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Abstract- This article presents an alternative method
to select the best Wageningen B-series propeller for
a ship. The alternative method selects the propeller
based on a given sea state. This alternative method
is based on simulations of the ship and propeller in
a given sea state and selects the propeller with the
highest delivered efficiency for that given sea state. In
the simulations, propeller ventilation, varying added
resistance and varying advance speed are taken into
account. The last two factors are calculated by the ’quasi’
regular wave approach that was proposed in [1]. The
alternative method is applied to the KVLCC2 tanker
and S175 container ship and compared to the commonly
used selection procedure for the ships in still water. The
differences between the propellers selected by the different
methods were small and the increase of performance
negligible. However, the differences could be explained
by the increase of the average advance speed and the
added resistance. Furthermore it was concluded that to
reduce cavitation the average added resistance could be
taken into account for the propeller selection in still water.
Keywords- Wageningen B-series, selection,
propulsion in waves, irregular waves

propeller

I. INTRODUCTION

The world today is using more resources than it can produce
in a year. Because of our growing conscience that this is not
sustainable, the call for energy efficient devices is high and the
world’s leading research institutes are focusing on increasing
efficiency in all of their facets. It is very important to utilise
the energy resources with utmost care or the future world will
end up with a deficiency of them. Furthermore the use of fossil
fuels causes a lot of pollution, especially in ships, where more
polluted fuels and less filters are used. The maritime industry,
as one of the biggest consumers of fossil fuels, has been
alerted to this fact. In 2018, the IMO (International Maritime
Organisation) made a long term strategy to reduce the annual
amount of green house gas emissions by 50% by 2050[2]. So,
the study of energy efficient ships and the factors affecting
them is of paramount importance.

The choice of propeller is key in order to have a ship with good
efficiency. In modern shipbuilding the propeller is optimised
as if the ship is sailing in still water, although most ships will
barely sail in still water. The effect of waves on the propeller
are yet to be clearly understood. It has been observed that
the propeller reacts to the time varying flow field encountered
in waves, and it would be useful to consider the effect of
waves on the propeller already in the design stage. In case

of propeller emergence, when the propeller is coming partly
out of the water, the propeller thrust and torque drop signifi-
cantly. Furthermore, the resistance of the ship varies when the
ship is encountering waves. Some research has already been
conducted regarding those influences and some models were
proposed. Yet, these models have not been implemented in the
selection procedure of a propeller. Using this knowledge in the
selection of propellers in waves could help to reach the goals
set by the IMO.

Therefore, an alternative propeller selection procedure for
single open propellers with constant pitch is developed and
discussed. The selection is carried out for the Wageningen
B-series propellers the help of the built-in Matlab function
‘fmincon’ which optimises the delivered efficiency in waves.
The delivered efficiency in waves is calculated by a custom
built Matlab function. This function simulates the ship and
propeller sailing in waves in time and space domain and takes
into account several effects of waves on the propulsion. An
overview of the effects of waves on the performance is shown
in fig. [I] The effects shown in grey are not modelled in
the proposed selection method due to their complexity and
sometimes limited influence. The varying wake and added
resistance are calculated by the *quasi’ regular wave approach
as proposed in [1]]. Inspiration of the time domain simulation
is taken from [3]], which is also the main reference used to
validate the simulation code.

The selection, and thus also the simulation, is made in such
way that it can run for regular or irregular waves. Furthermore,
the simulation also works for a sequence of different wave
profiles to allow the selection based on a scatter diagram.
In order to run the selection code the ships characteristics
are required. These are calculated by a code developed at
CENTEC which has been used previously used in [4] and
[S]. This code computes three types of characteristics:

« Still water resistance according to [6]

« Ship motions in the frequency domain according to the
strip theory as formulated in [7]].

¢ Added resistance in head and bow waves according to
the far-field theory as formulated in [8].

This alternative selection procedure is used to select the opti-
mal propeller for the KVLCC?2 tanker and the S175 container-
ship for different sea states. These propellers are compared to
the optimal in still water. The aim of this alternative selection
procedure is to increase the real life efficiency of the ship.

II. SIMULATION MODEL

The simulation model used was mainly verified by comparing
the obtained results with the results in [3)], however the
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Fig. 1: The effects of waves on ship propulsion

simulation model is not the same. In the reference paper the
shaft and engine are modelled while these are not included
in this simulation model. Instead, the propeller was given a
constant rotational speed that is required to propel the ship at
service speed in still water. This rotational speed and the time
dependent wake velocity are used as inputs for the propeller
model, which computes the thrust and torque. The thrust is
used by the vessel model to update the ship’s speed based
on the ship’s resistance and inertia. The torque is used for
the calculation of the delivered efficiency. The verification of
the simulation results are done for the KVLCC2 whose main
characteristics are given in table

Lpp [m} 320

B [m] 58

d [m] 20.8

A Tton] 312622

Cp 0.8098

Us [kn] | 165

rp m] —0.49Lpp
zZp m} —0.045Lpp

TABLE I: Ship particulars of the KVLCC2

Additionally several RAO’s are compared to the ones given
in [3]. The pitch RAO is required to calculate mean increase
in propeller inflow using the method decribed in [1] which
is discussed later in section [I=C The RAO for relative stern
motion has been used to compute variation in thrust and torque
due to the variation in propeller submergence in different wave
conditions. These RAO’s can be seen in figs. 2}d] The phase of
the relative motion RAO does not match with the one given
in [3)]. This is explained by the fact that in the seakeeping
code, developed at CENTEC, the regular waves are assumed
to have a through on the position of the centre of gravity.
This results in phase of the motions to have a 180° shift with
respect to the usual convention. Furthermore, the surge motion
RAO is necessary to compute wake fluctuations in waves using
the model described in [9] which is discussed later in section
However, the surge motion could not be calculated by
the linear strip theory method that is implemented in the

seakeeping code developed at CENTEC. Therefore, the RAO
of surge is based on the graph given in [3].

A. Resistance model

The total resistance is computed by adding the still water
resistance and the added resistance together. The still water
resistance for the given speed is found by interpolation of
the still water resistances calculated by code developed at
CENTEC. The added resistance is assumed to be constant
for regular waves and is calculated using formula [I] The
added resistance in irregular waves is calculated by the *quasi’
regular wave approach as proposed in [1] and used in [10].
This approach converts an irregular sea state into a train of
regular waves by locating the zero up-crossing (zero down-
crossing) points. The period of the ’quasi’ regular wave is
equal to the time between the previous and the upcoming
zero up-crossing and the wave amplitude is equal to the
average of the lowest trough and the highest crest withing
that period. Both parameters change in an irregular sea so the
’quasi’ regular wave changes as well during the simulation.
Based on the ’quasi’ regular wave properties of the wave at
midships, the added resistance is then computed using formula
[I} This method was adopted to make the added resistance vary

between different waves.
Roaa(U) = A2 ® 4w (w,U) (D

Where ® 411 is the dimensional added resistance coefficient is
calculated as follows:

2)

o aw 1s the added resistance coefficient calculated using code
developed at CENTEC.

Daw = oaw (w)pgB*Lpp

B. Ventilation model

In order to consider the effect of waves on the propulsion of
the ship, thrust and torque losses due to propeller emergence,
free surface effect and Wagner effect have been modelled.
Thrust loss in case of propeller emergence has been assumed
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proportional to the out of water area of the propeller disc as
suggested in [I]]. In case of propeller emergence, propeller
blades take some time to develop the lift once they re-enter
the water and thereby reducing average thrust and torque.
This effect has been considered in terms of average thrust and
torque loss as suggested in [11]]. In addition, thrust and torque
is lost when the propeller operates close to the free surface
generating waves on the free surface due to propeller action.
These effects have been included by using thrust loss factor
given in equation as proposed in [11]]. This model is said to
be convenient when only the averages are of interest and
therefore is used in the simulation.

0 L <—-048
Br=1< 1—0.675(1—0.769%)1-2% —048< 2 <13
1 13< 2

This loss factor is not the same for the torque, the torque loss
factor is computed as follows:

Bq =Bt “4)
The factor m takes into account that there is less torque loss

than thrust loss. This was noticed in [1], m is set at 0.83
because this is in the median of the range given in that paper.

C. Wake velocity model

The advance speed is modelled according to equation 3] In this
calculation the ’quasi’ regular wave approach has been applied
because superposition of different waves frequencies is not
valid due to the non-linearities in the model (e.g. the a-factor
and exponential with wave number). The model requires the
wake factor (w,) in still water which is calculated according
to for the S175. For the KVLCC2 this method gave a
values of around 0.1 lower than in measurements given in



[14], therefore it is forced to the value of the measurements
in order to allow a fair comparison.

UA,mean

i (5)
Where U4 fluctuating 18 the fluctuating part of the advance
speed calculated by equation@ as proposed in [9]. U mean 1S
the mean increase of propeller inflow velocity calculated by
equation [§| as proposed in [[1]].

UA,total = UA,fluctuating

UA,fluctuating :(1 - ws)(U - w€|21| sin (wet - Cl))
+ awA,, exp (—kzp) cos x (6)
cos (wet — kxp cos x)
Where |z;| is the surge amplitude, ¢; the surge phase and

a is a coefficient representing the effect of wave amplitude
decrease at the stern given as follows:

A
" { 0.2 = fesrsy + 05 <25
1

A

Lpp|cosx| — (7)
A

Lpp|cos Xx| >25

Ap

U mean — U -
A, 0.5pU2

®)

Where Ap is the mean pressure increase due to pitching of
the ship, this is estimated by equation [J] as proposed in [1].

Ap~ ~ |zl ©)
Where |z5| is the pitch amplitude.

The model of the mean increase (eq. [8) for the KVLCC2 is
compared to measurements found in [[14] and also by simula-
tions done in [3], this is summarised in table [l Furthermore,
the wake velocities including as calculated by equation [5] are
also compared to those two references as shown in fig. [}
These comparisons are made for the ship sailing at constant
design speed, not taking into account the balance between
propeller thrust and ship resistance, thus the wake varies only
due to the ship motions.

NLpp | Aw % increase in mean wake velocities |
Model Simulations in [3] | Experiments [14]
0.6 3 0.00% 0.03% 0%
1.1 3 2.50% 2.70% 5.0%
1.6 3 2.14% 2.66% 2.2%

TABLE II: Comparison of increase in mean propeller inflow
due to pitch in head waves using formula and experiments

D. Propeller model

In the selection propeller procedure the best Wageningen
B-series propeller is selected, the characteristics of the B-
series are modelled by the Oosterveld polynomials [15]. The
theoretical torque and thrust are calculated by the K¢ and K7
polynomials. The effective torque and thrust are then found by
multiplying the theoretical values with 8o and (1—t5)57. The
still water thrust reduction factor (t5) and is computed by the
code developed at CENTEC according to the method described
in [6]. In [16] is was noticed that the thrust deduction factor
varies in presence of waves. Nevertheless, the still water thrust

reduction factor is used because the effect of the variations is
negligible in most cases [17]].

In [3] similar simulations as for the wake were done for the
torque but with an increased wave amplitude of 5 meters. In
those simulations, the varying wake factor and ventilation were
included and the ship was sailing at a constant speed of 14.7
knots. The propeller used in the simulation was the B4 —43.2
with P/D = 0.47 and D = 9.86 but with a skew of 21.15°
instead of 0° in the normal B-series. The skew does not have
a significant effect on the torque and could not me modelled
in the used propeller model. Therefore, simulations made by
the model with normal B-series propeller are compared to the
simulations given in [3]. The comparison is shown in figs.
The torque amplitudes are not matching the reference exactly
but they are with acceptable limits. The average of the torque
is higher than in the simulations of the reference this might
be partly explained by the skew. In fig. [§] the effect of the
ventilation can be seen in the reference simulation while this
is not present in the simulation. This could not be explained
until now and an email was send to the author of the reference
who on the moment of writing could not explain why there
is ventilation in fig. [§] and not in fig. [7] while the RAO of
the relative motion is the more or less the same for both
wavelengths.

E. Vessel model

A simple vessel model (eq. based on Newton’s first law
has been implemented to include vessel dynamics in the
simulations. qU

M =T, —R
dt fF= T

Where M is the sum of the mass of the ship (m) and the
hydrodynamic added mass of surge (mj;). This added mass
cannot be calculated by the 2-D strip theory that is used in the
code developed at CENTEC, therefore the following empirical
formula suggested in [18]] is used:

m

m\/pL3,/m — 14

III. PROPOSED SELECTION MODEL

(10)

Y

mi1 =

As mentioned earlier the proposed propeller selection proce-
dure based on the ship in waves, selects the propeller with
the highest delivered efficiency in the given sea state. This is
efficiency is calculated using the following equation:

(%)~ (5as)
o=\ 5=

Pp NQeyy
As the propellers considered are the Wageningen B-series,
the propeller is defined by four parameters that define the
propeller: the number of blades, pitch ratio, expanded blade
ratio and the diameter of which the number of blades is fixed

in the selection procedure. The other parameters are limited
by eleven boundary conditions:

(12)

« Six linear inequalities, namely each parameter is limited
by an upper and a lower value based on the original B-
series measurements.



2.
©

— 0.8
s MLp=0.6 P A/lL=0.6
?‘;017> still water ‘5 0.7
g =)
2 i | 2 o ~—
X +1]
& A
=z T 0.5
05 ' ' ‘ : : = 0 0.2 0.4 0.6 0.8 1
61.2 61.4 616 61.8 62
time/T Time t/T
0.8 . . :
0.8
5 o AflL=11
S07F s 07
8 °
goaf 1 s 0.6
% g Mgp=1.1 jg
2 still water g 0.5
0. ; ; . ; ;
P 614 616 618 62 0 0.2 0.4 0.6 0.8 1
time/T TimE t‘fT
0.8 T - . . 08
s 3 AflL=1.6
.| g 0.7 ‘/ﬁ\\
= =
s > 065, > »
%0'6’ )J.LPP=1.6 1 % "
% s | ‘ | — = o 0.2 0.4 0.6 0.8 1
' 61.2 61.4 61.6 61.8 62 "
time/T Time t/T
(a) Simulation (b) Green: simulations of [3] Red: measurements [14], Blue: still
water
Fig. 5: Simulations of the fluctuating wake
<108 ‘ ‘ ‘ ‘ 28 % 108
\ \ \
281 /\\ ,//\\ ’/ \\ f \ /p\\ / \\ ]
VY N Ty Y
PV Y / VoY | /
i I O A T N O B O A AR TR T
A T N A O A O O W 5
S T 1 T A R U 3
£ 24 ‘/ \\ / | \ }; i | e
=3 O O N O O O g
RV ERVRRV L VERVERY e
22/ \ \ \/ \/ Yo
5|
1.8 g 2 i :
850 860 870 880 890 3900

18 L L L L
850 860 870 880 890 900

time [s]

Time (sec)

|—with engine model — without engine model|

Fig. 6: Comparison of the torque by the simulation code (left) and torque of the reference simulation (right) [3] for \/Lpp = 0.6

o Five non-linear inequalities of which two inequalities
verify if the propeller can deliver the required thrust
to maintain the service speed in still water within the
limits of the engine speed (lower and upper limit). Two
other inequalities verify if the delivered power for the
ship in still water at service speed is within defined

power limits. The fifth non-linear inequality verifies if
the 5% cavitation criteria of Burrill [[19] is satisfied for
the propeller working in still water and the ship at service
speed.
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IV. DISCUSSION OF THE RESULTS

The propeller selection procedure is applied to select pro-
pellers for the KVLCC2 tanker and the S175 containership
in head waves for four different conditions: one still water
condition and three different sea states based on the DNV
North Atlantic scatter diagram. These three sea state are:

e SS1: the most probable sea state (H, = 1.5m and T, =
7.55)

o SS82: the average sea state (H; = 3.4m and T}, = 8.9s)

o SS3: a rough sea state based with a probability of 2.4%.
(Hs = 5.5m and T}, = 9.55)

Additionally, a propeller is also selected based on a scatter
diagram for the S175. This scatter diagram is a reduced version
of the DnV North Atlantic scatter diagram, only the sea states
with a probability of occurrence higher than 5% are included.
This is done because taking all sea states into account would
lead to an unreasonable long computation time. However, sea
states with a lower probability would have a minor effect
on the selection, and the Shipmaster will avoid the heaviest
wave conditions, thus the assumption is not critical. For the
selections of the KVLCC2 propeller, a four bladed propeller

is assumed and for the S175 propeller a five bladed because
such propellers are commonly found on those types of vessels.
The boundary conditions except for the cavitation criteria are
defined as listed below:

0.5 < P/D < 1.4 (1.65)

0.4 (0.45) < A./Ap < 1.00 (1.05)
0.3d <D <2/3d

76rpm < n < 110rpm

0.6MCR < Pp <09MCR

13)

The values between brackets are altered values for the S175.
Moreover, the KVLCC2 nor the S175 have specific engine
assigned, therefore it is assumed they use a slow running diesel
engine without gearing system. The boundaries of the rotation
speed are limited by average speed limits of such an engine
found in [20] and power is limited by 60% and 90% of the
maximum continuous rate (MCR) of the engine power, these
percentages are commonly used. The MCR is estimated to be
Pg/0.5.

Furthermore, both ships are simulated 5 times in several sea
states for a period of 120 minutes in order to define the



simulation period to be used in the selection procedure. This
period should ensure the accurate results and a reasonable
computation time. The period is found by looking at the
several moving averages in the sea states. For the KVLCC2
a 20 minute moving average is found to be sufficient (fig. [0)
while for the S175 a 30 minutes moving average is required

(fig. [10).
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A. Propeller selection for the KVLLC2

The results of these selection procedures for the KVLCC2 are
summarised in table The characteristics of the propellers
selected based on certain sea state are only minimally altered
with respect to the propeller selected for still water. These mi-
nor changes only resulted in a negligible increase of delivered
efficiency in the given sea state, additionally the selection in
waves took a lot longer (6 seconds vs around 70 minutes).

As to explain the reason of such negligible differences, it must
be considered that the propeller is deeply submerged (14.4m)
and the KVLCC2 is a very large ship, thus its motions are
not significantly amplified by the frequency ranges of the
wave spectra found with higher probabilities. Furthermore,
the propeller characteristics are not used in the inflow ve-
locity model thus the changes are ’quasi’ independent of the
propeller. Another factor that could have contributed, is the
underestimation of the added resistance for blunt hulls by the
far-field method combined with the strip theory as this lowers
the difference between still water and the sea states.

The selection procedure resulted only in a negligible increase
in delivered efficiency in waves and took a lot longer than
the selection procedure in still water. Therefore, it can be
concluded that the operation of the propellers of such large

ships is not significantly influenced by the presence of waves.
So, the proposed selection procedure in waves is not practical
for such type of ship.

Still water SS1 SS2 SS3
Acronym propeller KVLOP KVL1P KVL2P KV L3P
Ae/Ag 0.4788 0.4786 0.4792 0.4788
P/D 0.6447 0.6445 0.6451 0.6447
D [m] 10.246 10.247 10.244 10.246
n [rpm] 76 76 76 76
ND,s,optimised 0.6309 0.6310011 | 0.6283390
ND,s,KVLCC2.0P 0.6309 0.6310009 | 0.6283389
ND,still 0.6309 0.6309 0.6309 0.6309
1o 0.5155 0.5155 0.5155 0.5155
Uoptiwave [kn] 15.50 15.50 15.47 15.39
Uoptistit [kn] ) 15.50 15.47 15.39

TABLE III: Propellers selected for the KVLCC2 with still
water resistance boundary conditions

B. Propeller selection for the SI175

The propellers selected for the KVLCC2 in waves only had
minor changes compared to the propeller selected in still water.
It was posed that this might be caused by the size of the ship,
therefore the same procedure is applied for a smaller container-
ship, the S175. The main parameters of this ship are given in

table

LPP [m} 175

B [m] 25.4

d [m] 9

A [ton] | 24252.55
Cp 0.57

Us [kn] | 19

rp m] —0.49Lpp
zp [m] —6

TABLE IV: Ship particulars of the S175

As already previously mentioned the RAO of surge can not
be calculated by that code. Hence, it is assumed to depend on
A/Lpp and weakly influenced of the ship shape. Thus, the
non-dimensional curve used for the KVLCC?2 is also assumed
valid for the S175.

The results of the propeller selections are summarised in table
The propeller selected based on SS1 did not result in
any visible increase of efficiency because SS1 represents a
relatively calm sea state. The delivered efficiency and ship’s
speed obtained in the scatter diagram selection, lay between
the values of SS1 and SS2 because the average sea state of
the reduced lays between those sea states.

Furthermore, a general trend over all the propellers is visible:
the pitch ratio decreases when a propeller is selected for a more
severe the sea-state while the required engine speed increases.
The diameter did not change but stayed the maximal diameter
defined by the boundary conditions, a lower diameter would
require a higher engine speed to deliver sufficient thrust, yet
a higher engine speed lowers the advance coefficient which
tends to reduce the open water efficiency.

The reason for the changes is that due to the added resistance,
the required thrust increases and therefore the ships speed



Still water SS1 SS2.0 SS3 Scatter
Acronym propeller SWP SS1.0P | SS2.0P | SS3.0P SC.0P
Ae/Ao 0.643 0.642 0.638 0.626 0.649
P/D 1.117 1.115 1.107 1.082 1.098
D [m)] 6 6 6 6 6
n [rpm| 99 99 99 101 100
"D,s,optimised 0.7037 | 0.6974 | 0.6489 | 0.6988
"ND,s,SWP 0.7037 | 0.6971 | 0.6475 | 0.6986
ND,still 0.7045 0.7045 | 0.7045 | 0.7041 | 0.7044
1o 0.6643 0.6643 | 0.6643 | 0.6640 | 0.6642
U, optimised k1] 19 18.97 | 1844 | 16.28 | 18.71
Us,swp [kn] 18.97 18.44 16.27 18.71

TABLE V: Propellers selected for the S175 with still water resistance boundary conditions

decreases. This causes the average advance coefficient to lower
and thus a shift to the left of the working point in the open
water curves. In this new working point a lower pitch propeller
has a better open water efficiency as the propeller is heavier
loaded. This is illustrated in figure [IT] for the selection in SS3.
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Fig. 11: Open water curves for SWP and SS3.0P and their

average advance coefficients

The expanded blade area ratio does show a trend between
the single sea state selections. The cause of this is that for
a lower pitch ratio, the minimal expanded blade area ration
given by Burill’s cavitation criterion is lower. However, the
effect of A./Ap is negligible on the open water curves and
the propeller selected for the scatter diagram does not follow
this trend.

Although, these changes have a small positive effect on the
delivered efficiency in the specific sea state, they have a similar
but adverse effect on the efficiency in still water. Therefore,
the effect can be considered to be negligible and it should be
questioned if it will result in a noticeable effect on the fuel
consumption and performance of the propeller.

Hence, the reasoning above was mainly based on the speed
loss and propeller speed, it is questionable if the changes are
due to the added resistance or if fluctuations due to waves
had an influence. Furthermore the speed loss in SS1 and SS2
might be counteracted by the Shipmaster who increases the
power to maintain the service speed.

In an attempt to see the effect of the fluctuations, a propeller is
selected only taking in account the average added resistance in

SS2 at service speed (ADP) and other propellers were selected
by the proposed selection method but with the boundary
conditions adapted for the higher required thrust in still water.
Due to the fact that the increased resistance is already included,
the upper limit of the power boundary condition is increased to
100% MCR. Furthermore, the engine speed in the simulations
has been altered in such way that the propeller delivers the
thrust required to propel the ship at service speed with the
increased resistance. The selection procedure in waves has
been executed twice for the same sea-state (SS2) but with
a different wave profile (SS2.1 and SS2.2) in order to verify
the repeatability of the procedure. The results are summarised
in table

Added resistance SS2.1 S$S2.2 SS2.3
Acronym propeller ADP SS2.1P | SS2.2P | SS2.3P
Ae/Ao 0.6900 0.692 0.692 0.6902
P/D 1.063 1.067 1.068 1.064
D [m)] 6 6 6 6
n [rpm] 106.2 105.9 105.8 106.1
"ID,s,optimised 0.6887 0.6888 0.6878
"D,s,ADP 0.6887 | 0.6888 | 0.6878
ND,still 0.6875 0.6875 | 0.6875 | 0.6875
1o 0.6483 0.6483 | 0.6483 | 0.6483
Us optimised [kn] 19 19.06 | 19.10 | 18.97
Us,app [kn] 19.06 | 19.10 | 18.97

TABLE VI: The propeller selected for still water taking into
account the average added resistance in SS2 (ADP) and
propellers selected for SS2 with boundary condition including
the average added resistance (SS2.1P and SS2.2P)

The propeller selected based on the average resistance without
taking into account the fluctuations and motions due to waves
(ADP) has a higher expanded blade area, lower pitch and
higher engine speed compared the original propeller selected
in still water (SWP). This is explained by the fact that the
required thrust is higher which is achieved by increasing the
engine speed and thus the advance coefficient is lower. At the
lower advance coefficient, a lower pitch ratio has a higher the
open water efficiency. The expanded blade area is increased
in order to satisfy the changed cavitation criterion, that now
needs to be fulfilled for the thrust required to face the still
water resistance plus the added resistance. This criterion is
not satisfied for the SWP and the SS2.0P. Although these
propellers do not satisfy this criterion, they are also simulated
in SS2 with same wave profile for which SS2.1P was selected.
In the simulation with SWP and SS2.0, the engine speed was



increased compared to the one given in table[V] so that service
speed could be maintained with the increase of average added
resistance. The simulations resulted in a theoretical delivered
efficiency in that sea state of 0.6865 and 0.6866 for SWP and
SS2.0P respectively. These efficiencies are lower than achieved
by ADP and SS2.2P. Moreover, this number is higher than
in reality because cavitation will reduce the efficiency. How
much the efficiency would be reduced cannot be estimated by
the developed procedure and would require a more complete
cavitation model to be included in the simulation code.

Furthermore, SS2.1P and SS2.2P are not exactly the same
propeller. This is due to the different wave profile and the
short simulation period. A longer simulation period might
eliminate this inconsistency. However, both propellers have
a higher pitch ratio, expanded blade area and lower engine
speed.

These changes can be explained by the increase of the advance
coefficient and thus explains why both SS2.1P and SS2.2P
have a higher pitch ratio. The higher pitch ratio implies that
the engine speed has to slightly decrease to balance the higher
thrust delivered by these propellers. The open water curves
of SS2.1P and are compared to ADP in figure [I2] where
the increase of the advance coefficient is illustrated. This is
increase is caused by a raise of the mean advance speed
which has two roots: raise due to pitching of the ship (eq. [8)
and the higher ships speed. The higher ships speed appears
to contradict the lower thrust coefficient for the working
point with the higher advance coefficient. However, due to
the ’quasi’ regular wave approach used for calculation of the
added resistance, the average total resistance in the simulation
was around 2% lower than the estimated one used to define
the propeller speed. In addition to the elevated pitch ratio,
the expanded blade area ratio increased in order to satisfy the
cavitation boundary condition.
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In order to have a better view on the effect of the waves,
the same propeller selection is repeated but the average added
resistance in the simulation is calculated by the wave spectrum
instead of the ’quasi’ regular wave approach. The propeller
selected with this procedure (SS2.3P in table had a slightly
higher pitch ratio than ADP , slightly higher expanded blade

area ration and a lower engine speed . Just as earlier, the
lower engine speed is a consequence of the higher pitch ratio.
However, in this simulation the average ship’s speed was lower
than the service speed. This is explained by the increase of
average advance speed due to pitching of the ship (eq. [§) that
causes a the advance coefficient to increase as shown in figure
Just as it was the case for the selections with the ’quasi’
regular wave approach, this increase of advance coefficient
causes a propeller with higher pitch ratio to be more efficient.
However, unlike in those simulations, here the lower thrust is
not compensated by the lower added resistance and thus the
ship slowed down.
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Fig. 13: Open water curves for ADP and SS2.3P and their
average advance coefficients

Regardless of this trend, the differences between the propellers
including the effect of waves and the ADP propeller are
minimal and the increase of delivered efficiency in waves
negligible. Thus, it can be concluded that the differences
are small and will not have a significant effect on the fuel
consumption, however it is recommended to select a propeller
taking the added resistance in mind because this will reduce
the cavitation when the resistance increases in presence of
waves. Moreover, it will improve the real life efficiency.

V. CONCLUSION

In this work, a selection procedure of the Wageningen B-series
propeller based on real weather conditions was proposed and
compared to the optimal propeller selected in still water.

The best propeller for the KVLCC?2 in several sea states was
selected. The differences between the propeller selected in
a given sea state and the one selected in still water were
negligible. This was explained by the fact that the propeller
is deeply submerged and the ship is large, so waves have no
significant effect. Therefore, the propeller selection procedure
is not found useful for large and slow ships.

In order to see if the proposed propeller selection procedure
would be useful for smaller ships, it was applied to the
S175. Some tendencies have been noticed on the propeller
selected for sea state of increased severity. In particular a
lower pitch ratio and a higher engine speed. These changes
were more pronounced for more severe sea states. The reason



for these changes was due to the added resistance, the required
thrust increased and therefore the speed decreased. In this
selection procedure, as well as for the KVLCC2, the propeller
speed was set equal to the propeller speed required to sail
at service speed in still water, therefore it was proposed that
it might be more realistic to change the propeller speed to
the one required to sail the ship at service speed in still
water including the average resistance for a given sea state.
This modified procedure resulted in small changes of the
propeller which could be explained by the increase of the
advance coefficient and the cavitation criterion of Burill [19].
However, the differences between those propellers including
the fluctuations due to waves and the one selected in still water
including the average resistance for a given sea state were
small and the increase of efficiency negligible. Therefore, it is
concluded that the proposed selection procedure is not worth
considering in the selection of a propeller. It is best to select a
propeller just taking into account the average added resistance
to lower the risk cavitation and improve the real life efficiency.
This average resistance depends on where the ship is expected
to sail for example if the ship is expected to sail mostly in the
North Atlantic, the added resistance can be taken to represent
the ship operating in the average sea state of the DNV North
Atlantic scatter diagram. Furthermore both ships (KVLCC2
and S175) are still big ships and ventilation was not present in
SS1 and SS2. Repeating the selection procedure for an even
smaller ship such as a fishing vessel might result in bigger
improvements.

It was further noted that the inclusion of a more comprehensive
cavitation model embedded in the simulation code itself, might
influence the results in such a way that the differences with
the still water optimal propeller are greater. However, it should
first be verified for a single simulation whether such a model
has a noticeable effect on performance.

Furthermore, the propeller was given a constant rotational
speed which is not a realistic model. This model was chosen
because the averages with and without an engine model are
comparable [3]]. However, this affects the torque fluctuations
and implementing a more complex engine model would be
more accurate and lead to a better analysis. Furthermore, a
better engine model would allow to compare fuel consumption
rather than efficiency.

On a final note it must be said that all the propellers were
selected for the ship in loaded condition while this does not
reflects the reality. Therefore, it can be interesting to adapt
the code as such that it includes ballast and loaded condition.
I could be expected that this will change the results because
the propeller will be more prone to cavitation and ventilation
in ballast condition. However, the trends noticed for the S175
will remain because they are mostly based on reasoning of the
advance coefficient.
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