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1 INTRODUCTION

The basic purpose of a ship propulsor is to provide a force
(thrust) that causes a ship to move ahead or astern. Additional
requirements can be to provide thrust also in other directions
than just ahead or astern, to generate such thrust by the least
possible amount of power, or to avoid unacceptable levels
of noise and vibrations due to the propulsor’s action. It is
also required to ascertain an acceptable lifetime, for example,
by selecting the proper materials to build the propulsor, by
applying scantlings such that the propulsor has sufficient
strength, and to avoid corrosion or cavitation erosion.
Before mechanical devices were used, ships were propelled
by sails and rowing oars. The development of mechanical
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means to propel a ship may go back some 2000 years. [llus-
trations of paddle wheels have been found as early as the
year 370 (Greeks and Romans). Similar illustrations date
from the Middle Ages in China. It is said that even the screw
propeller was known in China long before it was developed
in the West (Dirkzwager, 1979). Following the introduction
of the steam engine, in the first half of the eighteenth century,
it were especially mathematicians in France that gener-
ated ideas for mechanical devices to propel a ship. Among
them were people like d’ Alembert, Euler, and Bernoulli. In
the second half of the eighteenth century, the development
shifted to the United Kingdom, and instead of mathemati-
cians, mostly inventors were involved. The further develop-
ment really took off in the nineteenth century, when wooden
ships were replaced by steel ships and when independence of
the wind became desirable. Those developments especially
took place in the United Kingdom and the United States.
Famous names in that respect are among others Stevens,
Livingstone, Fulton, Brown, Petit Smith, Ericsson, and so on.
For further details of the development of ship propulsors up
till the introduction of the screw propeller, further reading
is suggested in, for example, Dirkzwager (1979), Carlton
(2007), or Kerwin and Hadler (2010).

Screw propellers (further just referred to as propellers) are
still the most commonly used devices for ship propulsion.
However, nowadays they come in several subtypes, such as
controllable pitch propellers (CPPs) and ducted propellers.
Screw propellers are applied in all kinds of different arrange-
ments, such as contrarotating, overlapping, and in tandem. A
relatively recently introduced variant is the podded propeller
system, whereby the driving engine and the propeller are
integrated into one submerged unit. Except screw propellers,
there are propulsion systems such as waterjets, vertical axis
propellers, and the so-called ultralarge propulsors. Since
the 1970s, all kinds of the so-called energy-saving devices
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(ESDs) have been introduced, applied either up- or down-
stream or at the propeller location.

In this article, descriptions are provided of the most
commonly applied propulsors, followed by descriptions of
“special” propulsor types. Descriptions concerning special
propulsor arrangements and ESDs are provided as well. The
final paragraph is devoted to the choice of the propulsor and
is meant to provide some basic guidance for the selection of
a propulsion system.

Within the scope of this article, only brief information
about propulsor types can be provided. For more detailed
descriptions of propulsion systems, further reading in, for
example, Carlton (2007) and Kerwin and Hadler (2010) is
recommended.

2 COMMONLY USED PROPULSOR
TYPES

In this section, propulsor types are described that are applied
to a vast majority of ships. Most of these are displacement
ships operating at moderate speeds. Some types are also (or
only) applied to high speed craft. Except for mechanical
thrusters, most propulsor types described in this section are
suitable for use at high powers.

2.1 Fixed pitch propeller (FPP)

A fixed pitch propeller (FPP) consists of a hub to which a
number of blades are attached in a fixed position. The FPP
is attached to a shaft that runs usually parallel to the ships
center; and baseline, but might have some inclination in the
horizontal and/or vertical plane. The FPP can only generate
thrust in positive and negative directions along its shaft. To
change the direction of thrust, the direction of rotation must
be changed.

The most common type is that hub and blades together
are one casting, also referred to as monobloc propeller. The
FPP can also consist of a hub to which the blades are bolted
on, so that each blade can be replaced without having to
dismount the complete propeller from the shaft. This type
is also referred to as built-up propeller. Although its blades
are fixed by bolts, there is usually some small tolerance in the
bolt holes that allows the blades to be slightly rotated around
their axis. This allows (very limited) tuning of the mean pitch
to the required rotation rate, after which the blades are fixed
again in that desired pitch setting.

The number of blades can vary between 2 and 9, but blade
numbers between 4 and 6 are the most common ones for
sea-going ships (Figure 1). The blade area ratio (BAR is
the ratio between the blade surface area of all blades and

Figure 1. Example of a fixed pitch propeller. (Repraduced with

permission from . ©2015.) E

the propeller disk area) can be rather freely chosen. Even
values larger than unity are possible (blades overlapping each
other).

The power that can be transferred by an FPP is rather
unlimited. Limitations can be the weight of a monobloc
propeller (weights in the order of 110-120 tons have been
applied so far) or diameter (e.g., due to lack of space under
the ship or factory limitations). Diameters have been applied
up to some 12 m. To date, powers up to the order of 80 to
90 MW applied to a single FPP are known.

Figure 2. Example of a controllable pitch propeller. (Reproduced
with permission from Wirtsild Netherlands B.V. © 2015.)
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2.2 Controllable pitch propeller (CPP)

A CPP consists of a hub to which blades are attached such
that they can be rotated around their axis. Like an FPP, the
CPP can generate thrust in positive and negative directions
along its shaft (Figure 2). In the case of a CPP, thrust is
generated by a combination of rotation rate and blade pitch,
whereby there is only one rotation direction. The direction
of thrust is varied by variation of pitch only. The rotational
speed can be either fixed or variable in combination with a
certain pitch variation strategy.

The blades can be set at any desired pitch in a range of
usually about 50-60° (about 30-35° ahead, and some 20-25°
astern). This kind of range is sufficient for normal operation
of most ships. A special case is the so-called feathering
propeller. The pitch of a feathering propeller can be set to
90°, that is, the blades are then set parallel to the propeller
shaft. This feature is used when a propeller is stopped in
a situation where the ship is still sailing, driven by either
another propeller (e.g., in case of a twin-screw ship) or by
sails. By setting the in-active propeller at a pitch of 90°, its
resistance is minimized.

The pitch of the blades is set by means of a mechanism
inside the hub. This mechanism can either be hydraulic
or mechanic. An overview of possible blade actuating
mechanisms and their pros and cons can be found in Wind
(1970) and Beek and Heidemans (1976). Figure 3 has been

reproduced from the latter paper. A more recent study
regarding blade actuating mechanism issues can be found in
Godjevac (2011).

The most commonly used mechanism of CPPs for
sea-going ships consists of a hydraulically operated cylinder
inside the hub that moves in shaft direction fore and aft. The
axial movement is changed to a rotation movemeny through
a pin-slot mechanism. The slot is in the rotating part while
the pin is connected to the translating cylinder (Figure 4).
Due to the space needed for the blade actuating mechanism,
the hub diameter ratio of CPPs is larger than that of FPPs.

The vast majority of CPPs has four blades, although
five-bladed CPPs are not uncommon either. In a small
number of cases, blade numbers of 3, 6, and 7 have been
applied. The BAR of a CPP is limited, because the blades
must be able to pass each other when pitch is reversed. This
limits the BAR to something in the order of 0.75 to 0.78.

Powers applied to CPPs can be large, although not as large
as what is possible for FPPs. For any propeller, there is a limit
of the power density (power per unit of blade area) that can
be applied, in view of cavitation issues. However, due to the
limitation of the BAR in case of a CPP, the power that can
be applied to a CPP is more limited than for an FPP of the
same size. Through the years, the maximum power applied
on a single CPP has steadily grown, driven by the need for
larger ships. Powers applied to one single CPP up to about
45 MW are known to date.

Some Mechanisms used in Controllable Pitch Propellers
o
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Figure 3. Different mechanisms to actuate blades of a CPP. (Reproduced with permission from Beek and Heidemans (1976). © Wirtsild

Netherlands B.V., 2015.)
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Figure 4. Example of an actuating mechanism in the hub of a CPP.
(Reproduced with permission from Wirtsild Netherlands B.V. ©
2015.)

2.3 Ducted propeller

For a range of applications, it is beneficial to surround the
propeller (either FPP or CPP) by a ring that has a specific
profile section, for example, like that shown in Figure 5.
There is a very small gap between the (rotating) propeller
tips and the ring. The ring is fixed to the ship or to a thruster
housing. In practice, this ring around the propeller is often
called a nozzle, although a propeller with a nozzle around it
is still called a ducted propeller.

In an accelerating nozzle (which is the most used type
and has the largest curvature on the inside of the nozzle),
the water speed at the propeller disk is higher than that of
a comparable open propeller. For accelerating nozzles, the
increase in axial velocity reduces the propeller load, espe-
cially for heavily loaded propellers. This then leads to an
increase in overall performance of the propeller and nozzle
compared to that of a propeller alone. In addition, the nozzle
generates forward thrust caused by the pressure distribution

++++++

Figure 5. Schematic of a nozzle cross section (type 19A). (Repro-
duced with permission from Oosterveld (1972). © Marin, 1972.)

Figure 6. Example of a ducted CPP. (Reproduced with permission
from Marin. © 2015.)

around the nozzle, resulting in a force in the forward direc-
tion and a compression force acting in the radial direction.
Accelerating nozzles are thus mainly (but not exclusively)
applied to moderately to highly loaded propellers for low to
moderate ship speeds. It is estimated that some 50-70% of
all propellers are ducted propellers, many of them being typi-
cally applied to fishing vessels, inland waterway barges and
push boats, tugs, and supply vessels.

Without influence on the power of the propeller, the nozzle
will contribute as much as the propeller to the total thrust
in bollard condition (pulling at zero ship speed). For equal
power, the bollard pull may be improved by 20% to 30%
compared to an open propeller.

Decelerating nozzles are not often applied. Their main
benefit is the reduction of cavitation and noise due to the
decelerated flow and the increased static pressure. However,
the propulsive efficiency may be compromised in such a case
(see also Section 4.7).

For many decades, standard nozzle shapes have been
applied. These standard shapes and their influence on the
propulsive performance are described in Oosterveld (1970).
The most commonly used types are the 19A and 37 nozzle.
More recently, several makers provide nozzle shapes with
claims for better operation in various conditions. Such devel-
opments have become possible due to the availability of
computational fluid dynamics (CFD) techniques.

The nozzle needs to be integrated and connected to the hull
to achieve robust and reliable performance. In many cases,
a semitunnel is used to integrate the nozzle into the ship
(Figure 6).

A more recent development is to use the nozzle to house
the propeller drive system. In this configuration, there is no
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Figure 7. Example of a rim-driven ducted propeller. (Reproduced
with permission from Brunvoll AS. © 2015.)

propeller shaft. The blades (fixed pitch) are suspended in the
nozzle on a ring that acts as the rotor of an electromotor.
A ring-shaped stator surrounds the rotor, and in this way,
the necessary torque can be generated to drive the propeller
blades (Figure 7). Due to being driven from the rim of the
nozzle, this type of system is usually referred to as rim drive.
In case of the type shown in Figure 7, the thrust bearing of the
blades is located at the rim as well. Another rim drive variant
has a small hub that connects the blades. Such a hub then
contains the thrust bearing. The hub itself is then supported
by radial struts that transfer the thrust to the ship. Although
not (yet) a commonly used propulsion type, it is considered
logic to mention it in this section on ducted propellers.

So far conventional ducted propellers have been delivered
up to a diameter of about 6 m, while power limitations are in
the order of those of open FPPs or CPPs. Rim-driven units
have not been delivered yet for powers higher than about
1.5 MW, diameters being limited to slightly more than about
2m.

2.4 Thruster

By “thruster” one usually means a steerable thruster (STT).
The unit can be rotated over 360°. It is therefore possible to
deliver thrust in all directions in one plane (in most cases
the horizontal plane). A mechanical thruster (see Section 2.5
for the podded version) consists of an underwater gearbox
housing and a shank that covers the main drive shaft that
connects the engine inside the ship with the gears and the
propeller shaft. Mechanical thrusters can be fitted with an
FPP or a CPP, either open or ducted. Rim-driven thrusters are
naturally fitted with a ducted FPP. There are also thrusters

= [l
DD
=

(b)

Figure 8. Z-drive (a) and L-drive (b). (Reproduced with permission
from Wirtsild Netherlands B.V. © 2015.)

Figure 9. Example of pulling-type thrusters. (Reproduced with
permission from Wirtsild Netherlands B.V. © 2015.)

with contrarotating or tandem propellers (see Sections 3.1
and 3.3). The gearing arrangement of mechanical thrusters
can be of the Z-drive or the L-drive type, see Figure 8.
Thrusters can be of the pushing or the pulling type. In
case of the pulling type, the gearbox and shank are located
downstream of the propeller (Figure 9). In case of the pushing
type, the thruster gearbox and shank are located upstream of
the propeller (Figure 10). The vast majority of STTs is of
the pushing type, fitted with ducted propellers. The reason
for that is that the main application is for slow-speed vessels

EMOE emoe053.tex V2-06/17/2016 1:39 P.M. Page5
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Figure 10. Example of a pushing-type thruster. (Reproduced with
permission from Wirtsild Netherlands B.V. © 2015.)

for which application, the pushing type has a performance
benefit.

Powers on mechanical thruster units are maximum in the
order of about 7 MW. This is mainly related to limitations of
available gears. For rim-driven units, the maximum power
is similar to that of ducted rim-driven propellers (about
1.5MW).

A particular type of thruster is the transverse thruster (TT).
The TT is a thruster mounted inside a tunnel in the ship. The
tunnel runs between both sides of the ship, perpendicular to
the ship’s center plane. The TT can either be a mechanical
one or a rim-driven one. In case of the mechanical drive,
the gearbox housing and the shank are located inside the
tunnel (see, e.g., Figure 11, the middle tunnel). In case of
a rim-driven TT, there are no obstacles in the tunnel, unless
the type is used that comes with a small central hub.

The purpose of the TT is to generate thrust in the transverse
direction during maneuvering, station keeping, or dynamic
positioning (DP), that is, in situations of zero or low ship
speed. The impeller accelerates the water into the tunnel. At
the entrance, the water flow induces a low pressure field on
the hull, which contributes significantly to the total thrust
(25-45%, dependent on the tunnel configuration). Often TTs
are used in combination with STTs in such circumstances.

Applications up to 5.5MW per TT are known for
mechanical-driven units and up to about 1.5MW for
rim-driven units.

Figure 11. Example of mechanical transverse thrusters with CPPs.
(Reproduced with permission from Wirtsild Netherlands B.V. ©
2015.)

Figure 12. Example of single-propeller podded propulsion
systems. (Reproduced with permission from ABB AZIPOD. ©
2015.)

2.5 Podded propeller

A podded propulsion system is a gearless steerable system
of which the (electrical) engine is placed inside a submerged
pod. The system can be fitted with one or two FPPs, either
open or ducted (Figures 12 and 13). Systems have so far been
delivered up to powers in the range of about 20 MW.

These units combine high torque in bollard condition
together with high maneuverability, which makes them very
suitable for operations in ice. The system enhances the use
of diesel electric systems. It is therefore often applied on
ships that need much electrical power for other functions than
propulsion, such as cruise vessels.

Page 6
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Figure 13. Example of twin-propeller podded propulsion systems
(propellers rotate in the same direction). (Reproduced from
https://upload.wikimedia.org/wikipedia/commons/c/c2/Siemens_
Schottel_Propulsor.jpg. Author: Siemens AG. Distributed under
Creative Commons 3.0.)

2.6 Waterjet

For high speed applications, waterjet propulsion can be an
attractive solution. If there is limited space under a (small)
ship, power densities can become too high for conventional
propellers, leading to unacceptable cavitation behavior and
loss of efficiency. Power densities of conventional propellers
are in practice limited to values in the range of 1.5-2 MW/m?
(van der Vorst, 1995). In a waterjet intake, the average flow
velocity in front of the impeller is reduced to values below
the ship speed (Bulten, 2006). Consequently, the pressure in
front of the impeller is increased and the cavitation behavior
becomes less critical. Moreover, since the impeller is inside
the ship, there is more freedom to select its dimensions,
compared to a conventional propeller that has to fit under the
ship. Power densities of water jets depend on the ship speed
and vary from some 1 MW/m? at 10kn to about 8 MW/m?
close to 70 kn (van der Vorst, 1995).

A waterjet consists of three main parts: the inlet ducting,
the impeller, and the outlet or nozzle, see Figure 14.

The impeller and stator are located inside the ship. Usually
the impeller is either an axial or a mixed flow pump. The inlet
opening is located under the ship. The impeller accelerates
water from below the ship, which exits through the nozzle.
Behind the nozzle, a so-called bucket can be fitted, which
is usually hydraulically operated (Figure 15). The bucket is
used to change the direction of the jet of water that leaves
the nozzle. In this way, steering can be realized as well as
deceleration and astern sailing.

Nozzle  Pump

Stator

Impeller

Figure 14. General arrangement of a waterjet. (Reproduced with
permission from Wirtsild Netherlands B.V. © 2015.)

Figure 15. Waterjet with steering bucket behind the nozzle.
(Reproduced with permission from Wairtsild Netherlands B.V. ©
2015.)

Usually the impeller is of a standard design for a certain
type of waterjet, while the designs of the inlet and nozzle are
ship specific. Waterjet applications are known up to a power
of some 40 MW per unit.

3 SPECIAL PROPULSOR
ARRANGEMENTS

In this section, a number of special arrangements of the
commonly used propulsor types that are mentioned in
Section 2 are described.

3.1 Contrarotating propellers

A classical set of contrarotating propellers (CRPs) consisg
of two FPPs fitted directly behind each other to coaxial
contrarotating shafts (Figure 16). The shafts are driven
through a special gearbox such that they have opposite
directions of rotation. The idea is not new. There even
exist standard series of CRPs (van Manen and Oosterveld,
1969; Bjirne, 1973). A practical design procedure for CRP
propellers for merchant ships, based on momentum theory,
was developed by van Gunsteren (1973). Especially his
systematic variations of parameters such as the distance
between the propellers, blade number combinations, loading
distribution between the two propellers, and rotation rates
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Figure 16. Example of contrarotating propellers. (Reproduced
with permission from Wirtsild Netherlands B.V. © 2015.)

make this still a practical worthwhile method. Meanwhile,
there are also possibilities to analyze CRPs by means of
lifting surface or boundary element methods and CFD.

Efficiency improvements up to some 15% have been
reported compared to single screw solutions with the same
power and propeller size (both propellers operate at around
30% lower number of revolutions). This gain is due to
a combination of effects. Two lightly loaded propellers,
often in combination with the mentioned lower number of
revolutions, have a higher efficiency than one heavy loaded
propeller, the aft propeller regains part of the rotational
losses of the forward propeller, and the hull efficiency
sometimes also contributes. Compared to a conventional
twin-screw solution, advantages are that the ship resistance
is not increased by dragging two shafts with shaft supports
through the water and that the propellers operate in the high
wake region, which contributes to an increased propulsive
efficiency.

Another advantage of the CRP system is that the propeller
torques are canceling each other. For this reason CRP propul-
sion is widely applied to torpedoes.

Despite the potentially large power savings that can be
obtained by CRP propulsion, it is not widely applied. The
most probable reason is the complexity of the mechanics
of the drive system and the fact that bearings between the
coaxial shafts are not accessible without docking and pulling
out the shafts. For torpedoes, such aspects are not an issue,
due to their short operational lifetime and relatively low
power. To avoid the mechanical issues of contrarotating
shafts, recently solutions have been developed to drive CRPs
by shafts that are not coaxial, for example, as shown in
Figure 17. The other solution is a hybrid one, in which

Figure 17. Example of a contrarotating propeller solution
without coaxial shafts. (Reproduced with permission from ZF
Friedrichshafen AG. ©.)

Figure 18. Example of an overlapping propeller arrangement.
(Reproduced with permission from Marin. © 2015.)

the drive systems of both CRPs are completely separated
(Section 3.4).

3.2 Overlapping propellers

Twin-screw propulsion can also be achieved by arranging
the two propellers such that they are overlapping each other,
the shafts being located closer to each other than in case
of a conventional twin-screw arrangement. In this case, the
propellers are placed at a short distance behind each other
(Figure 18). The idea is again not new, but hardly applied.
Similar to CRP propulsion, this arrangement benefits from
operating in the high wake region. In case of some (full
block) hull forms, they would operate in the centers of the
bilge vortices, having the propellers rotating in opposite
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direction of the vortex rotation. On the basis of the model
tests, power reductions up to 8% can be achieved compared
to a single screw solution and up to 25% compared to a
conventional twin-screw solution with shafting in the water
(Kerwin and Hadler, 2010).

An aspect that needs due attention is the interaction
between the propellers in terms of cavitation and dynamic
shaft load. The latter issue and the increased complexity
from a ship construction point of view are probably reasons
for this system to be not much being applied in practice.

3.3 Tandem propellers

Tandem propellers are another alternative for the conven-
tional twin-screw solution, a choice that can be a result of the
propeller loading on a single propeller being too high in view
of cavitation and vibration excitation issues. In this arrange-
ment, two FPPs are mounted directly behind each other on
the same shaft, therewith doubling the total blade area of a
single FPP. This should lead to a reduction of cavitation and
propeller-induced vibration excitation, but not necessarily
to an improvement of the propeller’s open water efficiency.
The propellers can be mounted with their blades behind each
other, like shown in the example in Figure 19, but the aft
propeller may also be set underforexample-a 45° angle;-or
infaet any ether angle with respect to the forward propeller.

As discussed in Koronowicz et al. (2010), the tandem
configuration has a positive effect on propeller-induced
vibration excitation due to the lighter loading of each
propeller, and the smaller diameter of the tandem propeller

set (increase of the propeller tip-hull clearance), compared
to a single propeller. In the case described in Koronowicz
et al. (2010), it was found that a lower propulsion power
was required than in case of the single propeller. Due to
the smaller diameter, the tandem propellers benefit from a
higher effective wake fraction.

The traditional tandem propeller arrangement is not
commonly applied. One of the drawbacks is the large weight
of two propellers, which causes a large bending moment on
the propeller shaft bearing. A tandem propeller solution on
a thruster avoids this (Figure 20). Therefore, in recent years,
this tandem propeller solution has been applied more often
in practice. Especially for high powered thrusters, splitting
the load over two lightly loaded propellers increases the
efficiency, while a properly shaped strut contributes to
recovering the rotational losses of the forward propeller.

3.4 Hybrid propulsion systems

Hybrid propulsion systems are systems in which different
propulsien types are combined. Many combinations are
possible of course. In this section, two systems are mentioned
that have successfully been applied meanwhile.

One is a CRP arrangement, consisting of a conventional
propeller (FPP or CPP) and either a podded or mechanical
pulling thruster behind it (Figure 21). This solution yields the
high efficiency gain figures of CRP propulsion, without the
mechanical issues of coaxial shafts. The POD or thruster can
also be used for steering, so no rudder is required. With such a

Figure 19. Example of a tandem propeller arrangement. (Image
provided by Centrum Techniki Okretowej S.A. (CTO), Ship Design
and Research Centre, Gdansk, Poland. © Centrum Techniki Okre-
towej S.A (CTO), 2016.)

Figure 20. Example of a thruster with tandem propellers, @
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Figure 21. Example of a hybrid contrarotating propulsion solution
of CPP and podded FPP. (Reproduced with permission from ABB
AZIPOD. © 2015.)

Figure 22. Example of a hybrid solution of CPPs and a waterjet.
(Reproduced with permission from Wirtsild Netherlands B.V. ©
2015.)

system, also a reduction of propeller-induced vibrations can
be achieved.

The other hybrid system is the combination of conventional
propellers with waterjets (Figure 22). This is in particular
applied for ships that have an operational profile such that
they spend considerable time at a moderate cruising speed,
but from time to time have to operate at high speed as well.
The solution can then be to operate the (twin-screw) ship at
moderate speeds on the conventional propellers and to use
a booster waterjet, located in between the propellers for the
high speed conditions.

4 SPECIAL PROPULSOR TYPES

In this section, several less-common propulsor types are
discussed. Most of them are applied in practice and are
mature concepts. In some cases, they are mainly applied to
small ships or not suitable for high power applications. Some
of these propulsor types are seldom applied or need further
development before becoming commonly applied.

4.1 Ring propeller

In the case of a ring propeller, the blades are connected to
each other by means of a ring around their tips (Figure 23).
The ring has an airfoil-type section profile. In a hydro-
dynamic sense, the ring propeller resembles the ducted
propeller. The advantage of a ring is that it has no tip clear-
ance, so no "leakage" loss. The disadvantage is that it rotates
with the propeller and causes therewith extra torque through
friction of the ring in the water. Experiments have shown that
aring propeller is well suited to absorb the available power in
off-design conditions, leading, for example, to higher bollard
pull, but is less efficient at higher speeds. The optimum diam-
eter and rotation rate are lower in case of the ring propeller,
compared with an open propeller.

The concept of the ring propeller has proven itself (van
Gunsteren, 1973). Yet it is almost never applied on sea-going
ships in practice because ships that have to be capable of
high pulling force are mostly equipped with CPPs, which
means that a ring cannot be used, while a nozzle can do the
job instead. On small craft, ring propellers are being applied
more commonly. This is related to the advantage that the ring

Figure 23. Ring propeller model. (Reproduced with permission
from Marin. © 1991.)
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protects against injuries to people swimming around a boat
(pleasure craft) and against fishing gear being caught into the
propeller.

The efficiency improvements obtained with a ring propeller
are in the order of just a few percent at high propeller
load. Limited systematic model test series of ring propellers
are available (Oosterveld, 1972). In that paper, results are
provided of Ka4-70 propellers with a ring, as well as of a
dedicated series of ring propellers, the R4-55 series.

4.2 Tip plate propeller

A tip plate propeller is a propeller on the blade tips of which
small plates are fitted, perpendicular to the blade. The tip
plates can extend to both sides of the tip or to one side, see,
for example, Figure 24.

The development of tip plate propellers of the types that
are currently applied took place in the period between the
late 1970s until the 1990s. Initially, tip plates extending
to both sides of the blade were used, the tip plates being
located entirely at the tip radius (Perez Goméz, Gonzales
Linares, and Baquerizo Briones, 1980). This type is known
as the TVF (tip vortex free) propeller. Later, the same team
refined the design of tip plates by applying them only to the
face side of the blade and by locating them in line with the
contraction of the flow around the propeller (Perez-Goméz
and Gonzales-Adalid, 1995, 1998). This type of tip plate
propeller is called CLT (contracted and loaded tip) propeller
(Figure 24).

In the same period, another theory for designing tip plate
propellers was developed at the University of Groningen
(The Netherlands) (Sparenberg and De Vries, 1987).

According to a further development of that theory, one tip
plate was placed over about half the blade tip section length
toward one side of the blade, while another tip plate was
placed over a bit more than the remaining part of the blade

Figure 24. Example of a CLT propeller. (Reproduced with permis-
sion from Sistemar. © 2015.)

Figure 25. Example of a GPT propeller. (Reproduced with permis-
sion from Karel de Jong. © Karel de Jong, 2015.)

tip section length toward the other side (De Jong, 1991).
This type of tip plate propeller is called GPT (Groningen
Propeller Technology) propeller (Figure 25). Similar to the
TVF and CLT propellers, these plates are perpendicular to
the blade, resulting in a sharp corner between the end plate
and the blade. The plates of a GPT propeller are located on
the propeller radius.

It is essential that tip plates are applied in combination with
a high load at the propeller tip, as this is where the efficiency
gain basically comes from. Efficiency gains up to some 5%
are theoretically possible in this way (Dyne, 2005). When
the number of revolutions is decreased at constant diameter,
even higher gains would be possible. As described in Dyne
(2005), the design of the end plates is critical. If not correctly
designed, their friction may reduce or (more than) cancel the
efficiency gain.

Many of the tip plate propellers are applied on fishing
boats and tugs, as well as on bulk carriers and tankers.
Occasionally, also on a few other ship types with moderate
power density of the propeller. Tip plates have been applied
on both FPPs and CPPs. Aspects such as cavitation (erosion)
and propeller-induced vibrations require due attention when
applying tip plate propellers for higher specific propeller
loadings.

EMOE emoe053.tex V2-06/17/2016 1:39 P.M. Page 11
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4.3 Tip-raked propeller

Tip-raked propellers are characterized by having an
increased rake toward the tip of the propeller blade (rake
is a displacement of a propeller section in axial direction).
Sometimes tip-raked propellers are called tip fin propellers.
Tip rake is a smoothly curved transition from the tip to the
main part of the blade. The tip rake can be applied either
toward the suction side or toward the pressure side. Figure 26
shows an example of tip rake toward the pressure side, while
Figure 27 shows tip rake applied to the suction side.
Application to either side has shown to result in some effi-
ciency increase (Vonk, van Terwisga, and Ligtelijn, 2003),
suction side tip rake being more favorable than pressure side
tip rake. The application of tip rake influences the downwash
and therefore the induced drag and the pressure distribution

Figure 26. Example of a propeller with tip rake toward the pres-
sure side. (Reproduced with permission from Ligtelijn (2007). ©
Wartsila Netherlands BV, 2007.)

Figure 27. Example of a propeller with tip rake toward the suction
side. (Reproduced with permission from MAN Alpha Propellers. ©
2014.)

on the propeller blade. It therefore also influences the cavita-
tion behavior of the propeller. Some cavitation aspects can be
improved by application of tip rake, and some need careful
attention in the blade design to avoid unwanted side effects
(Andersen et al., 2000; Ligtelijn, 2007). Tip rake is being
applied on both FPPs and CPPs to both (very) large and small
propellers.

4.4 Supercavitating propeller

For certain applications, the combination of specific
propeller loading (i.e., thrust or power per unit of propeller
disk area), low immersion, and high number of revolutions
(low cavitation number) may become such that excessive
cavitation is unavoidable when a conventional propeller
blade design would be used. This happens typically in
cases of high speed propulsion for smaller craft. When a
conventional propeller is used in such a case, the cavitation
can become so severe that thrust breakdown and therefore
serious loss of efficiency occurs, in addition to the increased
risk for cavitation erosion. Depending on the combination of
high specific loading and low cavitation number, the appli-
cation of either waterjets (Section 2.6) or supercavitating
propellers (SCPs) can be considered. An SCP is basically an
FPP with special blade sections.

The propeller blade sections of an SCP are shaped such
that they intentionally cavitate over the entire suction side
of any blade section in their design condition (Figure 28).
The cavity then implodes behind the propeller and will there-
fore not harm it (Figure 29). An SCP outperforms both the
conventional propeller and the waterjet in terms of propulsive
efficiency in very specific (and limited) ranges of combi-
nations of propeller loading and cavitation number (Bose,
1996).

T

Posdunine (1945)

TMB-Tulin (1954)

Newton-Rader (1960)

Figure 28. Examples of some of the special blade sections of SCPs.
(Reproduced from Tulin (1964).)
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Figure 29. Example of a propeller model in supercavitating mode.
(Reproduced with permission from Marin. © 1983.)

The design of an SCP is not straightforward. Since the
pressure on the suction side has a constant value (the vapor
pressure), the performance of an SCP depends only on the
pressure side of the blade. The efficiency of an SCP when
operating at sub- or partly cavitating condition is less good
than that of a conventional propeller. When applied to fast
craft, care has to be taken that the SCP is capable to propel,
for example, a planaing hull beyond its main hump, or, for
example, a hydrofoil craft beyond its take-off speed.

Although not very recent, a comprehensive review of the
history and the operation mechanism of SCPs can be found
in Tulin (1962) and Tulin (1964). In the latter report, the
(then) most used super cavitating section types are reviewed,
like those of Posdunine (1945), Tulin 2-term sections (1954),
Johnsson 3- and 5-term sections (1957), and the Newton and
Rader sections (1960). More recent reviews, including useful
references are provided in ITTC (1996), ITTC (2008), and
Bose (1996). In the latter report among others, new types
of super cavitating sections, developed in Japan in the early
1990s (the SRNE, SRJIN, and SRJL sections), are presented.
A more recent review was made by Achkinadze (2001).
It emphasizes the pioneer work on SCPs by the Russian
scientist Posdunine and treats various SCP series that were
later developed in Russia, such as the K- and CK-series.

4.5 Surface-piercing propeller

A surface-piercing propeller (SPP) is an FPP type of
propeller, which is only partially submerged. Just like the
SCP, it is applied on fast craft for cases with low cavitation
number and high specific propeller load. In some cases, the
propeller immersion is so little that it will draw air from the

surface. The SPP is adapted to drawing air from the surface,
as it pierces the water surface. The SPP takes advantage of
drawing air from the surface so that air cavities are formed.
These decrease friction and avoid cavitation erosion.

Another advantage of the SPP is that most of the shafting is
out of the water, so that the resistance of the boat is substan-
tially reduced. The shaft leaves the boat’s stern just above the
waterline. The SPP can be lowered into the water by inclining
the shaft downward, and the amount of immersion can be
adjusted according to the ship speed and running trim. As
can be seen from Figure 30, the mechanism that controls the
shaft inclination can also be used for steering.

The development of the SPP was a kind of continuation
of the development of the SCP (Hadler and Hecker, 1968).
Blade section shapes of SPPs are rather similar to those
of SCPs. Design issues of SPPs are the blade strength, the
cavitation/ventilation behavior, and the increased transverse
and vertical propeller forces and moments. These issues are
related to the fact that a blade is not at all loaded when
above the water surface, and suddenly loaded when entering
the water. Similar load changes occur when the blade is
leaving the water. Reference for further reading is made to,
for example, ITTC (1996), Bose (2008), and Kerwin and
Hadler (2010), in which more references can be found. SPPs
are applied on high speed craft, especially when there is a
distinct hump in the hull resistance to be overcome.

4.6 Vertical axis propeller

For vessels that have multiple operating conditions, for
instance, free sailing, towing, and maneuvering, it may be
difficult to have the maximum power output in all operating

Figure 30. Example of typical arrangement of SPPs. (Reproduced
with permission from Arneson Surface Drives. © 2015.)
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Figure 31. Example of vertical axis propellers. (Reproduced with permission from Voith GmbH. © Voith GmbH, 2009.)

Figure 32. Working principle of one type of vertical axis propeller
(top view). (Reproduced with permission from Voith GmbH. ©
Voith GmbH, 2009.)

conditions. A vertical axis propeller is a possible solution,
with the additional advantage of the possibility to generate
maximum thrust in any direction in the horizontal plane.

A vertical axis propeller consists of a set of hydrofoils
that are placed perpendicular to a disk that is fitted in a flat
part of the bottom of the ship (Figure 33}). The disk rotates
and during one revolution of the disk, each blade makes
(depending on the specific type of vertical axis propeller) a
complete or half a revolution around its own spindle axis
(see sketch in Figure 32 for the case of half a revolution

around the blade spindle axis). The blades are linked to each
other by a governing mechanism, such that the magnitude
and the direction of the thrust can be changed very quickly,
independent of the rotation rate.

The system permits fast and continuously variable thrust
adjustments through 360°, combining steering and propul-
sion. A more detailed description of working principles can
be found in, for example, Bose (2008).

Vertical axis propellers operate at a relatively low revo-
lution speed. Currently, they are used primarily on tugs,
offshore support vessels, double-ended ferries, mine counter-
measure vessels, and buoy layers. So far the maximum power
applied in practice is about 4000 kW.

4.7 Pumpjet

In the marine industry, the term pumpjet is used for different
systems. In addition, the waterjet is sometimes called
pumpjet as well.

One typical kind of pumpjet consists of a nozzle of the
decelerating type (Oosterveld, 1970), see Figure 33. Basic
performance data can be found in the latter reference for
the Wageningen nozzle series 30 through 36, which are all
decelerating nozzles. A set of preswirl guide vanes are some-
times fitted at the nozzle entrance, while (also) a stator can
be fitted behind the rotor (propeller). This kind of pumpjet
is mainly intended to provide silent propulsion, as the decel-
erating nozzle causes a pressure rise at the location of the
rotor (propeller), thereby reducing or eliminating cavitation
on it. In addition, the duct guides the flow through the duct
so that the cavitation on the propeller is less sensitive to
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Figure 33. Example of a pumpjet. (Reproduced with permission
from Oosterveld, 1970. © Marin/Oosterveld, 1972.)

maneuvering and ship motions. The propulsive efficiency is
depending very much on the actual design of nozzle, rotor,
and stator(s), but is generally not better than that of a conven-
tional system.

The other type of “pumpjet” is a unit installed at the bottom
of a ship that can be used for maneuvering (like a traditional
TT), auxiliary propulsion, or low power propulsion. The
maximum power applied to such systems is up to some
4000 kW. The unit is rotatable over 360°, and its pump sucks
water vertically in through a central hole in the bottom of the
ship. The water is then discharged horizontally in the form
of jets through a set of pipes to generate thrust (Figure 34).

4.8 Ultralarge propulsors

Theoretically, the propulsive efficiency is highest when a
large mass of water receives a small acceleration by the
propulsor. Usually, the dimensions of the propulsor are
limited by the available space under the ship. A traditional
ultralarge propulsor is the paddle wheel. The rotation rate

Figure 34. Example of pumpjet for maneuvering and low power
propulsion (van Terwisga, Quadvlieg, and Valkhof, 2001). (Repro-
duced with permission from the Schottel Group. © 2015.)

Figure 35. Example of an ultralarge propulsor of the cycloidal
type (Whale Tail Wheel, see, e.g., Bose, 1996). (Reproduced with
permission from Walvisstaart BV. © Walvisstaart BV, 2015.)

of the paddle wheel is low, hence the torque is high and
the machinery becomes heavy. In addition, application on
sea-going ships is hampered by the fact the paddle wheel may
frequently be out of the water when operating in a seaway.

More recently, ultralarge propulsors of the cycloidal type
have been developed (Figure 35) and prototypes have been
tested on model scale, and in some cases on full scale.

For a general review of flapping foil-type propulsion, refer-
ence is made to Yamaguchi and Bose (1994). Descriptions of
specific propulsors can be found in, for example, van Manen
and van Terwisga (1996), Bose (1996), and Vermeiden et al.
(2012). In general, it can be stated that utilizing a large area
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for the propulsor is beneficial for the efficiency. The mechan-
ical solutions however still need quite some development.
To date, few references exist for actual ships, and only for
limited power.

4.9 Wind propulsion

Sail propulsion is in use on yachts, but sometimes also as
auxiliary propulsion of other ships. Mere gecently kites are
applied as auxiliary propulsion, Although not new, Flettner
rotors are being studied once again for ship propulsion. A
Flettner rotor is a large vertically placed cylinder that rotates
slowly around its spindle axis (Figureg 36b).e When the
wind flows around the rotating cylinder, a force is generated
perpendicular to the wind direction due to the Magnus effect.

When studying the use of wind propulsion systems as
auxiliary power not only the wind forces but also the effects
of leeway and drift of the vessel need to be considered in
order to have an accurate prediction of the overall perfor-
mance. The effect of under loading the propeller and having

it operating in oblique flow should also be considered. The
latter concerns both efficiency and cavitation-related effects.

For further reading about wind-assisted propulsion, refer-
ence is made to Bose (2008).

4.10 Magneto-hydrodynamic propulsion

This type of propulsion is not yet developed to a level such
that it can be widely applied on larger ships. However, several
successful tests have been done on small craft. Most develop-
ments have taken place in Japan and the USA so far. A good
review of those has been provided by Iwata et al. (1983).

The principle consists of generating a magnetic field that
interacts with an electric current perpendicular to it, so that
a Lorentz force is generated. The latter then drives the water
into motion. The momentum change of the sea water before
and after of the propulsor is equal to the thrust that propels
the ship.

The magnetic field can be generated by either an AC or DC
current by a coil located on the ship, whilst the electric field

(d)

Figure 36. Examples of various modern types of wind propulsion systems. ((a) Reproduced with permission from Dykstra. © Dykstra
2015; (b) Reproduced from https://commons.wikimedia.org/wiki/File:Cargo_E-Ship_1,_Emder_Hafen, CN-02.jpg. Author: Carschten.
Distributed under Creative Commons 3.0.; (c) Reproduced from https://commons.wikimedia.org/wiki/File:Rotorship_Alcyone_in_harbour
.jpg. Public Domain Image; (d) Reproduced with permission from SkySails © SkySails 2015.)
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is applied through the sea water either through electrodes
outside under the bottom of the ship, or inside the ship in
a duct. In order to obtain a high efficiency it is essential that
the coil that generates the magnetic field is superconducting.
This in turn requires that the coil operates at about 3°K,
which is realized by surrounding the coil by liquid helium.
Later developments showed that there are superconducting
materials that “only” require cooling up to 125°K. A larger
ship should anyway have a helium liquefier or similar system
for other materials on board. This, and other practical issues,
like electro-chemical reactions in the sea water at the anode
and cathode and the need for sufficient salinity of the water
(e.g. it will not be feasible in fresh water), need further study
and development before the system can be widely applied.

Advantages of this type of propulsion are that the system
is silent and does not cause vibration, the thrust can be
controlled fast, and high efficiency can be obtained.

Reference is made to Carlton (2007) and Iwata et al. for
further details and references.

S ENERGY-SAVING DEVICES

Following the increased awareness of the importance of
energy saving in the 1970s, quite a number of the so-called
ESDs, came on the market during that and the following
decades. Some of them could be applied on existing ships,
others only on new built ships. ESDs are mainly applied on
single screw ships with conventional FPPs or CPPs. This
holds especially for devices that are located upstream of the
propeller. Devices placed at, or downstream of;-the propeller
can in most cases be applied on twin-screw ships as well.

Although most devices are indeed meant to reduce fuel
consumption, some of them also, or even mainly, serve to
mitigate propeller-induced vibration issues eue-te cavitation.
Another effect of an upstream ESD can be to accelerate the
flow into the propeller such that the problem of a heavy
running FPP is solved and therewith sufficient light running
margin is restored.

A comprehensive review of most of the current devices
is provided in Carlton (2007), to which reference is made
for further reading about details, working principles, and the
literature references. In the following, only a global review
is provided of ESDs.

5.1 Upstream of the propeller

ESDs upstream of the propeller are meant to influence the
ship hull flow in front of the propeller in such a way that they
improve the inflow to the propeller and/or reduce the resis-
tance of the ship. To this class of ESDs belong several types

of (semi) ducts, preswirl devices such as fins or spoilers, and
vortex generators.

Some ducts are typically fitted on the ship’s aft body well
upstream of the propeller. These are usually semiducts, that
is, on either side of the hull half a duct is fitted (e.g., like
shown in Figures 37 and 38). Some of them include guide
vanes that generate a preswirl of the flow into the propeller
(Figure 38). Other types of duct are fitted directly in front of
the propeller and are complete ducts.

Preswirl vanes are also applied without a duct structure
around it, in which case they are sometimes referred to as
spoilers.

One of the smallest upstream ESDs is a vortex generator.
When well designed and carefully located, it creates a vortex
that goes through the upper part of the propeller disk and
smoothens the flow there (Figure 39). This is aimed to reduce
propeller-induced vibrations, while it can also lead to a small
power saving.

5.2 Devices at the propeller

ESDs fitted at the propeller location are intended to make use
of the propeller postswirl flow to generate additional thrust.
They are fitted directly aft of the propeller.

A well-known device is a vane wheel (Figure 40). The
diameter of a vane wheel is larger than that of the propeller

Figure 37. Example of semiducts upstream of the propeller.
(Reproduced with permission from Marin. © 2011.)
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Figure 38. Example of an upstream ESD: semiduct with preswirl
vanes. (Reproduced with permission from Marin. © 2011.)

Figure 39. Example of a vortex generator (dark gray triangle).
(Reproduced with permission from Marin. © 2015.)

in front of it. The vane wheel is free to rotate around the
propeller shaft, separately from the propeller, but is not
driven by the engine. The inner part of the vane wheel
is driven by the postswirl flow created by the propeller.
The vane wheel tips (that extend outside the propeller disk)
then generate additional thrust like a normal propeller. The
increase in overall diameter explains the gain of the vane
wheel. The combination achieves the efficiency of a single
propeller of the same size as the vane wheel, but at a lower
number of revolutions of the engine-driven propeller.

Figure 40. Example of a vane wheel fitted behind a CPP. (Repro-
duced with permission from Marin. © 2009.)

A smaller device consists of fins fitted on the hub cap of a
propeller (Figure 41). These are sometimes called cone fins
or boss cap fins. The idea is to recover some of the energy loss
related to the propeller hub vortex. They are widely applied,
on new built ships as well as by retrofitting existing ships.

5.3 Downstream devices

The most well-known device is the rudder. Although in the
first place meant as steering device, it also recovers some of
the energy out of the postswirl flow of the propeller. This
effect can be enhanced by attaching fins (Figure 42) or a bulb
to the rudder or by optimizing the orientation of the rudder
leading edges.

A rudder bulb is usually placed at the same height as
the propeller shaft in order to regain some of the losses
behind the propeller hub cap. There are also systems that
include a streamlined connection between a rudder bulb
and the propeller hub cap (Figure 43). Rudders can also be
made with the so-called twisted leading edges. In such a
case, the leading edge of the rudder has a different orien-
tation above the propeller shaft and below it, in order to be

&
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Figure 41. Example of fins on a propeller hub cap. (Reproduced
with permission from Marin. © 2009.)

Figure 42. Example of fins fitted to a rudder. (Reproduced with
permission from Marin. © 2009.)

tuned to the local propeller postswirl direction (Figure 44).
In addition, twisted rudders reduce or eliminate cavitation
erosion on the rudder, especially on fast and high powered
ships.

Figure 43. Example of streamlined connection of a rudder bulb
with the propeller hub cap. (Reproduced with permission from
Marin. © 2009.)

Figure 44. Basic idea of a twisted rudder. (Reproduced with
permission from Marin. © 2009.)

6 THE CHOICE OF THE PROPULSOR

Thrust is generated by any propulsor by accelerating a mass
of water. It is more efficient to accelerate a large mass of
water by a small amount than by accelerating a small mass
of water by a large amount. Therefore, it is in general a good
starting point to select the largest possible propeller that fits
under the ship, taking into account restrictions regarding, for
example, sufficient clearances to the ship’s hull in view of
vibration excitation. Having selected the propeller diameter,
the optimum combination of blade number and number of
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revolutions should be chosen. This approach should lead to
the highest achievable efficiency. On the other hand, it should
be considered that the machinery will be more expensive as a
larger propeller requires a lewernumber-efrevelations, from
the drive train. By variation, a suitable choice can be made.

The selection of the type of propulsor depends on the
operational profile of the ship. Ships that operate mostly
in free-sailing condition are usually fitted with FPPs.
Depending on the propeller loading, size of the vessel, and
ship speed, these can be open or ducted FPPs, or specific
high speed propellers, such as SCPs or SPPs. High speed
craft can also be fitted with waterjets. Their specific internal
arrangement allows higher power densities than for the
conventional propellers (van der Vorst, 1995).

CPPs (open or ducted) are typically applied to ships with
multiple operating conditions. Examples are needing full
power at high and low speeds, such as towing, pulling,
or dredging. Operating a twin-screw ship on one shaft or
operating on one engine while there are two engines on one
shaft also benefits from CPPs. Another typical application of
CPPs is operation at constant engine rpm, irrespective of the
power. CPP installations are mainly driven by diesel engines
through gearboxes. This so-called mechanical drive is a good
compromise between the cost and the capabilities.

For zero or low speed operations, ducted propellers
perform better than open propellers, due to the additional
thrust generated by the duct in such a condition. They are
often applied to work boats, tugs, supply vessels, dredgers,
pipe layers, and so on.

When there are extended maneuverability requirements or
if DP,is involved, azimuthing thrusters (moderate powers) or
podded propellers (up to high powers) are good solutions.
The DP rules require sufficient redundancy in the layout
of the propulsion installation. Single failures should then
not lead to loss of operational capability. The selection of
the underwater part of the propulsion system is therefore
connected to choices of the machinery inside the ship.

Comparing different types of propulsors for a certain ship
is not straightforward. In such a comparison, the entire ship
configuration should be considered. For instance, the effect
of the propulsors and its appendages on resistance need to
be considered, in addition to comparing the efficiency of the
propulsors. A good overview of how this can be compared is
presented in Metcalf and Karafiath (2003). Specifically for
high speed craft, useful propulsor selection methods can be
found in Blount and Bjédrne (1989) and van der Vorst (1995).

The application of ESDs requires a business case approach.
It has to be established on a case by case basis if the payback
time of the investment in an ESD is acceptable.
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GLOSSARY

Azimuthing  Ship propulsor consisting of a pod
thruster containing gears, with a screw type of

propeller, which assembly can be rotated
over 360°.

Controllable  Screw type of ship propeller of which the
pitch blades can be rotated about their axis.
propeller

Ducted Screw type of propeller surrounded by a
propeller duct.

Energy saving

Devices located upstream, downstream or

devices at a ship propulsion device with the aim
to recover or prevent energy losses.

Fixed pitch Screw type of ship propeller of which the
propeller blades are attached in a fixed tot he hub.

Podded Thruster of which the pod contains the
propulsor electro motor.

RIM drive Screw type of propeller that is driven from

its rim by an electro motor.

Special Special arrangements of otherwise common
propulsor types of ship propulsion devices.
arrange-
ments

Special Special features on otherwise common
propulsor types of ship propulsion devices or
types devices entirely different from common

types.

Water jet Axial- or mixed flow pump inside a vessel
that propels it by accelerating a mass of
water taken in from below the ship hull.
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