed forward to the
propeller just above the propeller shaft and take the form of two half-circles, as shown in
D5.1 [1]. Its purpose is to improve propulsive efficiency through the reduction of flow
separation in the aft part of the hull, by making the flow into the upper part of the
propeller more uniform, at the cost of some additional viscous drag. Hence in general,
the success of such a device will depend on the extend of flow separation and wake nonuniformity prior to the addition of the duct, and requires careful design in order to be
effective [22]. The manufacturers claim fuel savings of up to 12%, as well as reduced
vibrations of up to 50% [23]. However as is discussed in [24], there can be difficulties in
extrapolating the performance of these devices from model scale tests to actual full scale
performance. Therefore, to fully assess their performance on vessels, full scale tests and
comparisons or numerical studies are required. An example of a CFD study is presented
in [25], which concludes that whilst a maximum gain of 10% may be achievable in a very
particular case, lower gains or even losses can also occur in less favourable conditions.

•

Mewis Duct® - As introduced by the manufacturer in [26] and in D5.1 [1], the Mewis
Duct® is a power-saving device which combines pre-swirl fins into a wake equalizing
duct intended to be installed just forward of the propeller. As with the wake equalizing
ducts outlined above, this aspect of the system aims to improve the uniformity of the
flow. The fins then act in the same way as those discussed later to reduce the rotational
losses. The combined system also provides further benefits in the form of increased
loading in the inner radii of the propeller which will reduce tip loading and hence make a
small improvement in propeller efficiency and cavitation performance. The manufacturer
claims power savings in the region of 3-9% for slower speed vessels with high block
coefficients. These results appear to agree well with model scale test carried out in
various conditions for various vessel types, and outlined in [27] where gains in power
varied between 1.5 and 7.7%. If applied with an appropriately optimised designed
system to a suitable parent vessel and providing the claims can be proven in real ship
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applications, it would appear that this mitigation measure could impact positively on both
noise and vibration and fuel efficiency performance.
•

Nozzle – As outlined in D5.1 [1], nozzles or ducts can be used around the propeller to
modify the flow into the propeller, which is useful for various reasons. There are two
principle types of nozzles: those which accelerate the flow into the propeller, and those
which decelerate it. The second type is more commonly used as a method for cavitation
and noise control as the duct decreases the speed of the inflow into the propeller, in
particular on naval ship and submarine applications [28]. This will however have an
impact on the operational conditions of the propeller. The presence of the duct or nozzle
will also reduce the losses occurring at the propeller tips by restricting the water flow to
these areas.

•

Simplified Compensative Nozzle (SCN) – This is another method by which the wake
inflow can be modified, and it is typically installed on both sides of the hull aft section in
front of the propeller. One of their advantages is the ease with which they can be
manufactured and installed in comparison to some of the other solutions. The SCN helps
to make the inflow into the propeller more uniform and hence can reduce inefficiency and
noise associated with flow oscillations [28].

•

Grothues spoilers – The Grothues Spoiler comprises of curved fins located forward of
the propeller. Their purpose is to suppress bilge vortices, homogenise the flow into the
propeller for improved efficiency, and can also serve to reduce hull resistance if properly
designed [22]. They are most suitable for single-screw propeller systems on U-shaped
hull forms, as in these cases the fins can have the biggest impact on the flow. As
discussed in D5.1 [1], improvements in efficiency from 3-9% have been reported,
depending on the application [29]. Inhomogeneous flow into the propeller can lead to
pressure fluctuations on the propeller and ship’s hull above the propeller [30], hence the
homogenization of this flow may lead to lower pulses and hence lower noise and
vibration as a consequence.

•

Swirl generating devices – As discussed in D5.1 [1], this group of devices aims at
reducing rotational energy losses, either by applying stator fins before or after the
propeller, by using a contra-rotating propeller. According to [27], pre-swirl fins aim at
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introducing a favourable asymmetric swirl into the propeller inflow in order to improve
propulsive efficiency, however this will be at the cost of some additional resistance.
Manufacturers and some studies in the literature [31], [29], in particular regarding the
well know Daewoo Shipbuilding & Marine Engineering Co. (DSME) pre-swirl fins, have
suggested possible propulsive power gains of up to 4-6%. This was also confirmed in
CFD, model and full scale trials carried out by SSPA, discussed in [32]. However in a
study carried out at University of Strathclyde [33] it was found that whilst the thrust
produced at a given RPM is indeed increased, there was also an increase in the required
torque. Therefore, whilst in some cases of vessels particularly operating at higher
speeds, reductions in delivered power and hence fuel consumption of around 1% was
observed, in other cases the promised savings in delivered power and hence fuel
consumption could not be achieved. The application of pre-swirl fins should therefore be
investigated in a case-by-case basis, taking into account the typical operating profile of
the vessel for which they are intended. Some additional gains in propeller efficiency may
be possible in cases where the cavitation is also reduced using this device.

Post-swirl measures, such as post-swirl fins or twisted rudders can also be aft of the
propeller in order to try and recoup some of the rotational energy being lost as well as
those losses in the propeller hub vortex. A twisted rudder is investigated in [33] and
compared to the performance of the same vessel in a typical configuration. It was found
that whilst the twisted rudder could reduce the resistance of the vessel by around 1.3%,
it influenced the propeller performance and therefore when compared against the
baseline at self-propulsion, it took around 1.5% more power to achieve target speed.
This again suggests that it is very important to be clear regarding the metrics which have
been used for comparison with the baseline, and the need for case-by-case assessment
of these approaches. The post-swirl fins will also have no impact on the cavitation
performance of the propeller [27].

Contra-rotating propellers, whereby two propellers are installed in series with the aft
propeller taking advantage of the swirl induced by the forward one is another means by
which swirl can be reduced or used to reduce losses. Increases in propeller efficiency in
a single-screw vessel from 2-3% [34] to 6-20% are claimed in the literature [29]. This
again demonstrates the need to assess this measures on a case-by-case basis, with
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very clear metrics used for comparison to ensure that the claimed improvements in
efficiency are realistic, and do not come at the cost of another aspect of performance.
•

Grim wheel – The Grim vane wheel is a well-known example of a post-swirl device,
originally invented by Otto Grim, whereby a freely rotating set of blades is installed
behind the propeller, with a diameter larger than the propeller itself. The inner parts of
the blades act as turbines and the outer parts act as propellers, and the whole system
provides additional thrust [22] . Fuel consumption savings in the region of 8% have been
claimed for this system in particular applications such as cargo ships, however it is not
clear if comparable savings could be achieved by simply using a larger propeller in the
same location, rather than a smaller propeller coupled with a Grim wheel system [29].
The impact is said to be largely dependent on the Ct value of the parent propeller, and
improvements in efficiency could vary between 2-3% for high-speed vessels to as high
as 13% for full-form vessels [22]. As the Grim wheel will also rotate slower than the
propeller, potential problems with blade fatigue and cavitation erosion should also be
taken into account. In terms of acoustic performance, these aspects should of course
also be considered, to avoid additional noise and vibration generation.

2.5. Structural solutions to reduce Underwater Radiated Noise
The following section will discuss the options available for using the structural design of a vessel
as a means to reduce or mitigate the propagation of noise to the water. As discussed in D5.1 [1],
the onboard noise arises from two different sources: the primary transmission of machinery
vibrations, and the secondary transmission of airborne machinery noise through interaction with
the structure. The ship structure provides the transmission path for this noise and vibration
through the hull and into the surrounding water. Hence, changing the transmission properties of
the structure can reduce the amount of noise and vibration it propagates and hence radiates to
the water. The following sections will investigate how these proposed noise and vibration
propagation reduction measures may impact on the fuel efficiency of a vessel to which they
have been applied.
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2.5.1. Hull girder spacing and hull thickness design according to acoustic
specifications
Several measures relating to the spacing of girders and stiffeners, as well as the hull plate
thickness have been proposed.
The first measure discussed was to reduce the spacing between stiffeners, however it was
mentioned that this is unlikely to have much impact on the transmission properties of the
structure. This is also unlikely to impact significantly on the fuel efficiency as although there will
be a small increase in weight due to the additional stiffeners required, this will not be large
compared to the overall weight of the vessel and cargo.
The second measure suggests increasing the spacing between stiffeners. This would naturally
lead to an increase in the hull plating thickness, to ensure that suitable structural strength was
maintained. It is stated that this is foreseen to have an impact on the transmission properties.
Regarding fuel efficiency, there will again be a small impact on the weight of the vessel, as
despite the decrease in stiffeners, the additional thickness of the hull plating is likely to more
than compensate. However this is again not expected to be a large increase in weight in
comparison to the full weight of the vessel and cargo and hence is not expected to have a
significant impact on the fuel efficiency of the vessel.
The third measure outlined is to explore options for using uneven stiffener spacing. This
measure is expected to reduce the propagation of noise and vibration by the structure, whilst
having negligible impact on the weight of the vessel as the number or stiffeners or hull plating
thickness are not being changed. This measure will therefore have no impact on the fuel
efficiency of the vessel.
Significant structural modifications are unlikely to be a realistic retro-fitting option and therefore
these approaches are most likely to be applied only during the design of new vessels.

2.5.2. Lightweight materials
The use of lightweight materials such as aluminium or composites, either fully or partially within
a vessel, is not a new idea within the marine industry however due to their cost and construction
requirement, their use tends to be limited to smaller and more specialist vessels rather than
typical commercial ships. In terms of fuel efficiency, lightweight materials have an obvious
advantage over steel in that they will provide a significant decrease in weight. This will naturally
have a significant effect on the fuel efficiency, as significantly less power will be required to
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propel the vessel at the same speed. Whilst D5.1 [1] suggests that for composite materials in
particular the acoustic transmission properties of these materials may also be favourable, it is
noted that significant additional research is required to fully understand and be able to analyse
the behaviour of these material before they become a viable solution for use on commercial
vessels. Again the application of lightweight materials to in-service vessels is unlikely to be
feasible and therefore this option should be considered for new designs only.

2.5.3. Structural damping
As discussed in [1] and [6] increasing the damping of the radiating plates will reduce their
vibration causing direct reduction in the underwater noise. However, the area of application of
this solution should be large enough so it can be effective. Structural damping in this case is
taken to refer to the material which is applied internally on a vessel, typically on ceilings and
bulkhead surfaces, to increase the damping properties of the structure, and hence reduce the
propagation of noise and vibration through the structure and to the water.
The impact of this solution on fuel efficiency is mainly due to its impact on weight and reduction
of space. Giving general figures about this impact is difficult as it will be depend on the particular
case. However, we will use here the case study of the research vessel presented in the [6] to
give a figure about this.
Regarding underwater radiated noise, [1] gives reference claiming that applying extensively this
solution may reduce underwater radiated noise between 5-10dB. The case study presented in
[6] gives figures that are between 3-5dB for the particular case of the research vessel. In order
to achieve this level of reduction, the thickness of the treatment has to be larger than what is
commonly used to reduce airborne noise (due to the extra damping of the plating in contact with
water).
Table 2.5 gives the treatment weight, the area wherein it was applied, the impact on weight with
regard to displacement of the ship and the underwater noise reduction achieved.
Table 2.5: Impact on Weight of Different Treatments vs URN Reduction for the Case Study of the
Research Vessel

Type of
treatment

Weight of
the
treatment
(kg/m2)

Area
wherein it
was applied
(m2)

Free damping
6mm

3.1

35.15

Impact on
weight (ratio
weight of the
treatment and
displacement of
the ship)

URN
reduction

Installation

0.062%

1-2dB

Easy
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Constrained
layer (1mm
damping- 2mm
steel counter
plate)
Rigid damping
material with
constraining
effect (6mm)
Rigid damping
material with
constraining
effect (6mm)

15.2

35.15

0.37%

2-4dB

Easy

9

35.15

0.18%

3-5dB

Difficult

9

61.2

0.32%

4-5dB

Difficult

The additional of structural damping can be done retrospectively to in-service vessels. If it is
incorporated into a new design, the slight weight increase will of course have to be accounted
for within the design and hence should not have any negative impacts.

2.5.4. Double hull
A more arduous solution which is proposed in D5.1 [1] is the addition of a double hull to a
vessel. This is already a recommended structural additional in MARPOL for vessels such as oil
tankers as a measure for protecting against oil spills. However the measure has significant
disadvantages over single hull designs, most critically for fuel efficiency a significant increase in
the weight of the vessel. Whilst this is unlikely to be a feasible option for vessels not already
required to have a double hull, as the impacts on acoustic properties are thought to be only
modest and significantly outweighed by the disadvantages, for vessels already required to
include this measure, small optimisations in its design may provide additional isolation of
onboard noise from the water. This measure is only applicable to new vessels.

2.5.5. Other structural solutions
The most radical structural solution proposed is the use of multi-hull and in particular SWATH
designs instead of monohull designs. This measure is again unlikely to be a viable option for the
vast majority of commercial vessels due to conflicting requirements for vessel dimensions and
cargo stowage, however for more specialist vessel it could be a consideration. In terms of fuel
efficiency, the impacts could be extremely variable, and would have to be considered on a case
by case basis, as this change requires a full re-design of a vessel and how it is used. This would
impact on wetted area and hence resistance, installed machinery and hence power, and a
multitude of other aspects. Again these measures would only be applicable to new vessels.
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2.6. Other solutions to reduce Underwater Radiated Noise
This section will outline and discuss alternative measures for reducing the underwater noise of a
vessel, which have not fallen under the scope of previous sections. It will investigate how these
measures could impact on a vessel’s fuel efficiency and hence consumption in order to highlight
those solutions which could provide benefits both in terms of efficiency and acoustic
performance.

2.6.1. Bubble curtains
The use of bubble curtains, either emitted around the hull or around the propeller, as a means of
reducing the propagation of underwater noise from the vessel was proposed in D5.1 [1] as a
measure which has previously been applied in Naval applications. When applied around the
hull, the presence of the air reduces the propagation of noise which has chiefly arisen from
machinery sources and has been emitted to the water through structure-borne paths. When
applied to the propeller, it is generally aimed at reducing the noise generated by cavitation
bubble collapse, by adding air to the cavities and hence meaning that when they collapse the
bubble does not close completely and the noise is reduced. The bubble curtains discussed here
are primarily similar to those applied in pile-driving operations and their main purpose is to
reduce the propagation of noise from the hull further through the water. There are also air
lubrication systems which are primarily intended as a means of reducing the resistance of the
vessel through reducing the frictional resistance component. Ideally, if these two approaches
could be combined, then there could be multiple benefits however no record of such as system
has yet been observed in the literature.
In terms of the impacts on the fuel efficiency of the vessel, the first aspect to consider is the
powering requirements of the system. This system will require an air compressor system to
supply the bubbles, and the extent of the curtain around the hull will determine how much power
the system will require. The system will additionally add a small amount of weight to the vessel,
and the presence of the outlet tubes may also have a very small impact on the resistance of the
hull. In tests carried out on an old US Navy vessel, detailed in [35], it was found that there was
only a 1% difference in the achieved speed with and without the Prairie Masker system
operating, and a 2% difference in shaft power was observed.
The second aspect to consider is the impact of the bubbles themselves. In terms of the impact
on the hull resistance, it is possible that the presence of the bubbles could have a positive
impact in acting as an air lubrication system, as discussed in below. In the case of the propeller,
there may be a risk of reducing the propeller efficiency. In [36] where a discussion on an air
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lubrication system is presented, it was found that there was negligible impact of the system on
the propeller efficiency however it was noted that this was because the system was acting on
the hull and the bubbles tended to flow above the propeller disc. It was noted that having
significant levels of bubbles flowing into the propeller could have a negative impact on
performance. In general, whilst there is some literature available regarding these types of
systems and in particular the Prairie masker system in terms of the effectiveness in reducing
underwater radiated noise, there is little data available regarding the subsequent impacts on fuel
efficiency. This may be due to the fact that the systems have only been applied on military
vessels and hence this information is likely to be confidential.

2.6.2. Decoupling hull coating
As discussed in D5.1 [1], decoupling hull coatings typically take the form of micro-voided
material or visco-elastic slab tiles, which are stuck to the outside of a ship’s hull surface. In order
to be efficient, the slabs are not made of bulk material, but include closed air-filled cells. In all
cases, the material includes some air content in order to achieve some acoustic impedance
mismatch with the acoustic impedance if water. These materials are different from the structural
damping materials discussed in Section 2.5.3, as they are solely applied to the external surface
of the hull, the hull sections to be treated being below the waterline and in the vicinity of the
engine room. This is a mitigation measure which has generally been confined to military and
submarine applications where noise concerns may outweigh fuel efficiency requirements. These
tiles change the radiation efficiency of the hull, reducing the amount of onboard generated
underwater noise which is radiated to the water. Hence, their impact on the fuel consumption of
the vessel will be related to the combined weight of the coating, and of the resultant hull surface.
In terms of weight, it is estimated that a 0.5m by 0.5m by 0.05m tile could weight in the region of
12 kg [37], which would result in a significant additional weight on the vessel and hence
increased power required for the vessel to maintain speed. It could be an option to add the
coatings only in key noise radiation areas rather than over the whole hull, although fairing of the
hull surface would be an important consideration here.
The frictional resistance of the vessel to which such a coating is applied will depend on the
nature of the tile surface itself, as well as the combined finish. The tiles are typically made of
polymer foams or rubber, which typically have a fairly smooth surface finish therefore the tiles
themselves are unlikely to have a negative impact on the ship resistance in comparison to a
bare or painted steel finish. However the tiles, several tens of centimetres square in size, are
applied to the hull through a gluing process. Where sufficient care is not taken during
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application, gaps or uneven areas may appear at tile interfaces. The cumulative impact of these
on the resistance of the vessel may need to be considered, but would need to be assessed on a
case by case basis. There is a possibility of retro-fitting this solution on in-service vessels
however the benefits would need to be clear.

2.6.3. Propeller/hull cleaning
Within D5.1 [1], a clear link was identified between fouling on the hull and propeller, and an
increase in underwater radiated noise, as outlined below:
•

Increase in the risk of cavitation noise, due to the changes in advance velocity (VA) into
the propeller which is affected by the speed of flow over the fouled stern part of the hull

•

Increase in hydrodynamic noise due to the increase in skin friction as the water flows
over the fouled hull surface

•

Increase in machinery noise due to the increase in required power to maintain speed

As was observed, all three of these aspects will also have a negative impact on the fuel
efficiency of the vessel in question.
In contrast to the measures proposed below which mainly address the hull and propeller
surface, in research published in [38] and [39] it was found that there appears to be a bio-fouling
cue associated with ship radiated noise For areas of vessels with higher sound pressure levels,
levels of fouling, fouling rates, survival rates and development rates of various species were
found to be significantly higher. This reinforces the message that the interaction of underwater
noise and marine wildlife is very complication and further research is required to better
understand them. The reasons for apparent attraction to noise are not known. This suggests
therefore that reduction of onboard sources of underwater noise such as that arising from
machinery could also reduce hull fouling levels, and hence reduce the vessel’s resistance and
improve fuel efficiency. Furthermore, there are well established problems associated with the
transfer or non-native and potentially invasive species from one region to another, and a good
hull and propeller cleaning strategy would also assist in addressing this.
Several options were proposed, both to address reduction of skin friction as well as fouling more
directly, which could tackle this:
•

Reduce the wetted surface - this would have the results of linearly reducing the frictional
component of resistance, however in practice would require modifications to the hull and
appendages, or changes to the vessel loading condition. These aspects are addressed
in separate sections of this report
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•

Reduce the ship speed - this measure would quadratically reduce the frictional
component of resistance, however this measure is discussed in a separate section of
this report

•

Air lubrication - this measure aims to reduce either the friction between hull and water, or
the creating micro-bubbles to reduce the fluid density adjacent to the hull through the
introduction of air. These are different from the bubble curtains discussed in Section
2.6.1 as they are not intended to act as a sound propagation barrier. Both of these
measures, if applied, can reduce the resistance of the vessel and hence the power
required to maintain the same speed. However this has to be weighed against the
powering requirements for the air pumps, and the additional weight of any additional
machinery required for the system. Problems arising from the fouling up of the air outlets,
operating in higher sea-states and any interaction of the air cavities with the propeller are
also still being addressed, and hence these systems are not yet available to the
commercial mass market. From an acoustic point of view, they are generally considered
to influence the hydrodynamic noise, and the propagation of onboard airborne machinery
noise and hull vibrations as a result of machinery interacting with the structure [40].
Within the literature there is a number of papers detailing theoretical, numerical and
experimental studies of both air lubrication and micro-bubble systems [36], [41]. From
the point of view of reducing skin friction, all of these publications unanimously agree that
these systems do achieve a reduction, with power saving estimates ranging from 3-10%
in calm water [42] to up to 15% [43]. Mizokami et al carried out full scale sea trials using
an air lubrication system developed at Mitsubishi Heavy Industries, and also took into
account the power requirements for the system. This still resulted in reported power
reductions of up to 12% for thicker resultant air-layers [44].
Considering the findings discussed above which indicate acoustic bio-fouling cues for
some species, some consideration may also be required regarding the potential
increases in fouling in areas close to the additional pumps and systems which may
create noise at locations close to the hull surface.

•

Hull surface texturing - this measure again aims to reduce the resistance of the ship's
hull by distorting the flow in the boundary layer. This approach of applying a textured
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surface with riblets or micro-cavities [45] has arisen from studies in bio-mimetics with
inspiration for the surfaces coming from observation of real surfaces in found in nature,
most notable shark skin. Several studies published in the literature have tested, both
numerically and experimentally, the drag reduction effects of variations on these surface
on simple structures have been observed [46], [47], [48]. Reductions in skin friction in the
region of 10% have been reported for these simplified cases, however there do not
appear to be any published studies relating to large or full scale test, or there is limited
information on the application of these surfaces to real vessels at present. Additionally
the very complex nature of the micro-scale surface textures and the resulting flows mean
that accurate numerical simulations can only be carried out using Direct Numerical
Simulation (DNS), meaning the additional research is costly and time-consuming. From
an acoustic point of view, an older study [49] did report that experiments of a riblet
surface on a model scale underwater vehicle did not demonstrate an increase in
hydrodynamic noise due to the impact of flow over the surface.
•

Propeller cleaning and polishing – Due to the surface of the propeller being typically
unpainted, it is particularly vulnerable to fouling. However to ensure proper operation at
optimum efficiency, it is vital that the propeller surface is kept smooth, through regular
cleaning and polishing. There has been a significant body of study carried out which has
investigated the impact of propeller roughness on power and efficiency, as well as
proposing means of measuring the roughness and calculating the losses such as that
outlined in [50]. Roughness on the propeller surface will result either in a power penalty
at constant speed, or a speed loss at constant power. This will be caused by an increase
in resistance and torque, and decreases in thrust resulting in lower propeller efficiency
(η0) [51]. As derived in [50] and [22], the delivered power (PD) penalty for propeller
roughness is:
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Where:
propeller

is the delivered power and ∆

is the change in delivered power for a rough

is the torque coefficient and ∆

is the change in torque coefficient

is the thrust coefficient and ∆

is the change in thrust in coefficient

is the advance coefficient and ∆ is the change in advance coefficient
/# is the propeller pitch / diameter ratio

∆0 is the change in propeller blade drag coefficient

01 is the propeller blade lift coefficient, assumed to be approximately constant
It should be noted that this calculation is based on an approximation for propeller
roughness rather than full biological fouling. This allows for use of the assumption there
will result only relatively small changes in the power curve, which can be approximated
by linear functions. The impacts of a fully fouled propeller will be more profound.
Atlar et al carried out a numerical prediction of propeller efficiency loss for a given
propeller at different operating conditions and with different levels of blade roughness,
using the Rubert scale [52], as shown in the figure below [53]:
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Figure 2.15: Loss of Efficiency going from design drag coefficient to Rubert scale surface

Generally, where a propeller is fouled, the hull will also be fouled and hence additional
considerations are required to find the influence of the fouled propeller operating in the
wake of the fouled hull. This will also influence the advance speed of flow into the
propeller (VA), further decreasing propeller efficiency and affecting hull efficiency (ηH). In
terms of noise, the additional roughness is likely to cause additional cavitation behaviour
which will increase the URN. The additional power required to maintain speed will also
tend to increase the machinery noise components. It can be seen that the losses
associated with the propeller alone can be significant, therefore propeller cleaning and
polishing will be of benefit for both fuel efficiency and acoustic performance. It should be
noted that propeller cleaning and polishing is also a suitable option for in-service vessels.
This measure is easy to apply to in-service vessels.
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•

Condition-based hull and propeller maintenance – Whilst this measure is not a specific
physical mitigation measure for reducing underwater radiated noise and its propagation,
it can be a relatively simple indicator for when other measures should be applied.
Condition monitoring can take the form of physical inspections or measurements, or the
mapping of ship performance trends using onboard data. It is a means of assessing the
efficiency of the ships performance, and hence a potential indicator of efficiency losses
due to fouling or damage of the hull and propeller. Several different approaches have
been proposed in the literature such as the one outlined in [54], and it is a topic of
ongoing discussion and research, as such systems can highlight where potential savings
in fuel and efficiency improvements in lie in several different areas of operation. In terms
of the impacts on noise and vibration, such regular monitoring of key aspects of the ship
propulsion system which are also the major contributor to URN could have additional
secondary benefits in terms of optimised maintenance and identifying and problems. The
fuel efficiency impact of a condition-based monitoring system in itself are negligible,
however the indirect impacts are related to those outlined in the propeller cleaning and
hull cleaning sections. This sort of monitoring can also be applied to in-service as well as
new vessels.

•

Anti-fouling paints – There are a wide variety of anti-fouling paints and coatings available
on the market for use on ships, and a review of these is provided in [55]. However in
terms of their impact on the fuel efficiency of the vessel to which they are applied, there
is less variation. They will all, to a greater or lesser degree, prevent the fouling of the hull
for a given period of time, reducing the surface roughness and hence reducing frictional
drag. Depending on the surface preparation prior to the application of the coating or
paint, and on the nature of the coating or paint itself, additional improvements to the hull
surface compared to the basic roughness could also be achieved, creating additional fuel
efficiency improvements. None of these systems will require on board systems or
additional power and hence all improvements in fuel efficiency and in fact acoustic
properties will be related directly to the resultant hull surface. The increase in fuel
consumption for an unprotected hull and hence fouled hull compared to an anti-fouled
hull is estimated in [56] to be up to 40%, a significant increase.

As well as coating the vessel’s hull, it has also be proposed in various papers available in
the literature that coating or painting the propeller may also be beneficial, as the bare
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metal of the propeller is very vulnerable to fouling, and fouling or damage of the propeller
can have significant consequences for propulsive efficiency. Atlar et al discussed in [53]
how a gain in efficiency of 6% can be achieved for a specific case of a coated propeller
compared to the same propeller without coating. Further experiments by the researchers,
discussed in [57], it was found that coating the propeller does not have initial negative
implications for propeller performance and that the coating helps to maintain an
equivalent clean propeller surface for longer than an uncoated hull. They also carried out
noise measurements in cavitating and non-cavitating conditions, and concluded that the
non-cavitating condition noise levels were slightly reduced for the coated propeller. In
terms of cavitation performance it was found that the inception speed remained
unchanged, and that whilst in higher loading conditions the cavitation extent for the
uncoated propeller was slightly higher, the developed cavitation condition on the coated
blade created slightly higher noise levels. This appears to indicate that whilst further
research is required, both at model and full scale, there is a potential for anti-fouling
paints and coatings to be beneficial for both acoustic and fuel efficiency performance
when applied to a propeller. This measure can also be applied to both in-service vessel
and now designs.

•

Hull cleaning – Unlike the propeller discussed above, the hull surface is typically painted
and protected by some means of anti-fouling product. This makes is less susceptible to
fouling, however the impacts when this does occur will still have a greater impact on
efficiency than a fouled propeller due to the much larger affected surface area. The
presence of roughness on the hull surface will affect the boundary layer and its growth
on the hull surface, and will hence increase the frictional component of resistance. In
terms of impact on URN, the additional hull roughness is likely to increase hydrodynamic
noise, and it will also impact on the speed of flow into the propeller, which may impact on
propeller noise. This measure can again be applied to in-service vessel relatively easily.
Carlton suggests that in the right circumstances, hull fouling can be responsible for 30 –
40% increases in fuel consumption if steps are not taken to reduce its formation, or to
remove existing fouling [22]. Therefore regular and appropriate cleaning of the hull can
have a significant benefit despite the costs of the cleaning process itself and any time
lost due to the cleaning. As discussed by Akinfiev et al [58], the optimal interval between
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hull cleanings will depend on the vessel, its anti-fouling system and condition, its service
profile and its operating locations, and should be treated on a case by case basis.
•

Non-stick coatings – Otherwise known as foul-release coatings, these coatings tend to
contain no biocides and function through having a sufficiently smooth surface at a
molecular level to enable the fouling to be dislodged when travelling at sufficient speed.
This critical speed varies depending on the type of fouling [56]. They are also ineffective
when the vessel is berthed or static. Foul release coatings are thought to have a lower
increase in frictional resistance than other anti-fouling systems [59] however the fuel
consumption penalties before the vessel has “released” the fouling require further
research. For vessels with an appropriate operational profile, these coatings can be
beneficial, and studies have shown that they could prevent a fouling coverage of greater
than 20% of the total surface for 3 years [56]. However in terms of fuel consumption, the
coatings would need to be assessed on a case-by-case basis, taking into account fouled
and un-fouled resistance and the speed requirements. In terms of acoustic impact, the
resulting less fouled hulls are likely to assist in reducing URN through lower
hydrodynamic noise and impact on inflow into the propeller. The use of these coatings is
appropriate for in-service vessels as well as new designs. There are also new Silicon
based coatings now in development that also contain biocides, and hence act jointly as
both foul-release and self-polishing coatings, which may have additional advantages.

•

Natural resistance, natural biocide – A fairly recent development in anti-fouling
technology is the artificial synthesis of natural compounds which deter bio-fouling.
However as discussed in [59], while research into a significant number of potential
products has occurred, there remains a lack of viable and functioning products to date.
Providing a suitable application and compound can be found, the use of natural biocides
would assist in the reduction of vessel drag through lower bio-fouling levels, whilst the
coating would not significantly changes the drag properties of the hull itself, leading to an
overall reduction in resistance and hence improved fuel efficiency. This technology does
however have the potential to be used as a retro-fitting measure.

•

Electricity – As proposed in [60], a system whereby the electrical charge between the
hull and sea water could be changed in order to cause a chemical reaction to prevent
fouling could also be applied. It is in fact hypothesised in [55] that it may in future be
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possible to selectively deter different bio-fouling species using such a system. There is
little information available in the literature regarding applications of such a system
specifically to ships, or any implications. Although such a measure will not impact directly
on the resistance of the vessel and hence with the removal of fouling will improve
surface smoothness and reduce drag, creating the electrical charge over such a large
surface area will require a significant amount of additional power. This will mean that
overall the vessels fuel consumption will still increase, although the exact proportion is
not known. It is also not clear what the implications for underwater radiated noise would
be. Further research is therefore required to establish the suitability and effectiveness of
these solutions for marine and in particular shipping applications. It is also unlikely to be
a suitable retro-fitting option.
•

Prickly coatings – Similar to other measures discussed above, the use of prickly coatings
is intended to prevent or discourage attachment by different species. The coating
consists for microscopic prickles, and depending on their length and distribution, they
discourage or prevent the attachment of different organisms [60]. However very limited
research has been carried out to date on the ways in which this coating may impact on
the resistance of a vessel, and at present it is recommended as a measure more
appropriate for static objects. It is anticipated that it would increase the resistance if
moving vessels and hence be detrimental to the resistance properties and hence fuel
efficiency. As this coating can be effective on several fouling species without adverse
impacts on the marine environment, further research is required to establish how it will
impact on the fuel efficiency and operation of ships, and to discover whether
configurations which do not impact on resistance can be established. It could however
be applied to in-service vessels.

2.6.4. Appropriate management of the dynamic positioning (DP)
As discussed in D5.1 [1], there are two separate areas which can be investigated in terms of
reducing the underwater noise created by a vessel applying dynamic positioning to maintain its
location. The first of these refers to the management of the noise created by the thrusters
themselves, and may also have implications for fuel consumption on board the vessel. The
second of these is related to the management of the acoustic signal used to position and locate
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the vessel. Any changes to the nature of this acoustic signal will have no impact on the fuel
consumption or fuel efficiency of the vessel using the system.
Looking then at the measures proposed for addressing the noise created directly by the
thrusters, they include re-designing the blades for cavitation reduction, use of baffling and use of
air emission systems.
•

Re-designing thruster blades for cavitation reduction – It is proposed that the use of
thicker blade sections especially at the leading edge would make the blades more
tolerant to incident changes of cavitation, whilst aiming to maintain impeller performance.
In terms of impact on fuel consumption, if impeller performance can be maintained at the
same level of thrust, then propulsive efficiency will not be affected. However a heavier
blade section will increase the weight of the impeller and hence will require more power
from the thrusters, which will in turn require an increase in fuel to supply this power.
Whilst this increase will not be significant in comparison to the fuel consumption of the
whole ship system, it should still be considered. This could potentially be used in critical
cases on in-service vessels however.

•

Use of baffling – It is proposed that the thruster tunnel could also act as a baffle to
reduce the noise radiated in certain directions. Use of larger diameter tunnels is
proposed as a measure to increase water flow and reduce water velocity in order to both
increase thruster efficiency and reduce noise. In terms of fuel efficiency of the vessel,
whilst the measure may improve the efficiency of the thrusters themselves, use of larger
thruster tunnels will impact on the overall drag of the vessel. It is discussed in [33] that
having a closed thruster tunnel will present a resistance reduction of 1 – 2% compared to
having an open thruster tunnel. It is assumed therefore that increasing the diameter of
the tunnel will further increase the resistance however the overall percentage is not
anticipated to be high. Within this paper, several measures are also proposed to try and
reduce the drag properties of the open thruster tunnel, including vortex generators or
wedges added in front of the tunnel, and plates or grid caps in the opening. In general,
these technologies were found to further increase the resistance with any impact on the
vortices being low however the grid cap approach was found to have small benefits and
may be an area suitable for further investigation. In D5.1 [1] it is also stated that in some
cases, decoupling material may also need to be added to the upper tunnel walls to stop
reduce structural excitation impact. This would add a small amount of weight to the
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system, and also have minor impacts on flow in the area however these would be every
low. The use of larger tunnels could not be applied to existing vessels however the flow
modification measures could be more suitable if shown to be effective.
•

Use of air emission systems – In this approach, the addition of air close to the tunnel
inlet impeller mixes with the cavitation and reduces the bubble collapse, hence reducing
the pressure impulses which result in structural noise and vibration which is radiated
onboard. As this measure will not directly impact on the existing cavitation on the
impeller, it is unlikely to impact directly on its efficiency. Therefore any impacts of this
system on the fuel efficiency of the vessel will be in relation to the powering requirements
of the air injection system itself. This will vary for each separate case, depending on the
specific requirements of each vessel, and will be difficult to apply retrospectively.
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3. MITIGATION MEASURES RELATED TO TRAFFIC CONTROL
3.1. General
This section will present a discussion on the impact on fuel efficiency and consumption of
different operationally based noise mitigation measures. These measures are primarily focussed
at reducing the shipping noise footprint in a particular area, either by addressing vessels
separately or as a collective measure. Those measures applied to individual ships will be
discussed first, followed by those which could be applied to a group of vessels, and their impact
on fuel efficiency and consumption will be outlined. As these are all operationally-based
measures, they can be used by all vessels, within the limits of the design.

3.2. Mitigation solutions applied to a particular ship
The section below looks at mitigation measures or solutions which have been proposed
specifically for application to the operations of a particular vessel, in order to try and impact on
the overall underwater radiated noise levels in a given area.
In practice, the implications of requiring these changes should also be considered. For example,
if the speed of vessels is reduced, then in order to provide the same level of service to their
customers, the ship owner may need to run additional vessels on that route. Therefore, each
individual vessel will have a lower URN and higher fuel efficiency however collectively there will
be additional vessels with their own URN and fuel consumption to consider. Therefore a balance
may need to be found which provides a global rather than an individual benefit. It is however
noted that in most cases, a blanket speed reduction will not be imposed and such requirements
may only apply to portions of the voyage which will pass though biologically sensitive areas.

3.2.1. Speed reduction (or change)
As has already been outlined in D5.1 [1], reducing the speed of a vessel has a direct and
significant impact on the fuel consumption of a vessel. Reducing the speed reduces the
resistance experienced by the vessel, and hence reduces the power required to propel the
vessel forwards, reducing fuel consumption. It should be noted that the below discussion does
not in any way consider the means by which the vessel is operated at a lower speed. The
discussion focusses purely on the impact on ship resistance from operating at a lower speed. In
general it is estimated that the fuel consumption and speed have the following relationship:
4567 89 :5;<=>9 ∝ @A>< @<66B C
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In practice, this relationship will vary on a ship by ship basis. It is suggested in [61] that based
on actual measurements, when considering the power / speed relationship the following have
been observed:
•
•

For large high-speed ships like container vessels: 9 6E

For medium-sized, medium-speed ships like feeder container ships, reefers, RoRo ships, etc.:

•

∝ CF

∝ C D.G

For low-speed ships like tankers and bulk carriers:

∝ C D.H

Of course the potential impact on fuel efficiency will depend heavily on the way in which the
speed of the vessel is reduced, as discussed in more detail in section 0, where a comparison is
made between changing RPM and changing propeller pitch. A statement provided in [62] states
that "reducing the speed by 20% will reduce the fuel consumption (per time unit) by about 50%,
which may result in substantial cost savings".
However this speed reduction and hence saving estimate does have to be offset against other
practical, safety, crewing and economic considerations. In practice however the fuel
consumption savings will not be quite as high as suggested, as on board auxiliary and hotel
systems will also need to be powered for a longer duration. Nevertheless a significant saving
could still be achieved by operating at a lower speed, as the engine could typically account for
around 70% of the overall fuel consumption on a commercial vessel, as demonstrated in the
data presented in [63].
In terms of underwater radiated noise, reducing the speed low enough for the vessel to be
operating below or close to the cavitation inception speed would significantly reduce the vessel’s
noise emissions, but as identified in D5.1 [1], it would be difficult and impractical for the majority
of commercial ships to reach these very low speeds under normal operating conditions.
Changing the speed at which the vessel is operating to significantly away from the original
design speed also impacts significantly on the conditions under which the propeller and on
board machinery are operating. This in turn can impact on the efficiency of both, as they have
not been specifically designed and optimised for these conditions. Looking firstly at the
propeller, the impact on efficiency will depend on whether it is a fixed or controllable pitch
propellers, as they will be affected differently. A fixed pitch propeller will only be able to reduce
its rpm in order to operate at the lower speed, whilst a controllable pitch propeller could vary
either its rpm or its pitch.
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The vessel’s speed and also radiated noise also varies during manoeuvres however as these
are not a common part of normal operations, their impact on fuel efficiency as a normal rule will
not impact significantly on fuel consumption.
As has already been discussed in D5.1 [1], the current practice of operating ships at a speed
corresponding to around 80% of engine power known as “Slow Steaming” has a significant
impact on the vessels fuel consumption. This is discussed in [64] where the impact of slow
steaming on ship behaviour and performance in a seaway is investigated. In this case, a
significant improvement not only for fuel consumption but also for ship motions is observed
when the case study vessel travels at 19 rather than 24 knots. The paper does however note
that the full implications of slow steaming, rather than just the fuel consumption considerations,
should be assessed prior to applying this measure.

3.2.2. Track Change
As well as changing speed, the vessel could also change its track as a means to reduce the
radiated noise or shipping noise footprint in a given area. Measures which would directly impact
on the fuel efficiency of the vessel are discussed as these approaches may already be under
implementation on vessels. The additional benefits on underwater are a very interesting subject,
as a balance is required between what may be best for efficiency and what may be best in terms
of insonification in a given area.
•

Weather Routing – This practice relates to the calculation of the safest and most efficient
route to a given location based on simulation and weather forecasting. Avoiding
operation in adverse weather can be beneficial in terms of the safety of the vessel and
cargo, and also because operation in heavy weather conditions significantly increases
the power requirements for the vessel to maintain speed. In more serious conditions the
vessel may also be required to slow down. The software calculates the optimum solution,
whether that be to divert by a short distance to avoid the worst of the weather, or a larger
diversion to ensure good sailing conditions. For example in extreme weather conditions,
it will invariably be better to divert even large distances rather than have to operate at
much higher power or lower speed, whereas in more moderate conditions, the balance is
less clear. The fuel savings have to be calculated on a case by case basis, as there are
many variables that will impact on this. Other considerations such as safety and time at
sea are also of course significant factors.
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What is not clear is how acoustic radiation concerns in a given area would balance
against the need for efficiency. Whilst operating at higher power will typically increase
the underwater radiated noise of a vessel, the wind and surfaces waves may mask some
of the radiated noise, and impede propagation. However a diversion which both avoids
bad weather and also passes further away from a sensitive area would be beneficial for
both sides.
•

Autopilot Improvements – Badly aligned or set up autopilot systems can cause
additional and unnecessary fuel consumption both through the induced drag from a
rudder which is not at 0 degrees, and through additional distance travelled as a result
of course instability. These can be particularly noticeable in heavy weather or with
directionally unstable vessels. The impacts of improving the system could then be
worthwhile in terms of the savings available, whilst for other vessels it is unlikely to
be an appropriate measure. In terms of the impact on underwater radiated noise in a
given area, and directional instability is unlikely to increase the distance travelled to
an extent where it would impact on the noise footprint in a given area. The additional
flow noise over the misaligned rudder would also not be significant. Therefore
although this measure could have some impact on the fuel consumption of the
vessel, it is unlikely to be worthwhile if considered from a purely acoustic point of
view.

Track changes, and their impact on fuel consumption, which are required as a mitigation
measure to reduce the ensonification of a given area are discussed in section 3.3.

3.2.3. Optimized trim
It is well known that the trim of vessel can have a significant impact on the resistance and
hydrodynamic performance of a vessel, as different trim values will impact on both the wetted
surface area of the vessel and on its wave-making resistance. It is discussed in D5.1 [1] that
while a vessel may have been optimized for operation at a certain design draft and speed,
variations in cargo or ballast loading, operational speed and loading pattern will cause the
vessel to operate at an off-design condition. There are a number of other factors which may
require changes in trim and loading, such as propeller immersion, structural strength,
manoeuvring and seakeeping considerations, which will mean that the vessel is not necessarily
at the optimum trim for lower resistance. For example, in ballast condition a vessel may be
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required to trim by stern to avoid propeller emergence but this may have the consequence of
bringing the bulbous bow to a less favourable draft for wave-making resistance. Typically these
other considerations will outweigh the reasonably small benefits which can be gained from
operating at a trim optimised for resistance only. However as discussed in D5.1, there are
already trim optimization software available which can be developed for a vessel either using
model tests or from in-service measurements such as the one outlined in [65] and others. It has
however been noted in [66] that not all vessel types are suitable for all hull form types, and
savings of less than 1% have been observed in a case study on an Aframax vessel. In another
study carried out focussing on fishing vessels, savings of 1-2% were proposed [67]. Additionally,
it is noted that the savings tend to only be significant at higher speed, and hence this approach
to fuel consumption savings has been side-lined by slow-steaming approaches which
additionally have a more pronounced impact on daily fuel consumption.
There are already a significant number of compromises to consider when finding the optimum
trim for a vessel in order to achieve lower hull resistance and hence save in terms of fuel
consumption. When adding considerations regarding hydrodynamic flow and propeller noise,
these only increase. Whilst allowing the propeller to operate too close to the free surface,
especially in ballast condition, may increase the change of the propeller cavitating and extreme
conditions ventilating, having significant trim by stern will also change the inflow into the
propeller significantly and also adversely impact propeller noise and cavitation performance This
could also impact on propulsion efficiency, negating any gains which may be made through
reduced hull resistance. Hence any trim optimization should in reality consider both aspects
jointly, to ensure that optimal overall performance is obtained though changes in trim.

3.3. Mitigation solutions applied at ship traffic control level
The solutions outlined below are again proposed as measures for reducing the noise footprint or
ensonification of a particular area. However the measures outlined address overall combinations
of vessels within a given area, rather than their individual operation. The measures are therefore
assumed to have negligible impact on the fuel consumption of each individual vessel, and will
not be investigated in detail.

3.3.1. Speed Limit
The reduction or change of speed for vessels as may be required by an imposed speed limit and
the consequence on the fuel consumption of an individual ship has already been addressed in
paragraph 0.
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3.3.2. Optimization of Distance between Vessels
The optimization of the distance between different vessels will not impact directly on the
operation of each individual vessel, unless this also involves vessel interaction, or changes in
speed or track, which is discussed in the sections above. Therefore, it is assumed that this
measure will have negligible impact on the fuel consumption of each individual vessel.

3.3.3. Traffic Concentration
Changing the concentration or travel direction of ships within a given area using AIS data or a
similar approach as discussed in D5.1 [1] will again not directly impact on the operations of each
vessel unless these result in them being required to change track or speed. These measures
have already been discussed above. Otherwise, this measure is assumed to have negligible
impact on the fuel consumption of each individual vessel.

3.3.4. Traffic Dilution
As discussed in D5.1 [1], this measure is in essence the opposite of the traffic concentration
measure, where the ships are ideally dispersed evenly within a given area, in order to make a
more homogenous underwater noise map, with less local maxima. In terms of the impact on fuel
consumption of each individual vessel, this measure will have negligible impact.

3.3.5. Vessel Type Separation Scheme
This measure aims to address the fact that different vessel types will have different operational
profiles and capabilities, and to manage their passage through a given area such that those with
similar speeds travel closer together to minimise the overall acoustic impact. However, as with
the traffic schemes discussed above, this measure is considered to have negligible impact on
the fuel consumption of each vessel other than any impacts already addressed in terms of
speed or track changes.

3.3.6. Regulated Areas
The use of restrictions to operations in regulated area would have some indirect impact on a
vessel’s fuel consumption, as they may be required to avoid a particular area, and hence may
need to travel a greater distance to go around the restricted area. This would require additional
fuel for any voyage which is affected by the restrictions.
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3.3.7. Exploitation of Bathymetry Features
Preference for having vessels operating in shallower water is unlikely to impact on a vessels fuel
consumption unless the water is so shallow that squat phenomena become a consideration, in
which case the resistance of the vessel and hence the fuel efficiency may be affected.
Preference for the vessels instead to operate in deep water will not impact on the normal
operation and hence fuel consumption of the vessel.

3.3.8. Exploitation of Geographical Features
The use of geographical features in order to change the propagation of the underwater radiated
noise in a given area will only impact on the fuel consumption of a vessel if a change of track or
increased distance is consequently required.

4. CONCLUSION
Within the scope of this deliverable, an assessment has been carried out on each of the noise
mitigation measures which were proposed in [1] to see what impact they may have on the fuel
efficiency of the vessel to which they are applied. In some cases where the solutions appeared
to be particularly promising a full numerical study has been carried out whereas for other
solutions, a review of the available literature has been sufficient.
Firstly considering the mitigation measures applied to individual ships, it has been found that
there are a number of noise mitigation measures that could also benefit vessel fuel efficiency. In
particular, for vessels equipped with controllable pitch propellers (CPP), use of an appropriate
control strategy using fixed pitch rather than fixed RPM operations can provide savings at offdesign conditions. Where the design of a vessel will allow and is suitable, podded propulsions
can provide savings where it is applicable and diesel-electric propulsion can also be beneficial
for vessels with particular operational profiles.
Whether or not the vessel in question is a new design or an in-service vessel will generally have
a bearing on the most suitable measures for that particular case, as not all of the measure
discuss are suitable for retro-fitting. However there are also some solutions which are relatively
simple to apply and are effective for in-service vessels, such as hull and propeller cleaning, the
use of optimised wake conditioning devices, elastic mountings and general speed reduction of
the vessel.
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It has also been found that several of the measures require a careful compromise between
URN, efficiency and other requirements in order to ensure that the solution is suitable for all
aspects of the ship’s operation. This is particularly the case with propeller blade design, hull
optimisation and non-conventional propellers however it has been shown that with careful
analysis overall benefits can be achieved.
Finally, there are a number of proposed individual ship noise mitigation measures which require
further research as at present little is known about either their impact on noise and vibration or
fuel efficiency. In particular, solutions such as bubble curtains and de-coupling hull tiles require
further study and development.
In general, the mitigation measures applied at ship traffic control level have been found to have
negligible direct impact on the fuel efficiency of the individual vessels unless this indirectly
requires them to change speed or track, or the resulting sea conditions of geography indirectly
impact on the vessels performance.
In conclusion, solutions for ship radiated underwater noise have the potential to also benefit
ships in terms of fuel consumption and may not always require significant changes in design or
operation. The most suitable measures for a particular vessel will depend on its existing design,
purpose and operational profile and should be assessed either numerically or experimentally on
a case by case basis. It is vital to ensure that solution of one problem, such as URN, does not
compromise other aspects of the vessel’s performance.
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ANNEX A
Study of CLT© Propeller
Table A.1: Ship Particulars and Design Conditions of Roll-On/Roll-Off Twin Screw Passenger (ROPAX)
Vessel

RP-1-ACC
Concept

ITTC Symbol

Identification

Value

Unit

RP-1-ACC

Length b/w perpendiculars

LPP

157.0

m

Breadth moulded

B

26.2

m

Displacement volume

∇

15947

m

Block coefficient

CB

0.625

----

Height of shafts above base line

2.4

m

3

Design draught, moulded

T

6.2

m

Draught at aft perpendicular

TA

6.0

m

Draught at forward perpendicular

TF

5.75

m

0.86

degrees

Shafts angle
Shafts to centerplane distance

4.750

m

Propellers planes to aft perpend.

3.000

m

Power per shaft

PS

14480

kW

Mechanical efficiency

ηm

0.95

-----

Propellers design conditions:

Power absorbed

Type of propellers
Rate of revolutions of the propellers

CLT-CPP
n

Rotation direction
Ship speed

85% PS

183.5

rpm

Inward over the top
V
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Table A.2: Propeller Characteristics
Propeller RP-1-ACC_CLT3
Main Particulars:
Type of propeller

End-plated CLT- CPP

Hand

Right-handed

Diameter

4368 mm

Pitch ratio at 0.7R

1.100

Expanded area ratio

0.562

Boss ratio

0.334

Number of blades

4

Blade sections thickness

NACA 66

Total skew

22 degrees

Rake angle

0 degrees

Scale of model

Figure A.1: Photo of the Propeller RP-1-ACC_CLT3

17.96

Table A.3: Design Conditions

Open Water test Nº:
Propulsor

19468
RP-1-ACC_CLT3

Diameter

4.368

P/D r=0.7

1.100

Disc area ratio

0.562

Number of blades

m

Min. Reynolds number
Shaft inclination

CLT CPP

Scale

17.96

4

Conditions of the test:
Test revolutions

Type

Water data:
20

rps
5

9.05x10
0

Temperature:

10.7

Water density

101.94

º Celsius
kp.s^2/m^4
-6

deg. Kinematic viscosity 1.283x10
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Table A.4: Test Results and Extrapolation (Design Pitch)

MODEL SCALE

FULL SCALE (*)

J

KT

10KQ

η0

KT

10KQ

0.50

0.319

0.552

0.459

0.3192 0.5105 0.4976

0.60

0.272

0.484

0.536

0.2722 0.4425 0.5874

0.70

0.223

0.412

0.600

0.2232 0.3706 0.6710

0.80

0.171

0.335

0.650

0.1712 0.2936 0.7424

0.90

0.118

0.253

0.667

0.1182 0.2117 0.7998

1.00

0.066

0.169

0.618

0.0662 0.1278 0.8244

η0

J – advance coefficient
KT – thrust coefficient
KQ – torque coefficient
η0 – efficiency of propeller
(*) The extrapolation has been made according to a special (for this kind of propellers)
procedure presented in [22]
Table A.5: Low Pitch Condition

Open Water test Nº:
Propulsor

19448
RP-1-ACC_CLT3

Diameter

4.368

P/D r=0.7

0.744

Disc area ratio

0.562

Number of blades

m

Min. Reynolds number
Shaft inclination

CLT CPP

Scale

17.96

4

Conditions of the test:
Test revolutions

Type

Water data:
20

rps
5

9.05x10
0

Temperature:

10.7

Water density

101.94

º Celsius
kp.s^2/m^4
-6

deg Kinematic viscosity 1.283x10

Dissemination level: PUBLIC
© AQUO Project Consortium 2015 - all rights reserved

m^2/s

81

WP 5 - Practical Guidelines
Rev 1.0
D5.5 Impact of solutions on fuel efficiency

Table A.6: Test results and Extrapolation (Low Pitch)

MODEL SCALE
J

KT

10KQ

η0

0.10

0.317

0.375

0.20

0.279

0.30

FULL SCALE (*)
KT

10KQ

η0

0.135

0.316

0.334

0.151

0.338

0.262

0.278

0.297

0.298

0.235

0.298

0.374

0.234

0.257

0.435

0.40

0.190

0.254

0.474

0.189

0.213

0.566

0.50

0.145

0.207

0.556

0.144

0.166

0.692

0.60

0.097

0.155

0.597

0.096

0.114

0.806

0.70

0.047

0.103

0.501

0.0462

0.062

0.830

Table A.7: Design Pitch Condition
Self-Propulsion Test

Simulated

Basic SPT

Ship

ROPAX RP-1-ACC LOS

Hull model

XXXX

Conditions:

Nº16568
169,2

Propeller

RP-1-ACC_CLT3_P P/D r=0.7

1.100

models:

RP-1-ACC_CLT3_S P/D r=0.7

1.100

Draught at midships

5.88

m

Direction of rotation

Draught at forward pp

5.75

m

Temperature:

15.0

Draught at aft pp.

6.01

m

Water density

104.6

Propeller diameter

4.368

m

m

Inward over the top
º Celsius
kp.s^2/m^4
-6

Kinematic viscosity

1.19*10

m^2/s

Correlation factors:
1+K

1.277

∆Cf * 10^3

0.369

Resistance test Nº

16555

CAA * 10^3

0.150

Open water test Nº

19468
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Table A.8: Test Results and Extrapolation (Design Pitch)
V

n

RT

ΣT

ΣQ

PE

ΣPD

knots

rpm

kN

kN

kN.m

kW

kW

12.0

96.2

331.41

379.78

305.13

2046

3075

14.0 108.0

412.98

439.20

362.52

2974

4100

16.0 120.9

484.55

532.38

431.64

3988

5465

18.0 135.7

587.26

672.46

530.10

5438

7534

20.0 153.0

747.90

876.32

670.01

7694 10735

21.5 167.2

913.34 1082.94 810.00 10101 14185

22.0 172.3

978.93 1164.04 864.99 11078 15604

22.5 177.4 1040.29 1249.55

915.61 12040 17007

23.0 182.5 1108.35 1337.64

973.65 13113 18605

23.5 187.6 1179.84 1428.91 1037.18 14262 20376
24.0 192.8 1256.20 1522.43 1104.67 15509 22305
24.5 198.1 1339.04 1618.49 1180.40 16876 24490
25.0 203.5 1430.21 1717.03 1265.80 18393 26979
25.5 209.0 1531.14 1817.28 1358.74 20084 29742

V – ship speed
n – rate of revolutions of the propeller
RT – total ship resistance
ΣT – total thrust
ΣQ – total torque
ΣPD – delivered power - being the sum of both propellers
PE – effective power
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Table A.9: Test Results and Extrapolation (Design Pitch)

V

t

ηD

ηH

η0

ηR

ηB

wT

knots --------- -------- -------- ------------ --------- ------- --------12.0

0.127 0.665 1.018

0.712

0.918 0.653 0.143

14.0

0.060 0.725 1.090

0.738

0.902 0.666 0.137

16.0

0.090 0.730 1.061

0.746

0.922 0.688 0.142

18.0

0.127 0.722 1.021

0.745

0.948 0.707 0.145

20.0

0.147 0.717 0.995

0.739

0.975 0.721 0.142

21.5

0.157 0.712 0.983

0.730

0.993 0.724 0.142

22.0

0.159 0.710 0.980

0.726

0.998 0.724 0.142

22.5

0.167 0.708 0.970

0.722

1.010 0.730 0.142

23.0

0.171 0.705 0.966

0.719

1.015 0.730 0.142

23.5

0.174 0.700 0.962

0.715

1.017 0.727 0.142

24.0

0.175 0.695 0.961

0.712

1.016 0.724 0.141

24.5

0.173 0.689 0.961

0.710

1.010 0.717 0.139

25.0

0.167 0.682 0.964

0.708

0.999 0.707 0.136

25.5

0.157 0.675 0.971

0.707

0.984 0.696 0.132

t – thrust deduction fraction
ηD – quasi-propulsive efficiency
ηH – hull efficiency
η0 – propeller efficiency in open water
ηR – relative rotative efficiency
ηB – propeller efficiency behind ship
wT – thrust wake fraction
(*) - Attention: All the results are extrapolated from model values to the full scale ship.
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Table A.10: Low Pitch Condition
Self-Propulsion Test

Simulated

Ship

ROPAX RP-1-ACC LOS

Hull model

XXXX

Conditions:

Nº16580

Basic SPT

169,2

Propeller

RP-1-ACC_CLT3_P P/D r=0.7

0.744

models:

RP-1-ACC_CLT3_S P/D r=0.7

0.744

Draught at midship

5.88

m

Direction of rotation

Draught at forward pp

5.75

m

Draught at aft pp.

6.01

m

Propeller diameter

4.368

m

m

Inward

over the top

Temperature:

15.0

º Celsius

Water density

104.6

kp.s^2/m^4
-6

Kinematic viscosity

1.19*10

m^2/s

Correlation factors:
1+K

1.277

∆Cf * 10^3

0.369

Resistance test Nº

16555

CAA * 10^3

0.150

Open water test Nº

19448

Table A.11: Test Results and Extrapolation (Low Pitch)
V

n

RT

ΣT

ΣQ

PE

ΣPD

knots

rpm

kN

kN

kN.m

kW

kW

16.0 161.4 484.55 544.84 273.71 3988 4626
16.5 166.1 506.27 572.09 286.77 4297 4987
17.0 170.9 530.20 602.38 301.21 4636 5389
17.5 175.8 557.04 636.14 317.85 5014 5851
18.0 180.9 587.26 674.66 336.73 5438 6378
18.5 186.0 621.26 718.87 358.23 5912 6979
19.0 191.4 659.46 769.89 383.29 6445 7684
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Table A.12: Test Results and Extrapolation (Low Pitch)
V

t

knots

------

ηD

ηH

η0

ηR

wT

ηB

---------- ---------- -------- -------- ----------

------

16.0 0.111 0.862

1.051 0.792 1.035 0.820 0.154

16.5 0.115 0.862

1.046 0.794 1.038 0.824 0.154

17.0 0.120 0.860

1.040 0.794 1.041 0.827 0.154

17.5 0.124 0.857

1.035 0.795 1.042 0.828 0.154

18.0 0.130 0.853

1.029 0.794 1.043 0.829 0.154

18.5 0.136 0.847

1.023 0.793 1.044 0.828 0.155

19.0 0.143 0.839

1.015 0.792 1.044 0.826 0.156

Stable sheet
cavitation

Temporarily unstable sheet
cavitation

Unstable or fluctuating sheet
cavitation

Cloud cavitation

Bubble cavitation

Streak cavitation

Thick stable tip/hub Vortex cavitation

Bursting Vortex cavitation

Figure A.2: Schematic Representations of the Cavitation Patterns
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Table A.13: Cavitation Pattern (Design Pitch)
Cavitation Model Test No.

6374; 2506-CLT-CAV-02

Reference tests:

Self-propulsion test No.

OTI:

2357

AQUO

16568

Open water test No.

19468

Hull No.

RP-1-ACC

Propulsor No.

RP-1-ACC_CLT3

Full scale conditions:

Draught, aft

6.00 m

Type and side:

CLT-CPP; port

Revolutions:

187.3 rpm

Shaft immersion:

3.6 m

Diameter:

4.368 m

Propeller Thrust:

711.9 kN

Shaft inclination:

0.0 deg

P/D r=0.7

1.100 ---

Ship speed

23.47 kn

Revolutions:

18.0 rps

Cavitation number (rev):

1.532

Observation side:

Back

Model data: Scale:
Wake model:

17.96

Wire mesh Test 16546
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Table A.14: Cavitation Pattern (Low Pitch)
Cavitation Model Test No.

6730; 2506-CLT-CAV-02

Reference tests:

Self-propulsion test No.

OTI: 2357
16580 Open water test No.

AQUO
19448

Hull No.

RP-1-ACC Propulsor No.

RP-1-ACC_CLT3

Full scale conditions:

Draught, aft

6.00 m

Type and side:

CLT-CPP; port

Revolutions:

177.7 rpm

Shaft immersion: 3.6 m

Diameter:

4.368 m

Propeller Thrust:

324.5 kN

Shaft inclination:

P/D r=0.7

0.744 ---

Ship speed

17.7 kn

23.0 rps

Cavitation number (rev): 1.640

0.0 deg

Model data:

Scale: 17.96

Revolutions:

Wake model:

Wire mesh Test 16546
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Figure A.3: Arrangement of the Pressure Transducers Locations on the Flat Plate

Table A.15: Design Pitch Condition Blade Passing Harmonic Components
Test Nº
Scale
RPS Test
RPM Ship
SIGMAN
2506-CLTCase02 17.96
18
187.3
1.532
Full scale ship amplitudes in [kPa] and phases [degrees]
Hz
1
2
3
4
5
6
7
8
9
12.49
4.765
8.131 3.991
1.560
5.455 7.161
2.537 2.936
5.300
Phase
34.30
-9.60 -8.30 -68.50 -12.00 -18.30 -16.20 -49.90 -32.10
24.97
1.361
1.540 0.658
0.595
1.326 0.697
0.750 0.113
0.744
Phase
-73.40 -112.50 -62.00 -123.00 -107.20 -90.20 -120.20 62.30 -146.20
37.46
1.043
1.569 0.679
0.512
1.553 0.867
0.840 0.362
1.067
Phase 122.90 106.80 110.60
82.90
93.50 113.80
88.50 82.40
79.40
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Table A.16: Low Pitch Condition Blade Passing Harmonic Components
Test Nº
Scale
RPS Test
RPM Ship
SIGMAN
2506_P1-CLTCase02
17.96
23
177.7
1.64
Full scale ship amplitudes in [kPa] and phases [degrees]
Hz
1
2
3
4
5
6
7
8
9
11.85 1.397 0.919 0.913 0.920
0.253
0.774
0.314
0.570
0.238
Phase 142.40 55.10 138.50 -129.60 90.40
58.40
-142.80 -122.60 -12.40
23.69 0.116 0.094 0.060 0.095
0.035
0.070
0.031
0.034
0.036
Phase 64.30 -94.30 10.70 -83.80 -148.60
-41.50
-170.20 -13.50 -162.80
35.54 0.017 0.013 0.022 0.016
0.012
Phase 28.80 -102.60 -78.80 -114.80 173.40

0.025
94.70

0.010
135.20

0.018
138.80

0.010
-2.50

Figure A.4: Comparative of Open Water Characteristics of Propellers CLT3 and CLT2 at Design Pitch
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Figure A.5: Deviations of Thrust, Torque and Efficiency at Open Water of CLT3 from CLT2 at Design Pitch

Figure A.6: Comparative of Open Water Characteristics of Propellers CLT3 and CLT2 at Low Pitch
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Figure A.7: Deviations of Thrust, Torque and Efficiency at Open Water of CLT3 from CLT2 at Low Pitch

Figure A.8: Comparative Power-Revolutions Diagrams of CLT3 and CLT2 at Design Pitch
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Figure A.9: Comparison of Pressure Pulses on Flat Plate at Full Scale b/w Propellers CLT3 and CLT2

Figure A.10: Comparison of Pressure Pulses on Flat Plate at Full Scale b/w Propellers CLT3 and CLT2
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