Alarge, carefully designed, and
cavitation-tested propeller foran aircraft
carrier is examined in the Rolls-Royce
workshopin Kristinehamn, Sweden.
Accurate blade manufacturing and
geometry controlis key to delivering
propeller performance. -
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s a system supplier for the merchant, naval, and
. i \ offshore markets, Rolls-Royce is partof a compet- :

| itive market providing propellers and propulsion

equipmentto new and upgraded ships. Company

2 representatives often attend comparative per-

. A \ formance races, where several suppliers are

4 competing for an order. The supplier with the best performance

normally wins the contract to deliver propulsion equipment to the

vessel in question. These races are done at model scale in a towing

tank, normally at a respected testing institute.

Comparison of power consumption over a speed range is
done in a self-propulsion test, in which a self-driven hull model is
run in a towing tank while thrust, torque, and shaft speed of the
propeller(s) are measured. The power consumption is scaled to full-
scale conditions according to ITTC's proposed procedures, and
is compared between tested suppliers. The supplier with the low-
est power consumption, and hence the lowest fuel consumption,
becomes the winner and has a chance to get the contract to deliver

ot/ the requested equipment. The competitive situation, especiallyin
- Y o the merchant market, has changed over the last 4 to 5 years from

X - being a question only about investment cost to a situation where

= ~ efficiency and fuel consumption play a more importantrole in the
S e selection of a supplier. This is a better situation than just the price
— : of the equipment being the competing parameter and of courses

comes with increasing bunker prices, environmental awareness,

and emissions regulations.

The current trend is that radiated noise levels are increas-
inginimportance. This is due to the rise in shipping on the seas
and operations increasing in environmentally sensitive areas.
Operators (offshore and cruise) now request documentation of
hydro-acoustic noise emissions from ships/propellers when they
operate in ocean areas with a high population of certain marine
mammals, such as whales, seals, dolphins, walruses, and so
forth. In 2010, DNV published the first class notations on under-
water-radiated noise as a response to environmental concerns on
underwater noise pollution.

However, to be the winner in efficiency model test races, the
targetis to achieve the lowest possible power consumption in the

towing tank testat model scale. Other factors often are suppressed
to a large extent—factors such as vibrations onboard, radiated
noise levels, risk of erosive cavitation, and fuel consumption at
full scale where the vessel actually will operate at different drafts,
trim angles, and exposure to wind and waves.

Vibration and noise levels onboard today’s normal cargo ves-
sels are normally not critical and these are often given little focus,
sometimes because the time available for propulsion design is
limited. A worrying trend is that these model test races between
suppliers lead to sub-optimization. In this type of scenario, there
isarisk that the only focus is to achieve the lowest possible power
consumption, at model scale in the testing, without taking into
account other performance criteria that normally are of a contra-
dictory type. This could lead to problems at later stages, such as
when the cavitation performance, pressure pulses, and vibrations
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are to be validated, or even worse, when
the vessel is in operation. Cavitation per-
formance and noise level normally are
contradictory to high efficiency. High pro-
peller efficiency often also results in high
pressure pulses and alot of cavitation with
a high risk for erosion and high noise lev-
els as a result. Over time, this could lead
to increased noise emissions into the seas.
Propeller design is the art of compromises
between efficiency, pressure pulses, and
noise levels; it is important that a propel-
ler also is fit for purpose in the real world,
where vibrations and erosive cavitation
might risk the availability of a vessel. The
target is to find the right balance of the
propelier design that fulfills a shipowner’s
expectations and needs on all levels.

Comparisons are a good way offinding the
best alternative and the best performance,
provided the total picture is taken into con-
sideration. In this context, the total picture
is the performance requested by the end
user, normally the shipowner. No ship-
owner wants a propeller that initially has
very good efficiency, but after a couple of
months experiences cavitation erosion,
or a propeller that gives high vibration so
that the vessel is uncomfortable or the hull
structure suffers fatigue damage. If com-
parative model testing is the only way to
select a supplier, it is recommended, as a
minimum, to perform two tests before a
supplier of a propeller or a whole propul-
sion system is finally selected. The first is
a towing tank test (resistance and self-
propulsion), where power consumption is
measured, and the second, a cavitation test,
where cavitation performance and pres-
sure pulses are validated. This will ensure
that the comparison is based on the total
performance picture and that problems
with cavitation or noise later in the design
process are avoided.
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Different ship types will have different
potential, and a better way of optimizing
propulsion and reducing fuel consumption
of a new vessel is to involve a supplier of a
propulsion system and drive train ata much
earlier stage of the project. Asupplier should
have propulsion expertise and the ability to
perform optimization of the aft ship, inter-
action effects, propeller, and drive train; a
supplier also should strive for an iterative
development of the propulsion system with
alifecycle perspective.

Propeller blade optimization

Propeller design is an art that has devel-
oped significantly since the 1950s and
1960s, when designs were made with pen
and paper, to today’s use of computational
fluid dynamics (CFD). The challenge for
today’s propeller designers is to design a
propeller that fulfills the customer’s high
expectations of efficiency, cavitation, and
noise levels in the short time frame avail-
able before manufacturing of either amodel
scale or full-scale propeller. Design of pro-
pellers is a complicated process, in which
a large number of analyses and assess-
ments are made; in combination with the
designer’s experience, the geometry ofthe
propeller blade is developed toward whatis
believed to be an optimum design.

With sufficient time, more design alter-
natives can be analyzed and more advanced
analysis methods can be included in the
design process. But the time available for
design iteration is often a limiting factor

and a delivered propeller design isn’t nec-
essary the same as the optimum design. The
analysis methods used to calculate propel-
ler efficiency, cavitation extension, pressure
fluctuations, and blade strength have to be
used very quickly. Faster analysis methods
allow for more design iterations, but they
also normally mean less accurate results.
The challenge in this context is therefore to
free up time in the design process to enable
more advanced and accurate analysis meth-
ods, which can guide the design toward
better performance.

What is good performance in the con-
text of a propeller design? Most people would
say good efficiency and low fuel consump-
tion. In most cases, that's correct. But for
operation of an icebreaker, reliability and
blade strength for ice milling mightbe more
important; for a cruise vessel, ayacht, or a
seismic low noise levels normally are the
most important factor. Naval vessels often
need a high cavitation inception speed; that
is, the speed atwhich the vessels can operate
before the propeller starts to cavitate.
Automatic :’*\\-‘.‘-‘,v:'i" ation
Automatic optimization of propeller design
(the propeller blade geometry) is being
seen more frequently, in research projects
and at model institutes. The developments
are great, but there is a general problem
with these propeller optimizations. They
tend to be very academic, with a focus on
demonstration of the optimization tech-
niquesrather than generating a better, more
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The Rolls-Royce Promas system increases _
efficiency by regaining of losses behind i
propeller and hull. ¥

optimum propeller design. There are alarge

number of practical limitations that must be

taken into account before these optimized

designs can actually be built and put on a

vessel. Itisn't only the hydrodynamic perfor-

mance, in terms of efficiency and cavitation,
which hasto be optimized. There are a num-
ber of practical parameters, as follows.

1. The static strength of the propeller blade
and the effects of ice loads are critical con-
siderations. The three-dimensional shape
of today’s propeller blades requires finite
element calculations to determine the
maximum static stress level.

2.Dynamic strength has to be calcu-
lated based on the maximum stress
level and the operational lifetime of
the propeller.

3. Classification rule requirements on pro-
peller blade thickness have to be fulfilled.

4. The strength of the controllable pitch pro-
peller hub is dependent on the size and
shape of the propeller blade, the blade
area, the weight, and the spindle torque
necessary to change pitch of the blade.

5.The clearance between the individual
blades of a propeller and the hub during
pitch changes of a controllable pitch pro-
peller (CPP) has to be maintained. This
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limits the blade area and the chord length
that can be used at different radii of the
propeller blade.

6. The risk of having erosive cavitation has
to be controlled. The amount of cavita-
tion and its extension normally can be
predicted as part of the manual propel-
ler design process. However, to do itin an
automatic optimization routine requires
fast analysis methods with an automatic
interpretation of the results, as many
design alternatives are to be calculated.
This normally is the most challenging part
and the weaklink of an automatic optimi-
zation routine.

All of these parameters and practical
limitations to the propeller design have to be
dealt with during the optimization proce-
dure, or the optimized propeller design will
only be academic and not possible to build.
The large number of design alternatives being
studied puts restrictions on the lead time of
performance analysis, so viscous CFD meth-
odsare today not possible to run as part of the
optimization routine. Instead, they are used
atalater stage for fine tuning when the design
is closer to optimum. When automating the
design process and putting it into an opti-
mization algorithm, the various judgments

an experienced propeller designer is mak-
ing during the development of the propeller
design must be automatically processed;
additionally, decisions must be made by the
computer itself. This is much more challeng-
ing than finding an optimization algorithm
that is able to find a global optimum of the
objective function. A further complicating
factor, which comes on top of the balance
between efficiencyand cavitation mentioned
earlier, is that several operating conditions of
the propeller must be considered. Very few
vessels of today have only a single design con-
dition; itisincreasingly common thata wider
range of ship speeds and drafts are to be con-
sidered when a propeller is designed.

At Rolls-Royce Hydrodynamic Research
Centre, we work continuously to build pro-
peller optimization algorithms into the
software system that is used for propeller
design. This means that the optimization
algorithms will have access to, and will runin
sequence, all of the analysis methods thatare
part of the normal manual design process.
Geometry handling is accessible; propeller
hub strength and clearance between blades
aswellasstrength and performance analysis
areallrunin asequence similar to that used
during the manual design process.
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The propeller designer’s interpretations
also are automated. This gives several ben-
efits. First, the number of design iterations
this affords becomes much larger than any
propeller designer ever will be able to do.
Secondly, the outcome—the optimized pro-
peller design—has passed exactly the same
analysisand assessments as amanual design.
Lastly, the optimization process can be run
in parallel to the manual design process
and can be used as a complementary design
process. There will be a long development
process before we can program the comput-
erstointerpretanalysisresults and apply the
same experience and tweaks to the designas
our most experienced designers. The depen-
dency on the designers’ skill is reduced and
the lead time for delivery of a well optimized
propeller design is shortened.

Propulsion system optimization

For a typical propeller, considering that
diameter and shaft speed are kept fixed
(as well as position of propeller and rud-
der), the efficiency improvement that can
be achieved by optimizing the shape of the
propeller bladesis in the range of 2 to 3% for

FIGURE 1: The original (left) and 30% larger (right) propeller.

constant levels of pressure pulses, vibra-
tion, and noise. This also means the same
amount of reduction in fuel consumption.
If we look beyond the propeller design and
consider the aft ship with the whole out-
board propulsion system, we find that the
potential for improvements is even larger.
With this view, we can look atlosses behind
the hull and propeller as well as the interac-
tion between the propeller, the rudder, and
the hull. This view shows that the potential
forimprovements can be in the range of 5 to
10%, or even larger.

Benchmarking between different pro-
pulsion system concepts is normally made
at a concept level where estimations of
hull resistance, interaction effects, and
propulsor efficiency are used to build
up a comparison of power consump-
tion at different ship speeds. Most of the

focus normally is on design draft, design
ship speed, and maneuverability to find
the most optimum propulsion concept;
sometimes, an operational profile is used
to balance the comparison. At this stage,
alarge number of parameters are consid-
ered: type of propulsion, maneuverability,
fuel consumption, payload, main dimen-
sions, passenger/crew comfort, effects
on the maritime environment, initial
investment cost, and so forth. Possible
alternatives could be single or twin screw,
open twin shafts or twin skegs, podded
propulsion, mechanical thrusters or even
a combination of different types such as
wing thrusters with a center propeller,
or propellers in combination with water-
jets. Often, the initial investment cost
becomes the major decision factor, while
factors such as the lifecycle perspective,
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the total fuel bill, and the total environ-
mental impact over the ship’s lifetime are
given less attention.

As all of these different propulsion
concepts will have different hull lines,
and thus different interaction effects
between propulsors and hull, a fair com-
parison is difficult to achieve. In the past,
we have seen some comparisons of pod-
ded propulsion to conventional open
shafts, in which model tests have been
made to determine differences in hull
resistance, interaction effects, propulsor
efficiency, and so forth. These compari-
sons are made as fairly as possible.

As indicated earlier, the potential
improvement by optimization of losses
and interaction effects for one concept
could be in the range of 5 to 10%. An alter-
native found to be optimum at the concept
level benchmarking might prove inferior
to others when further optimization of the
alternatives is undertaken.

Today’s CFD techniques are developing
quickly, computers are getting faster, and
clusters are getting bigger; however, com-
puting and comparing propulsive efficiency
and power consumption on a concept level
require accurate simulations that still are
very time consuming. Seldom is this afford-
able at the concept stage of a ship design
project. When one or two propulsion con-
cepts are selected, CFD is a more useful tool
to actually look at the power consumption
at different speeds and drafts. Optimization
of interaction effects and quantification of
losses behind propeller and hull can take
place and itis possible to move from a concept
level toward a design and optimization level.

Supplier eng

Once the propulsion system concept is
selected, a more thorough optimization
can take place. At this still early stage of the
project, itis beneficial to work with a sup-
plier of propulsion equipment that has the
ability to outline the propulsion system; to
find the optimum propeller diameter, shaft
speed, and position of propeller and rudder;
and to perform optimization of the aft ship.
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Figure 2

The effect of a 30% larger propeller diameter and two different propeller designs demonstrates the effect on
interaction, propeller efficiency, and total propulsive efficiency. (The difference is shown relative

to the original propeller.)

20.0%

15,00 4
10.0% +——
S0W +—

0.0% |

Difference to original propeller

-5.0%

— i largerprop1
E Larger prop 2

-10.0% =
etaR etal

etaH etaD

The effect of optimizing interaction
effects—something as simple as looking
at the optimum position of the rudder rel-
ative to the propeller and the propellers
position—can be larger than what can be
achieved with optimization of the propeller
bladeitself (asin the model test races men-
tioned earlier). Energy saving devices, such
as the Rolls-Royce Promas system, which
increases efficiency by regaining of losses
behind propeller and hull, should be con-
sidered at this stage and incorporated in
the optimization. As the interaction to the
hull is a key parameter, and the inflow to
the propeller(s) to a large extent determines
the performance of same, it is beneficial to
allow for modification to the hull lines.
Optimizations can be made at differentlev-
els depending on the time available for the
particular project. From looking only at the
propeller blade geometry, to positioning
and size of propulsors, to more complete
optimizations where hull lines are allowed
to change, losses are quantified as a base
for selection of energy saving devices and
interaction effects are taken into account.

As CFD techniques develop, and it’s
known that scale effects are present if stud-
ies are made at model scale, investigations
tend to move toward full-scale simulations,
in which vessel performance in waves
and operational profile also are taken into
account. This offers great opportunities for
further reduction of fuel consumption, and
making time available for such simulations
is becoming a critical factor for success.
Engagement of a propulsion equipment
supplier that has the ability to do this type of
analysis, early in the design process, enables
afocus on total system performance and a
lifecycle perspective that normallyresults in
lower fuel consumption in the end.
Propulsion drive train
So far, we have explored optimization of
propeller design, propeller blade geometry,
and hydrodynamic optimization of the aft
ship where areduction in power consump-
tion at a certain ship speed has been set
equal to a reduction of fuel consumption.
A third level of propulsion optimization is
the optimization of the propulsion drive
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train—thatis, the propeller shaftline, gear
boxes, and engines. Especially in the case
of a controllable pitch propeller (CPP), this
offers further possible reductions in fuel
consumption, as the specific fuel con-
sumption of an engine varies with power
and shaft speed. A CPP has the possibility
to always operate at optimum shaft speed
independent of operational environment
and ship resistance.

At this third level, an engagement
with the supplier of the propulsion system
becomes important as the hydrodynamic
performance and control of the propeller
needs to be linked to the fuel consump-
tion characteristics of the engine. The
propeller diameter has to be matched to
the propeller shaft speed, which should
to be matched to an available size of gear
boxand gear boxratio. This can become an
optimization problem, both when select-
ing equipment sizes where initial cost has
to be balanced against operational perfor-
mance and when the control system of the
propelleris being designed. Alarger propel-
ler diameter is always more efficient than
a smaller diameter if the propeller shaft
speed can be sufficiently adapted to the
diameter. A larger, more efficient propeller
needs a lower shaft speed, which leads to
a higher shaft torque, giving a larger shaft
diameter and alarger, more expensive gear
box. The gear boxratio needs to be matched
to the engine. The initial cost of the whole
shaft line becomes higher and needs to be
recovered by the fuel saved by the better
hydrodynamic efficiency.

At this stage, the optimization should
be focused on fuel consumption, taking
the operational speed profile of the ves-
selinto accountand balanced to the initial
investment cost. The efficiency of the pro-
pulsors at each operational condition is
used to calculate the power consumption
as afunction of ship speed, propeller pitch,
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and shaftspeed, whatis normally called the
PD-n diagram. The specific fuel consump-
tion of the engine should be linked to these
calculations so that the fuel consumption
as a function of ship speed, propeller pitch,
and shaft speed is given instead. At this
level, it is possible to actually make sure
that the engine is running at its optimum,
independent of ship speed and resistance.
The benefit of a controllable pitch propel-
ler is that the relation between shaft speed
and delivered power (the propeller pitch)
can be controlled. The combinator curve
can be selected so thatthe propeller, atany
ship speed and atany draft, is operating at
the optimum combination of pitch and
shaftspeed. Normally, propeller combina-
tor curve is very static and doesn’t change
with ship resistance, which means the pro-
peller only operates at its optimum at one
single point.

An operational profile of a vessel, in
which the vessel total operational time is
broken down into time fractions at different
speeds and drafts, can be linked to the com-
binator curve of the propeller and combined
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so that the fuel consumption in a lifetime
perspective isreduced.

This third level optimization, which is con-
centrated on the propulsion drive train, canbe
separated from the two earlier optimizations
and also made in a shorter time frame than
time-consuming CFD analysis. The key hereis
the knowledge aboutthe complete drive train,
which enables the propeller efficiency to be
linked to the fuel consumption of the engine.
Comparisons of different propellers, engines,
gear boxes, and shaft speeds can more eas-
ily be compared and an optimum solution in
terms of costand/or performance in alifecycle
perspective can be found.

Larger diameter effect

A larger propeller diameter is the most
effective way to improve propulsive
efficiency. Provided the shaft speed is
adapted to the diameter, the efficiency
will increase with increasing diameter.
A larger propeller needs a lower shaft
speed, otherwise the efficiency won't be
better; a smaller diameter needs a higher
shaft speed.

POS 0

Theoretical propeller positions simulated to investigate the effect of the propeller position.
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The effect of the propeller longitudinal position on propeller efficiency (etao), hull efficiency (etaH), rotative efficiency (etaR), and total efficiency (etaD).

Considering a larger propeller on a
single-screw ship with a normally sized
propeller as a starting point (see Figure 1)
demonstrates this effect and what happens
totheinteraction with the hull. Even though
the open water efficiency of the propeller
itself is increasing, the interaction effects
are reducing the impact of it. CFD simula-
tions of two alternative propeller designs
with different tip loading—both with 30%
larger diameter—were compared to the orig-
inal propeller. The increased diameter and
correspondinglower shaft speed resulted in
more than 15% higher propeller (eta0) effi-
ciency (see Figure 2). The interaction effects,
however, become worse: the wake fraction
is dropping and the hull efficiency (etaH)
is being reduced by more than 5%, limiting
the improvement achieved with the larger
diameter. The total propulsive efficiency
(etaD) is improved by 8.6 to 11.2%. Notable
is that one of the propellers gives less open
water efficiency but also less hull efficiency,
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that is, worse interaction effects. This indi-
cates that details of the propeller design
itself affect interaction and the propulsive
efficiency by 3.5%.

Effect of |

Ifpropeller diameter, shaft speed, and design
are kept constant and the propeller position
is moved longitudinally, the interaction as
well as the efficiency of the propeller (open
water), and the total propulsive efficiency,
are affected. This highlights the importance
of the propeller position and the effect it has
on total propulsive efficiency. To demonstrate
this, the propeller has been moved backward
fromits original position in six steps for three
different vessels, two single screws and one
twin skeg. As this study was made purely on
atheoretical basis, the rudder and its effects
have been neglected, which also simplifies
the CFD simulations a lot.

The propeller efficiency (eta0) is
increased when the propeller is moved

backward, due to the reduced load-
ing when the propeller comes out of the
wake field of the hull. This is compen-
sated for by reduced interaction effects.
Hull efficiency and rotative efficiency
are reduced due to the same reason,
and the propeller comes out of the wake
field and doesn’t recover losses behind
the hull as efficiently as in its origi-
nal position. The combined effect is an
increased total propulsive efficiency,
for the single screws in the range of 3 to
5%, while the twin skeg is less sensitive
to the propeller position. As mentioned
earlier, this study is purely theoreti-
cal and a propeller position as far aft as
“pos6” wouldn’t be possible in reality.
However, it demonstrates the importance
of not only the propeller design but also
the interaction with hull and rudder. MT
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