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Controllable pitch propeller optimization through meta-heuristic algorithm

Antonio Bacciaglia !, Alessandro Ceruti 2, Alfredo Liverani 3

School of Engineering and Architecture, DIN Department, University of Bologna, Viale Risorgimento 2, Bologna, Italy

Abstract

This paper describes a methodology to design and optimize a controllable pitch propeller suitable for small
leisure ship boats. A proper range for design parameters has to be set by the user. An optimization based
on the Particle Swarm Optimization algorithm is carried out to minimize a fitness function representing the
engine’s fuel consumption. The OpenProp code has been integrated in the procedure to compute thrust
and torque. Blade’s geometry and tables about pitch, thrust and consumption are the main output of the
optimization process. A case study has been included to show how the procedure can be implemented in
the design process. A case study shows that the procedure allows a designer to sketch a controllable pitch
propeller with optimal efficiency; computational times are compatible with the design conceptual phase
where several scenarios must be investigated to set the most suitable for the following detailed design. A
drawback of this approach is given by the need for a quite skilled user in charge of defining the allowable
ranges for design parameters, and the need for data about the engine and boat to be designed.
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Nomenclature
Symbol Quantity Unit Symbol Quantity Unit
Ag/Ao Blade area ratio n Rotational speed 1/s
i Initial stagger angle deg P/D Pitch distribution along blade
B2 Stagger angle for intermediate velocity deg Pr Thrust power A%
B Stagger angle for lowest advance velocity  deg Pp Delivered power w
¢/D Chord distribution along blade Q Torque Nm
D Diameter m RPM Rotational speed 1/min
Dnub Hub diameter m P Water density k:g/rn3
D,pt Optimum propeller diameter m oN Cavitation number
n Propeller efficiency t Deduction factor
FC Fuel consumption kg/h T Generated thrust N
f/e Camber distribution along blade Tyes Desired thrust N
I Vortex circulation Yot h Throttle percentage
J Advance ratio Va Volumetric mean inflow velocity m/s
Kr,Kq Thrust and Torque propeller coefficients Vs Advance ship speed m/s
kecaw Cavitation penalization coeff. Z Blade number
kstress Maximum stress penalization coeff.
Kthrust Generated thrust penalization coeff.

1. Introduction

The design of a propeller is quite a demanding task because several conflicting factors play at the same
time, such as: the engine power and shaft speed matching, the boat size and the ships operating speed. Each
propeller has several geometric characteristics that describe it [1], namely: D, P/D, blades, hub, sense of
rotation, RPM etc. A blade can be defined as a solid body interpolating a set of airfoils. Therefore, given
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a generic propeller section, a lot of parameters are needed to describe its shape, such as: mean-line type,
chord, camber, thickness and so on.

Propeller series design approach

Two different ways are available for the designer to design and optimize a screw properly. Naval architects
can rely on theoretical propeller design methods (lifting-line/surface theories) using a computer software
without geometry constraints or, as an alternative, they can use off-the-shelf series labelled propellers [2].
Despite its rough approximation (a specific propeller design is carried out by comparing it with a set of
tabulated data for a set of representative shapes), the second method, namely the propeller series, is still
valuable nowadays even if a large computational power is available to designers. It is widely used in the
preliminary design of light or moderately loaded propellers and for those designers who cannot afford lifting
surface software. Just to provide an example, among the available propeller series, the B-series is one of the
commonly used, developed in the Netherlands Ship Model Basin. Design charts are available for B-series
propellers, and a new design can be carried out by selecting the propeller whose performances match in the
best way the application under design.

To support the previous statement, the source [1] describes a simple example of propeller optimization,
based on B-series. Performance related data are given as curves for an assortment of propellers by varying
the load in the form of pitch. If the optimum advance ratio and thrust coefficient are known, the designer
can detect from charts the propeller available in a series assuring the best efficiency. It is worth noting that
this process does not require software computation, but it relies on experimental performance charts and
diagrams.

In the same article, the cavitation is deeply described: it can affect the propeller performances and it
has a strong impact on the design process. This physical phenomenon, also known as ”fluid vaporization”,
can be described as a phase variation observable in high speed fluxes when in a liquid the local absolute
pressure equals the vapour ones at atmospheric ambient temperature. It can cause damages and blade
erosion, thrust and propulsive efficiency reduction, noise at high frequency on board and in the surrounding
environment, engine shaft vibrations and high local structural loads. To understand if cavitation occurs, it
is necessary to evaluate the oy parameter, widely known as cavitation number and to compare it with the
minimum pressure coefficient (Cp, . ). In general, o measures the tendency of fluid to cavitate: larger the
value of oy, smaller the likelihood for cavitation since the criterion for cavitation inception is —C), . > on
[2]. [3] proposes an interesting optimization method to efficiently design propeller taking into consideration
cavitation analysis. Different constrains are used, as cavity area and volume velocity harmonics to avoid
this highly dissipative phenomenon; [4] uses a similar approach to optimize a propeller in a uniform and
non-uniform flow and compares them with a propeller designed via an existing lifting-line approach.

The paper [5] is another good example of development and implementation of an optimization procedure
for a marine propeller based on systematic series. For any B-series screw, K1 and Kg can be expressed
as functions of Z, Ag/Ao, P/D, and J (see symbols meaning in the nomenclature section). Following the
approach developed by these authors, the propeller design process is carried out by setting an objective
function (i.e. 7)), subjected to different constrains as thrust required, structural strength and cavitation
constraints. Moreover, input data (the design variables) must verify the boundary conditions in terms of
available range. The source [6] uses a similar approach, but in this case the objective function is a weighted
sum (where weights are set by the user) of propeller efficiency and vibrations.

Numerical-based design approaches

Thanks to the huge computational power available nowadays, it is possible to optimize a propeller using
some codes and algorithms based on lifting-line methods or surface theories, without using the geometry
constrains of the series propellers. These systematic series are based on a parent model with a constant pitch
distribution towards the tip and a low skew angle [7]. It’s interesting to note that modern propeller designs,
with a reduced tip loading and higher skew angles, achieve a similar level of pressure distribution as the
B-Series propellers but with up to 3% higher efficiency. This is to say that the propeller series approach may
not give the optimized shape even if the design procedure is perfectly followed. The reason why software
codes are needed to implement theoretical methods is that, compared to the design with a propeller series, the
required inputs are more demanding since thrust and profile section drag coefficients must be known. With



such methods, the designer numerically creates a series of propellers to find the most suitable preliminary
design, which can act as the starting point for the analysis and optimisation phase.

Another example of propeller optimization procedure can be find in [8], based on theoretical methods.
Given an existing propeller geometry, with some problems in terms of pressure fluctuations on the hull
and noise, the author tries to optimize it, maintaining the same K, using a wide chord tip; this is done
implementing an algorithm (KPA4 & KPD4 programs) based on vortex-lattice methods (VLM) to evaluate
the propeller performances. VLM is a widely used method that provides in a precise way the open water
characteristics, cavitation analysis, thrust and torque fluctuations for conditions quite close to the designed
point. On the other hand, there are some uncertainties when J is close to 0 or when the pitch angle
decreases considerably with respect to the design value; in this case, a production of reverse thrust can be
noticed in the outer blade portion while the inner ones generate forward thrust: this is a kind of behaviour
that the VLM method can hardly model and predict. In this case, the RANS (Reynolds Average Navier-
Stokes) method could be used, with higher computational demand, but with better analysis performances.
In literature there are contributions regarding propeller optimization examples using high fidelity approaches
as Boundary Elements Method (BEM) and viscous solvers implementing RANS model with respect to usual
lifting-line/lifting-surface tools. [9] presents a multi-objective optimization method in order to improve
propeller efficiency, reduce cavitation and maximize ship speed, taking under consideration engine-propeller
matching, using a combination of BEM and viscous solver.

Fized vs Controllable pitch propeller

When the attention is focused on functional issues, propellers can be divided into two different categories:
the fixed pitch propellers (FPP), that are considered more reliable and easy to install, and the controllable
pitch propellers (CPP). Even if the FPP geometry is quite complex, its manufacturing process is easier
compared to CPP because of the lack of movable and settable parts. Maintenance and consumption are
very low too. These positive aspects, together with good efficiency values in the design condition (the
propeller is optimized for a defined advance velocity value), make FPPs widely used in general purpose
marine application. The boat speed change is obtained varying the propeller rotational speed, increasing
the engine throttle (consequently power and RPM). The propeller skew is introduced to decrease the load
variations when blades, during operations, go through a weak peak, trying to decrease the cavitation inception
risk. In general, a fixed pitch propeller is optimized for a single condition, or in other words, at a certain
advance ratio and revolution per minutes that corresponds to the so called ”design condition”. In that
operative circumstance, the efficiency is maximum, while for all the other RPM (off-design condition) the
performances decrease dramatically. If a boat operates through a wide range of speed, a fixed pitch propeller
can be inadequate due to a plunge of efficiency for velocities different from the designed one.

On the other hand, CPPs are more suitable to increase manoeuvrability, especially for sudden stops, or
to increase efficiency when a ship has been designed to operate in a wide range of velocities and performances
have to be optimized. Another difference is that the CPP hub (Dp,,, = 0.28 + 0.32D) is bigger with respect
to a FPP(Dpp = 0.15 +0.2D), because it hosts a more complex, expensive and bigger mechanism for pitch
change. The hub dimension increase leads towards a decrease of the available blade area and, as a matter
of fact, to a slightly efficiency decrease. The boat speed change is obtained using a variation of the pitch
angle instead of RPM variation (as it is FPP), maintaining suitable propeller performances, and allowing
the engine to operate where fuel consumption is lower. An example of CPP application for fast ferries is
described in [10] where good performances and low fuel consumptions in harbour and cruise speed conditions
are needed. Moreover, in [11], it is described an optimization method based on coupling of multi-objective
optimization algorithm and a panel code applied on a CPP mainly focusing on cavitation and consequently
noise reduction at low RPM ranges.

Bibliography describes applications of controllable pitch propeller. Just to provide an example, [12]
presents the ship speed spectrum records in open-sea operations: it shows a wide range of speed and pitch
angle setting, suggesting CPP necessity for the specific usage investigated in the study by using the Vortex-
lattice method to predict performances.

Scope of the work
It is worth noting that modern marine engineering is more and more focused on fast ships, as [13] suggests,
where the design of a foil based yacht is described. When dealing with fast boats, one of the possible ways to



obtain high propeller efficiency along the whole speed range envelope relies on the adoption of variable pitch
propeller. Therefore, the aim of this paper is to extend the design methodologies based on the optimization
of propeller shapes conceived for FPP to CPP models. As extensively presented in this introduction, some
articles cited above deal with the design by optimization of marine propellers, making use of higher fidelity
approaches (BEM and RANS) compared to usual lifting line/lifting surface tools. However, due to the high
numbers of simulations to carry out with heuristic methods, and the need for short simulation times a simpler
model has been implemented, since this kind of optimization should be used in the conceptual /preliminarily
design phases to evaluate a lot of possible scenarios and for trade-off analysis, even if more detailed design
approaches can be used in the following detailed design, which is beyond the scope of the paper.

The design method presented in this research, based on the OpenProp code’s integration in the optimiza-
tion loop, can be seen as an alternative to the serial propeller design approach, where the user selects the
most suitable off-the-shelf products. In this paper, a more end-application-oriented approach is followed and
a customized approach is proposed to design a controllable pitch propeller for small leisure ship boats. In
agreement with [5], an objective function aiming to increase efficiency (and thus to reduce fuel consumption)
and constrains (which allows to obtain a feasible solution) are imposed to search the optimum design. In
particular, the optimization process is based on the Particle Swarm Optimization algorithm, which is used
to drive the geometrical design of a CPP towards an optimal solution. The final result is a propeller whose
efficiency is quite un-sensitive to the advance velocity, so that an almost uniform efficiency is guaranteed at
low, medium and high speed. With respect the available literature, in this work, a different approach has
been followed compared to literature since the propeller design has been carried out considering the engine
power and consumption performances for different round per minute and throttle settings. Moreover, also
a simplified model of ship drag is considered into the optimization loop to obtain a ship/engine/propeller
proper integration.

The paper is structured as follows. After this introduction, a section describing the PSO algorithm
is included. A section describing the methodology implemented to optimize the propeller follows. In the
following, a case study where the methodology is applied to a real case of design is presented. Finally, a
conclusion part is included where the results obtained are commented and an evaluation of the methodology
is carried out.

2. Design tools

This section provides a brief description of the tool embedded in the optimization procedure implemented
and tested in this paper. As explained in details in the next section, OpenProp open code for MATLAB has
been exploited to compute the blade performances, while Particle Swarm Optimization algorithm drives the
optimization towards the goal set by the designer.

2.1. OpenProp code

OpenProp [14] is one of the most valuable open-source software that implements the VLM: it is written
in MATLAB environment and available in the web. This tool is based on lifting line theory, where each
blade is seen as a lifting line with trailing vortices aligned to local flow. The induced velocity components,
that contribute to the overall total inflow, are computed using the standard propeller vortex lattice model
[15] with helical trailing vortex shed filament at discrete stations along the blade. As better detailed in the
next section, the optimization framework developed in this paper allows the design of a controllable pitch
propeller with given input data about the thrust requested by a ship along its operational speed range,
and torque-RPM-throttle curves for motor. The reference [16] explains the matching relationships between
engine power and propeller torque to be considered during an optimization process. In detail, ship propulsion
is obtained through the thermal energy conversion, obtained from fuel burning into thrust conversion. The
basic configuration of a boat propulsion system consists of three major units: engine, transmission and
propeller. These three major subsystems have to work together in an efficient and coherent way to be able
to propel a ship at certain design speed. The main propeller task is to generate a force so that the Thrust
Horsepower (THP) could overcome the Effective horsepower (EHP), that is the power required to tow a
hull. THP and EHP do not have to match perfectly, but a certain margin has to be considered to take into
account the propeller effect and its hydrodynamic drag, known as the deduction factor. As [2] says, ship
resistance has different contributions, where the frictional one is the major contribution and it is generated



from tangential fluid forces, or in other words, due to the fluid viscosity. Another important amount is given
by the wave-making resistance and reflects the energy required to push the water out of the way of the hull,
i.e. quantifying the energy spent that goes into creating the wave. Due to the phenomenon complexity,
wave-making drag can not be easily theoretically modelled and it is always determined in an experimental
way. Both frictional and wave resistance have different importance depending on the Froude number (F'r),
which is defined as the square root of the ratio between the inertial force and the weight. In addition, some
small contributions, known as residuary resistance are present: these are eddy resistance, viscous pressure
drag, separation and wave-breaking resistance. It is worth noting that a model used for optimization can
not be too detailed because it would take days to run simulations. More detailed design approaches can
be used in the following detailed design, which is beyond the scope of the paper. This is the reason why
in this work, and in the presented case study, only a simplified resistance model will be considered, where
the frictional component mainly contributes, taking in mind that the methodology behind the optimization
algorithm could be more precise if experimental data were available to model the wave-making resistance,
or in other words, the tool the authors developed can be refined each time the resistance curve versus the
velocity is known from towing tank tests, from series or statistical data, from RANS calculations.

OpenProp is used to compute the torque and thrust by the propeller at different RPM and power from
motor. OpenProp is based on theoretical background (VL method), optimal for marine propeller design that
approximate the blade as a lifting line, using Morgan correction to the camber and ideal angle of attack
required to construct the 3D blade from 2D lifting-line results. To describe properly the propeller geometry,
some parameters as pitch, chord, camber, thickness, rake, skew are given as a function of the radius. Rake is
the axial distance from the mid-chord point at the hub section and at the section of interest, while the skew
is the tangential component of the angle formed on the propeller disk between a radial line going through
the hub section mid-chord point and a radial line going through the mid-chord’s section of interest [1]. In
this software, as it happens in naval engineering field, propeller performances are given in a dimensionless
form using K7 and K¢ for a given advance ratio J. As a result, the efficiency of the propeller operating
behind the ship is

- PT TVa J KT Va

=5 = =57 1
g Pp 2@  2r Kg Vs (1)

OpenProp, using the VLM approach, assumes a horseshoe vortex filament with circulation I'(7) that
surrounds the i-th panel with helical trailing vortex filament shed from its panel endpoints. From this
assumption, the axial and tangential induced velocity components can be estimated using [17] formulae,
imposing the alignment of wake with local flow. OpenProp’s aim is to find the optimum propeller having
an optimum circulation distribution, which means lower torque (and following power required by engine) at
the desired thrust Tz.s. This optimization problem is solved iteratively using a Lagrangian multiplier \;
according to the equation:

H=Q+M(T - Tues) 2)

where the optimization process tries to find the H minimum. After the propeller optimization, the off-
design conditions are computed with an iterative process (Newton solver) to find a set of unknown variables:
resultant inflow velocity, circulation, ideal pitch angle, among others.

OpenProp has been widely validated, and it is a valuable tool to design a marine propeller with good
performances, as it can be seen by the benchmarking activities held on the U.S. Navy propeller 4119 [18]: a
good agreement between OpenProp and experimental tests for both design and off-design condition has been
shown. However, there are some limitations related to the use of such a software: the main one is that Open
Prop does not take into account the presence of a non-zero skew and rake angle on propeller performances,
even if these setting are widely used in naval to reduce cavitation and noise. Moreover, as it happens for all
the software packages that implements a vortex lattice method, there are some problems when the advance
ratio becomes small or when the pitch angle decreases too much. In such conditions, there is a production of
reverse thrust in the outer blade portion, while the inner one generates a positive contribution towards the
direction of motion. In this context, the RANSE or BEM method could be used, with higher computational
demand, but with better analysis performances. Nevertheless, the aim of this paper is to develop an easy
and fast engineering tool useful to compute and 3D model controllable pitch propellers in the conceptual
design phase and OpenProp matches the need for a reliable software to evaluate propeller performances,



easy to embed into optimization codes and customize, and providing results in short times. Due to these
capabilities, OpenProp macros will be exploited in the optimization process.

2.2. Particle swarm algorithm

The optimization methodology selected for this research is based on upon meta-heuristic algorithms.
There are several ways to face an optimization process, and different kinds of methodologies can be adopted.
Gradient based methods are useful to explore the design solutions space where the function to optimize
is relatively simple and doesn’t include local minimums. In such a scenario, the solution can be found
following directions where the fitness function’s derivatives increases or decreases [19]. Operative research
based methodologies require a detailed knowledge of the model to optimize, and this does not apply in several
design problems where simple linear models are not enough detailed to model phenomena in proper way. On
the other hand, Monte Carlo [20] purely random methodologies do not require a detailed knowledge of the
phenomenon to optimize, which can be considered as a ”black box” where given a set of input, an output is
obtained. However, Monte Carlo method is not time efficient and it requires a lot of simulations to obtain
a reliable result.

Meta heuristic algorithms can be considered as a trade off between a purely random approach, and
more mathematically sophisticated methodologies. This kind of algorithms imitate the way in which nature
operates or physic works. The behaviour of populations following Darwin’s evolution law is modelled in
Genetic Algorithms [21]. Just to provide a few by representative techniques, the spreading of sparks is
imitated in Fireworks algorithms [22]. The way in which kingdoms and countries evolute in history inspired
the Imperialist Competitive Algorithm [23]. The simulated annealing algorithm tries to formalize in a
mathematical way how a metal particle behaves once cast metal cools [24]. Ant colonies algorithm [25] is
an example of procedure where ant search for food strategy has been imitated to find a proper solution in
an optimization problem. Non-dominated Sorting Genetic Algorithm (NSGA) [26] improves the adaptive
fit of candidate population solutions to a Pareto front constrained by a set of objective functions and an
application in the naval field is presented in [27].

Among the bulk of meta heuristic strategies, Particle Swarm Optimization (PSO) algorithm assures the
achievement of good results with a simple and straightforward code. PSO has been developed by Kennedy
in 1995 [28] trying to imitate the dynamics of flocks of birds or school of fish while searching for food. It
has been then applied in a wide set of case studies, ranging from aerospace engineering [29] to alternative
energies [30], naval [31] and mechanical engineering. The PSO algorithm works assimilating the position
of a possible solution in the design space where several parameters define a single solution, as a bird/fish
in the n-dimensional space trying to find food. The position aimed by the individual during the space
exploration depends on a combination of the best place found by the single element of the population and
the best position found by the entire flock/school. From a mathematical point of view, an iterative update
of position and speed is obtained using the eq. (3) and (4).

The particle speed can be expressed with

vi(k +1) = p(h)vi(k) + ar[y1i(pi — 2i(k)] + az[y2i(G — zi(k)] (3)

where 4 stands for the index of the single particle, k expresses the algorithm step, (k) expresses the
inertia function, v; symbol relates to the velocity of the i-th particle, o 2 are acceleration constants, p is
the best position found by the i-th particle (the so called personal best), G is the best position found by the
whole swarm (best position within the personal bests), and finally v; 5 is a random number in the interval
[0+1).

The eq. (4) expresses the position’s update of the particles:

zi(k+1) =ax;(k) +vi(k+ 1) (4)

where z; is the position of the i-th particle, and v;(k 4+ 1) is the updated velocity of the i-th particle.
The simulation’s termination can be achieved in two ways: in the first one the algorithm ends after a pre-set
number of iterations. A second exit strategy can be reached when no improvement in solution is achieved for
a pre-set number of consecutive iterations. The simulation ends when all the particles collapse into a single
point in the n-dimensional space, the optimal one. In the first step the velocity is null for all the particles,
and the position of the particles is random within the allowable parameters proper range.



3. Design process

In this section, the optimization process will be described in details. At first, the objective function G(X)
to minimize has been defined based on the designer’s aim: it describes the minimization of the mean fuel
consumption (F'C) along three (low, intermediate and maximum) design velocities (respectively Vi, Vs, V3).
FC is obtained as the specific fuel consumption in kg/(W -h) times the generated power, since this quantity is
not constant and depends on the mounted propeller. To simulate a boat velocity spectrum not homogeneous
in order to define an operative profile of the ship, some weights (a1, az and as respectively for V1, Vo and Vs)
are used to consider not equally weighted functioning conditions and can be easily changed by the designer,
in order to implement a more realistic optimization for the specific design-case (see eq. 6). This change
directly affects the simulation output, since the fitness function is obtained by a weighted mean of the fuel
consumption. The input vector X is defined in order to contain all the parameters necessary to define the
propeller’s shape and features:

X ={RPM,Vy, 3;,P/D,c/D,t/ec, f/c, skew,rake} (5)

The algorithm aim is to find an optimal configuration, or in other words an optimal input vector which will
be identified in the following as X, that minimizes G(X).

Some constrains limit the possible configurations in terms of cavitation occurrence, material structural
strength and minimum generated thrust. Therefore, the resulting propeller has to work properly, without
cavitation problems, far from the material yield stress and obviously it must provide enough thrust to move
the boat at the desired speed. In order to satisfy these constrains, the designer has to know preliminarily
data regarding the hull geometry and its hydrodynamic properties, the candidate material to be used to
manufacture the blade, and finally the engine characteristics. These data are required to gather an optimum
matching between ship, propeller and engine. The diameter can be unknown in a preliminary/conceptual
design phase, but it is not a free variable since there are geometrical and physical constraints (pressure pulses
on the hull stern or clearance to hull surface, for instance) that limit the propeller dimensions. The setting of
allowable ranges for design parameters is one of the main problems in optimizations. However, some engine
suppliers suggest an optimal diameter to obtain a good matching with that engine. Indeed, since this tool is
developed for small leisure ship boats, it can be assumed that the final propeller diameter could be at around
the diameter suggested by manufacturers, and a matter or fact its value can be used as a starting point for
the optimization process. However, in case of commercial or navy ships the most important constraint on
diameter is the shape of the stern and only after the selection of the propeller the appropriate engine is
chosen.

It is worth noting that the code herein described is particularly suitable in the conceptual design phase
since several design scenarios can be explored in days, thus providing the designer with a lot of what-if case
studies. As a consequence, the mathematical problem to solve can be expressed as:

Find X | min G(X) = @FC0ta PO (X)tas FO\X) .
> a;
i=1

cav * kstress ' kthrust

Satisfying the constrains:

stress(X) < Max load (6)
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To drive the Particle Swarm Optimization algorithm towards feasible solutions, some penalization co-
efficients (Keav, Kstress & Ktnrust) multiply the objective function. In particular, if the algorithm outputs a
configuration that satisfies all the constrains in eq. (6), all the penalization coefficients will be equal to
one. On the other hand, if one or more of the constrains are not respected, the corresponding coefficient
penalizes the objective function (with a value > 1), increasing F'C' and so making the propeller configuration
not-optimal. At each iteration, each penalization coefficient value is a weighted combination of the values at
each designed velocity, depending on the required velocity spectrum, i.e. the a; values. Penalization coeffi-
cients depend on the distance from the allowable solution, so that the PSO algorithm can feel the direction
of improvement of the final solution in an easy way. The penalization coefficient values have been expressed



through some lookup tables which can be customized by the user. The shape of the penalization coefficient
functions impacts the convergence time of the solution because it affects the PSO algorithm capability of
pointing towards a feasible solution. The PSO algorithm should sense the direction where fitness function
improves in a continuous way: a step penalization function would be unsuitable because it wouldn’t provide
information about changes useful to improve solution. The penalization function shape isn’t linear in order
to move from design space zones where constraints are far from being satisfied. Just to provide the reader
with an example, the tables for the case study which will be presented in the next section are shown in
Figure 1.
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Figure 1: Penalization coefficients behaviour

The whole optimization methodology is explained in its implementation taking as a reference Figure 2,
where each step of the procedure is labelled with a number from 1 to 18. Before starting the simulation,
the algorithm has to be initialized; to do that the range of the parameters’ variability is centred around
the values corresponding to the reference propeller geometry, proposed by OpenProp software [18] when
the medium velocity is set. The geometric parameters computed by OpenProp with such configuration are
a good starting point for the optimization process. In case of a new design where no historical data are
available, a diameter range of 20% around the value suggested from the engine supplier, can be set by the
designer. This can support the experimenter in setting proper ranges for design parameters. Moreover,
this helps the algorithm avoiding solutions difficult to analyse computationally. The number of blades can
be changed by the experimenter, but in the case study presented in this paper it has been fixed to 5 (See
Figure 2, stage (1)). At each iteration, the input vector X is set by the PSO algorithm (2), where each
parameter is chosen within an allowable range, as shown in Table 1 where data related to the case study
presented in this paper are included. Some geometrical characteristics, like pitch and chord, are described
using values at root, tip and at 75% of the radius. Then, cubic interpolation curves have been exploited to
find the geometrical parameters in a continuous way along the radius. In particular, the PSO algorithm,
at each iteration, gives as an input all the geometrical characteristics at 75% of the radius, that, for better
understanding, will be called as reference section. The corresponding characteristics at hub and tip will
be given as a certain percentage of the reference one, where percentage amount is free to change along the
algorithm iterations.

To complete the inputs needed for the optimization, engine maps available from literature can be used
to get the engine power and F'C curves as a function of RPM and throttle percentage (Pp = f(RPM, %uh:)
and FC = f(RPM, %))
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Figure 2: Design process flow chart

The optimization process starts analysing the propeller at maximum advance speed for a fixed RPM
value, once the input vector X (3) is known. Using the OpenProp macro AnalyzeGeometry, the algorithm
evaluates 0, T, Pp, F'C for different diameter values D(i) referring to eq. (7).

T(D(i)) = Kppn®D(i)’* (7)
Pp(D(i)) = 27 Kqpn®D(i)’

From this analysis it is possible to obtain a Pp(D) and T(D) behaviour through a mathematical inter-
polation (4), where the diameter is not completely free to change, but it lies in the recommended range. By
computing the hull drag, that corresponds to the frictional one because of the reasons previously explained
and considering conveniently a deduction factor ¢ = 0.15, the optimum diameter (D,,:) can be evaluated (5)
in order to obtain a thrust that equals boat drag at maximum speed, or in other words, the design condition
(Figure 3). However, in case the more detailed data about the ship drag are available from towing tank



Symb. | Description Range

D Propeller diameter 0.32 +0.48
RPM Propeller rotational velocity 980 + 1820

Bi Initial stagger angle 2.5+10

Ke, o Scale factor for pitch angle at hub section with respect the one at 75% of the radius | 1.8 +2.3

b7 Pitch angle at 75% of the radius section 12.5 +50
Kphiy;, | Scale factor for pitch angle at tip section with respect the one at 75% of the radius 0.6 +-0.8

Kep o Scale factor for chord length at hub section with respect the one at 75% of the radius | 0.3 + 0.55

c75 Chord length at 75% of the radius 0.155 = 0.62
K, Scale factor for chord length at tip section with respect the one at 75% of the radius | 0.7+ 0.9

thub Thickness over chord length at hub section 0.103 +0.411
trs Thickness over chord length at 75% of the radius section 0.027 = 0.108
teip Thickness over chord length at tip section 0.016 = 0.063
fhub Camber over chord length at hub section 0.007 + 0.029
frs Camber over chord length at 75% of the radius section 0.01 = 0.04

ftip Camber over chord length at tip section 0.006 = 0.024
Shub Skew at hub section 0.00005-+0.0002
S75 Skew at 75% of the radius section 0.00005-+0.0002
Stip Skew at tip section 0.00005+0.0002
rakepy, | Rake at hub section 0.00005-+0.0002
rakers Rake at 75% of the radius section 0.00005-+0.0002
rakegip Rake at tip section 0.00005-+0.0002

Table 1: Input vector variables range

tests, series or statistical data, RANS calculations, the more complex expressions for resistance can be easily
implemented in the optimization loop and more accurate results can be obtained.

Opt. diameter for Drag equilibrium at B.224 mis

Thrust vs Diam |
O Diam at which Drag=Thrust |

) | ki . . L . . 1 i
0.32 034 0.36 058 0.4 042 0.44 046 048
D [m]

Figure 3: Optimum diameter given by condition of equilibrium

At this design stage, the optimal pitch distribution for the maximum speed is frozen as for the diameter,
that will be fixed to Doy, while for the other velocity conditions (medium and low) only the pitch angle will
be changed to optimize propeller performances, as commonly done in CPP applications. Once the diameter
has been set, the power absorbed by the propeller is available and, as a matter of fact, throttle % and
consumption rate could be find at maximum speed for the given RPM value (6) thanks to the engine curves.
To get suitable performances also at the other design conditions, the optimization approach, with OpenProp
calling, looks for a radial pitch distribution that, combined with settling angles, provides optimal condition
for the considered speed.
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The second design step requires to find a settling angle 82 combined with a pitch distribution for the mid
advance speed to maintain reasonable efficiency values. Sweeping a large settling angle value range, the func-
tion evaluates again efficiency, power and thrust, obtaining a Pp(8) and T'(3) curves through interpolation
(8). Therefore, the optimum value for settling angle (B820p:) could be estimated from the equilibrium point,
or in other words when the thrust developed is equal to the boat drag at Vss (9). When the optimal settling
angle is available, the algorithm evaluates performances, throttle and consumptions for the mid advance
velocity (10).

As for fa,pt, the final step is to evaluate the combination of optimal settling angle 1,p: and radial pitch
distribution for the lowest advance velocity value with the same procedure ((12), (13), (14)).

For each advance speed, the design constrains must be verified: hence, a structural analysis to evaluate
the maximum stress level in the blade and a cavitation analysis are performed. This allows the optimized
propeller to be durable, strong and performable. Two OpenProp macros (respectively StressAnalysis and
Cav_CavitationMap) are used to this aim. In particular, StressAnalysis estimates the maximum stress given
the propeller characteristics, Vi and RPM. The stress evaluation takes into account the centrifugal forces
and the effects of forces and moments (including torque) due to the lift and drag on the blade. Additional
moment contributions are due to the added mass forces and inertial accelerations. Cav_CavitationMap
creates a cavitation map of the blade; o is evaluated by knowing the pressure distribution along the blade.
For additional information related to the mathematical model herein adopted the reader is addressed to the
reference [14]. Afterwards, the design constrains are verified and the penalization coefficients are evaluated
for each design velocity ((7), (11), (15)). Moreover, thanks to the engine map it is possible to match the
propeller with a given engine throttle value. Figure 4 shows an example of engine map for different throttle
settings and the matching point with the designed propeller performances of the proposed case study. It is
worth noting that for a CP-propeller, the engine RPM will be fixed along the different design conditions,
thanks to the controllable pitching mechanism: this allows the engine to work in a point where best F'C can
be achieved.
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100 i i
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Figure 4: Engine map and optimum propeller matching, for the case study proposed in Section 4

At each iteration, the algorithm evaluates G(X) (16) and, if the objective function is minimized, it saves
the vector X (17). When a new input array brings the objective function to a lower value, X is replaced
with the new set of data and after the process is done, it’s possible to know X,,; (18). Using the optimum
array data, the propeller performances along the three advance velocities are computed, using OpenProp
capability in a precise, quick and easy way.

3.1. Controllable and fized pitch propeller comparison

To assess the algorithm potentiality, a procedure useful to compare the changes in performances behaviour
between a fixed pitch and controllable pitch propeller has been implemented. For the sake of comparisons
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with the CPP performances, three different FPP are designed to be efficient respectively at three operative
velocity, V1, Vo and V3. The FFP design can be easily the outcome of OpenProp used as a design tool, once
the Diameter, the RPM and the required Speed/Ship Drag are defined at the advance velocity.

Thanks to this second procedure it is possible to draw performances chart for both FPP and CPP as a
function of the advance velocity, so that the designer can be aware of the benefit obtained with CPP and
cost-performances trade-off analysis can be carried out.

4. Case study

The case study used to validate the procedure deals with a propeller to be installed in a small leisure ship
boat, which is designed to operate in a wide range of speed (Vs = 7 + 16kts). Due to the drag evaluation
assumption described in Section 2, the frictional resistance is assumed to be equal to the total one (neglecting
all the other drag sources) and has been computed for this boat with the equation

1
Drag = §pSVfCD

where a wet surface S, approximated as first attempt as the product of the length times the boat width of
almost 15 m? has been assumed. In addition, it is assumed that the designed propeller has to be installed in a
small leisure ship boat that works for 10% of its operations at low speed (V1=7 kts), for 50% at intermediate
speed (Vo=12 kts) and for 40% at the maximum speed (V3=16 kts). The range of design parameters has
been already shown in Table 1, while the function to be optimized tries to reduce as much as possible fuel
consumption for Vq, V5, V3. Penalization functions limit stress to 440M Pa, avoids cavitation inception, and
set to T' = % the lowest thrust value. The power-throttle-RPM characteristics of the engine have been
included in Figure 4, where the maximum power of 150 KW is obtained at around 3600 engine RPM, similar
to the D3 200 A Volvo Penta Aquamatic Duoprop™, available off-the-shelf. A gearbox with ratio 1:2.3 has
been selected, being available on the shelf for this kind of motor. In fact, it is assumed to adopt commercial
gearboxes which are available for marine engines, and usually sold with the engine.

The whole optimization has been run on a workstation with a 4core 3.1 GHz CPU and 32 GB of RAM
and took 137 minutes to complete. The fitness function trend, along the optimization process can be seen
in Figure 5, where after a fast drop, it stabilizes itself at the value G(X,p) = 22.6[kg/h]. The optimal
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Figure 5: Objective function behaviour during the particle swarm optimization process, with particles’ trajectories inside the
design domain and the best 3;(RPM) position

input vector, made of twenty different parameters, was selected by the particle swarm algorithm in order
to minimize G(X) where each resulting parameter is a certain percentage of the initial one. The algorithm
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stopping criteria is designed in a way that if the best fitness value does not decrease for 15 following algorithm
iterations, the optimization process stops.

The resulting propeller, shown in Figure 6, satisfies all the constrains, making all the penalization coeffi-
cients equal to one. The resulting G(X,,¢) value, physically acceptable, is the weighted mean consumption
along the three design velocities.

Figure 6: 3D view of the resulting controllable pitch propeller geometry given by the optimization algorithm

Propeller performances are collected in Table 2 according to the velocity profile previously described. It’s
important to underline that there is no throttle saturation even at the maximum velocity, the needed power
is always lower than the available one, and the generated thrust is higher than the boat hydrodynamic drag.

16 kts | 12 kts | 7 kts
Diameter [m] 0.473
Bldeg] 6.74 -3.4 -15.2
n 0.60 0.58 0.27
P[W] 118324 | 51975 | 21798
T[N] 8636 4883 1652
Yoth 93.8 42.9 20.7
FClkg/h] 35.5 15.6 6.5
stresSmaz | M Pal) 360 340 290
Cavitation inception margin 0.99 0.59 0.48

Table 2: CPP final performances

4.1. Global sensitivity analysis

After the optimization where a set of design parameters has been obtained using PSO algorithm, a
sensitivity analysis has been carried out. For the specific case study, some additional numerical simulations
were carried out to evaluate the impact of a design parameters change on the fitness function. To do that,
one single parameter of X,,; is changed by 5% increase or -5% decrease, while the other inputs are kept
constant. The fitness function is then evaluated. All the data are collected in Table 3. It is important to
pinpoint that for each input parameter variation the fitness function increases: this is in agreement with the
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Parameter Xopt G(Xopt) | Xopt + 5% G(X) Xopt = 5% G(X)

D 0.473 22.65 0.497 34.89 (+54%) 0.449 38.19 (+68%)
RPM 1248.21 | 22.65 1310.62 39.63 (+75%) 1185.80 | 44.19 (+95%)
Bi 6.74 22.65 7.073 25.02 (+10%) 6.4 30.56 (+35%)
Kg, o 2.072 22.65 2.176 23.38 (+3%) 1.968 31.47 (+39%)
P75 23.90 22.65 25.09 34.56 (+53%) 22.70 43.59 (+92%)
Ky,., 0.798 22.65 0.838 25.75 (+14%) 0.759 37.62 (+66%)
K., ., 0.337 22.65 0.354 25.12 (+11%) 0.323 23.53 (+4%)
75 0.47 22.65 0.493 28.92 (+28%) 0.446 24.92 (+10%)
K., 0.888 22.65 0.932 22.75 (+0.5%) 0.843 25.74 (+14%)
thub 0.364 22.65 0.382 25.81 (+14%) 0.346 23.54 (+4%)
trs 0.038 22.65 0.04 23.40 (+3%) 0.362 23.72 (+5%)
tiip 0.017 22.65 0.018 24.13 (+7%) 0.016 22.99 (+1.5%)
Shub 0.028 22.65 0.029 23.45 (+3.5%) 0.026 23.63 (+4%)
frs 0.034 22.65 0.035 24.19 (+7%) 0.032 36.41 (+61%)
Ttip 0.024 22.65 0.025 23.61 (+4%) 0.022 24.12 (+6.5%)
Shub 0.001 22.65 0.001 22.65 (+0%) 0.001 22.65 (+0%)
75 0.001 22.65 0.001 22.65 (+0%) 0.001 22.65 (+0%)
Stip 0.001 22.65 0.001 22.65 (+0%) 0.001 22.65 (+0%)
rakepup 0.001 22.65 0.001 22.65 (+0%) 0.001 22.65 (+0%)
rakers 0.001 22.65 0.001 22.65 (+0%) 0.001 22.65 (+0%)
raketi, 0.001 22.65 0.001 22.65 (+0%) 0.001 22.65 (+0%)

Table 3: Global sensitivity analysis: how changes in the inputs reflect on the objective function

final aim of the optimization algorithm whose task is the setting of design parameters values assuring the
achievement of a minimum value fitness (which is the fuel consumption).

As it can be noticed, thanks to the global sensitivity analysis it is possible to demonstrate that the fitness
function is always higher when the input array differs from X, fact that it is fundamental in this kind of
optimization process. As it may be expected, the more relevant parameter is the propeller RPM , followed by
the diameter D and the pitch angle ¢75 at 75% of the radius. Moreover, for the parameter which affect the
fitness function whit higher impact (RPM), further sensitivity analysis is computed. The fitness function
is evaluated when an increase or reduction of 1, 3 and 5% of RPM occurs, in order to understand if the
optimum RPM value returns the lowest fuel consumption value, or in other words if the optimum set of
design parameters is local or global. Figure 7 confirms that the set of design parameters values suggested
by the PSO algorithm corresponds to a global optimum point in the fitness function.

4.2. Analysis of different velocity profiles

To understand how the algorithm behaves with different velocity profiles, some other scenarios have been
simulated with different a; weights. To understand reasons better, the simulated scenario proposed in the
previous case study, which outputs are collected in Table 2, will be called case a (a1, as and as respectively
0.1 0.5 0.4); a situation with the propeller equally used during a mission will be referred to case b (for
i=1,2,3 a; = 0.33); case ¢ (a1, az and a3 respectively 0.05 0.8 0.15) and case d (a;, as and ag respectively
0.005 0.99 0.005) are used to simulate almost a FPP. Looking at the results, case a, for obvious reasons will
have the highest fuel consumption because the ship will work for the 40 % of its mission at the maximum
speed (Figure 8 [a]). If the reader refers to Table 2, it’s clear that the efficiency is almost constant for the
velocity profile portion that has highest influence. The results, coming from the propeller optimization when
other velocity profiles are used, are collected in Table 4. Comparing the profiles a and b in terms of n and
FC, it can be seen a more equilibrated trend for b, with higher efficiency for the lowest design velocity
(Figure 8 [b]). Comparing the case d with all the previous ones, it can be seen that the algorithm focuses
on the intermediate velocity that counts for 99% and, in order to minimize its fuel consumption, it neglects
the F'C for the other two conditions. For example, at the maximum speed, the thrust is slightly insufficient
(96% of the drag at maximum speed which counts for 8635 N) and there is a small cavitation inception
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Figure 7: Objective function behaviour in case of changes on propeller RPM which is the most relevant input parameter
condition (the cavitation inception margin is higher than 1). As a consequence of the discussed results, this

algorithm has good performances to get a first estimation in the preliminary design stage for controllable
pitch propeller, while it demonstrate its limits for fixed pitch propellers.

H case b H case C H case d \
V3 Vo V1 V3 Vs Vi V3 Vo V1
a; 0.33 0.33 0.33 0.05 0.8 0.15 0.005 0.99 0.005
Bldeg] 3.30 -7.0 | -12.40 4.36 -3.9 -13.3 4.42 -4.6 -16.3
n 0.61 0.57 0.37 0.61 0.56 0.30 0.60 0.58 0.35
P[W] 115595 | 49604 | 36333 || 117043 | 53510 | 19884 || 113788 | 53409 | 17190
T[N] 8643 4870 1561 8640 4856 1656 8279 5049 1679
Yotn 90.1 41.9 32.8 78.5 49.2 24.1 87.7 43.5 16.4
FClkg/h] 34.7 14.9 10.9 35.1 16.1 5.9 34.1 16.0 5.16
stressmaq | M Pal 370 330 280 480 470 330 390 350 230
Cav. margin 0.99 0.52 0.49 0.92 0.69 0.57 1.04 0.85 0.69

Table 4: CPP performances for different velocity profiles

4.8. Controllable pitch vs fized pitch propeller

To describe the design process potentiality, a comparison between the CPP obtained by the Particle
Swarm Algorithm and three FPP, each optimized at a single operative advance speed Vi, Vo and V3, is
included.

In particular, from Figure 9, the reader can see n, K1, Ko and F'C behaviour along a wide range of advance
speed for all the four propellers under consideration. As commonly known, the fixed pitch propeller, Figure
9 [b], [c] and [d], works well in a small advance speed range because, moving far from the designed condition,
it means a drastic drop of propeller performances in terms of efficiency and generated thrust. As a proof of
that, the optimization code starts to diverge when the user asks to evaluate the propeller performances for
advance speeds that are far from the optimum one. For example, the FPP optimized for V3 has a negative
7 value for V; lower than 10kts, while the FPP optimized for V; has a F'C that goes towards infinite when
Vs decreases up to Okts. For this reason the Figures 9 [b], [c] and [d] are truncated along the x axis.

On one hand, a CPP, thanks to controllable pitch mechanism, can adapt itself to different operative
conditions and as a matter of fact it can extend the useful advance ratio range (5 + 16) with good values
in terms of propeller efficiency (Figure 9 [a]). Looking at the fuel consumption, the key parameter in this
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Figure 8: Performance comparison for different velocity profiles

case study, the CPP has a higher value at the maximum speed with respect to FPP, but a lower mean
value considering a wide advance velocity range, making it preferable for applications where the vessel has
to change quite often its operative speed. On the other hand, if the operative velocity is always almost the
same, these results confirm that an FPP, properly designed to have 1,,,, at the designed advance velocity,
would be the right choice between the two options.

As a proof of the good performances assured by this algorithm, a blade of the optimized propeller has
been manufactured using Additive Manufacturing technologies (AM) [32] to evaluate the final shape of
the blade suggested by the procedure. A Form 2 Stereolithography (SLA) 3D printer 4 has been used to
manufacture the part: it uses a laser to cure solid isotropic parts from a liquid photopolymer resin, delivering
high-resolution parts (10). After a visual inspection the blade is similar to shapes typical of off-the-shelf
CPP.

5. Conclusions

Modern marine engineering requires tailored products to obtain high performances and reduce the en-
vironmental impact of human activities. Increasing the efficiency of marine propellers leads to reduce fuel
consumption and increase in overall efficiency. This paper presents a methodology to optimize controllable
pitch propellers which could be used for small leisure ships. A procedure based on the integration of the open
source OpenProp software into an optimization loop based on Particle Swarm Optimization semi-heuristic
algorithm is described. Features of the engine selected and ship to power, range for geometric main pa-
rameters of the propeller are the main input of the optimization loop. The procedure gives as result, the
blade geometry and the look up table pitch-speed which could be implemented in the electronics of the
ship. Cavitation and structural issues are kept into account to obtain a solution feasible and ready to be
manufactured. The efficiency of the controllable pitch propeller is less than what noticed for a fixed pitch
propeller operating in the design point, but it is almost constant for a large range of velocities, thus allowing
superior performances in a wide operational envelope. Future work includes the realization of a prototype
of the whole controllable pitch propeller (controllable pitch mechanical system included) and a deep testing
in water.

Funding and Conflict of Interest. This research did not receive any specific grant from funding agencies
in the public, commercial, or not-for-profit sectors. The authors also declare that they have no conflict of
interest.

4Form 2 by Formlabs (https://formlabs.com/3d-printers/form-2/)
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Figure 9: CPP vs FPP performance plot
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