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Abstract

This thesis focuses on developing a model that effectively captures and generalizes the
four quadrant behaviour of propellers, which is crucial for understanding and optimiz-
ing propulsion systems in marine vessels. Accurate prediction of four quadrant behaviour
offers significant benefits to the industry, including reducing fuel consumption, mapping
hull growth accurately, and identifying efficiency losses due to propeller cavitation. Unlike
existing approaches that mainly concentrate on modelling the physical interactions between
the water and the propeller blade, this thesis investigates different machine learning meth-
ods and finds that the ensemble method yields the best model for predicting four-quadrant
behaviour. The method is tested on different the different data sets available. The data
set whose propeller type is the same as the propellers used in the fleet is used to generate
predictions for propellers currently in use in the fleet.
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1 Introduction

1.1 Motivation

The performance of propellers plays a crucial role in the efficient operation of marine ves-
sels. Knowing the formulas that describe the performance of the propeller is very valuable.
The behaviour of a propeller in all operating conditions is described in the four-quadrant be-
haviour. The four-quadrant behaviour describes the connection between the engine’s torque
and the resulting thrust generated by the propeller is a critical aspect of understanding and
optimizing propulsion systems. Tests to measure this behaviour are expensive to carry out
and no data is available on the propellers currently in use by Boskalis. Therefore in this the-
sis, the aim is to provide a machine learning model that effectively captures and generalizes
the four-quadrant behaviour of propellers based on the propeller characteristics.

The ability to accurately predict the behaviour of propellers in all four quadrants can aid the
industry in several ways. Such knowledge can lead to various improvements, including the
reduction of fuel consumption, more precise mapping of hull growth, and the identification
of efficiency losses due to propeller cavitation. By addressing these challenges, a contribu-
tion can be made to the enhancement of vessel performance, operational cost reduction, and
environmental sustainability.

The current state of the art for mapping four-quadrant behaviour is mostly focused on creat-
ing models that calculate the physical processes of water interacting with the propeller blade
for small autonomous submarines. An addition can be made to the field by providing a new
data-driven approach to modelling propeller behaviour that generalizes between different
propeller types by employing machine learning techniques.

1.2 Objectives

The overall goal of this thesis can be divided into the following sub-objectives.

¢ Provide feedback on propeller theory to understand the physical meaning of the tested
propellers, the propeller characteristics used for training and the values predicted by
the model.

¢ Choosing an appropriate algorithm to predict the four-quadrant behaviour

e Train and validate the chosen algorithm to create an optimal model for predicting
four-quadrant behaviour



1 Introduction
1.3 Outline

The thesis is outlined in the following chapters: Chapter 2| will provide the necessary back-
ground on propeller theory to understand the different types of propellers used in this re-
search. Furthermore, the physical meaning of the propeller characteristics used for training
and the value the model predicts are explained. Lastly, state-of-the-art models predicting
four-quadrant behaviour are discussed. Chapter 3| provides an overview of the different
tests conducted that make up the data available for training. The problem characteristics
that arise from the available data and the type of problem are summarized and listed. These
characteristics aid as requirements in the choice of algorithm. Chapter ] analyzes different
algorithms to determine what algorithms meet the requirements set in the previous chapter.
An ultimate selection is made for a single algorithm to continue this research. Chapter 5| will
offer an overview of the applied methodology, while Chapter [6| discusses the results from
the performed tests. A conclusion to the work will be provided in Chapter [/} Lastly, the
discussion and recommendation of the work will be provided in Chapter



2 Propeller Theory

This chapter will provide the necessary background on propeller theory to understand the
context in which the work of this thesis is carried out. Firstly, Section [2.1| discusses the two
different propeller types investigated in this research and how they differ. Furthermore,
it explains the physical meaning of the propeller characteristics that are used to train the
model. Secondly, in Section the physical meaning of the four quadrants is discussed.
Lastly, in Section the state of the art of four-quadrant analysis is discussed. By com-
prehensively addressing the propeller characteristics, types, and the four-quadrant analysis,
this chapter provides the necessary groundwork for the subsequent chapters.

2.1 Propellers

The goal of a propeller is to translate power generated by the engine into forward thrust.
Figure shows an overview of a propeller with the corresponding names of all parts.
Over the years many different versions of propellers have been developed for propelling
ships, however, in this research, only the fixed pitch and controllable pitch propellers will

be considered [44} 52].

DIRECTION OF ROTATION

TRAILING EDGE

LEADING EDGE

FILLET AREA
HUB
SHAFT
CAP
BACK
FACE

Figure 2.1: Overview of a propeller
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\' To oil supply and
distribution box

Fixed
piston

Sliding eylinder P

Figure 2.2: The inside mechanics of a CPP .

2.1.1 Fixed pitch and controllable pitch propellers

The propeller in Figure [2.1|is an example of a Fixed Pitch Propeller (EPD) and its blades are
rigidly attached to the hub. Ships using such a system control their sailing speed by adapting
the rotation speed of the engine. This causes the ship to have a need for a special gearbox
or an engine capable of rotating two ways for fast stopping or reversing 88]]. Fixed pitch
propellers have been the standard for centuries but since the 1960’s an alternative approach
to building propellers was developed, the Controllable Pitch Propeller (CPD) [88]. have
the ability to rotate their propeller blades thus changing the pitch angle of the propeller.
This allows the engine to operate at a single rotation speed through a large range of sailing
speeds. These propellers have an internal hydraulic oil system that is used to rotate the
blades. Figure 2.2|shows a possible setup of such a system. are more complex and more
expensive. However, it enables very low ship speeds and smooth reversal of the ship

38].

Currently, Boskalis uses both types of propellers on their vessels and therefore this research
will focus on both [FPP and since a model for each of these propeller types can be useful
for the company.

2.1.2 Propeller characteristics

There are several different key characteristics that define different aspects of propeller be-
haviour when in use. These characteristics will be used as input to the developed model to
predict the behaviour of a propeller. The physical meaning and effects of these characteris-
tics are discussed below. The four relevant characteristics for this research are:

The diameter is defined by the diameter of the circle that is traced by the tips of the propeller
blades. The generated torque Q and the resultant thrust force T are related through the di-
ameter D and the law of momentum where Q = T * D. The depth at which the propeller
has to be submerged to obtain the best results, named the draught, is directly related to
diameter. The minimum draught depth is equal to the diameter [23].



2.1 Propellers

Propeller Characteristics

Diameter D
Pitch diameter ratio P/D
Number of blades Z
Expanded Area Ratio

(EAR)

Table 2.1: Propeller characteristics

Slip

1ej0WeIq

Figure 2.3: Pitch ratio overview [4].

The pitch ratio or pitch diameter ratio is given by the ratio between the pitch and the diam-
eter of the propeller. The pitch is the distance traveled forward during one revolution of the
propeller if there is no slip corresponding to the theoretical movement speed V given by the
pitch p times the revolution speed n as V = p - n. However, since the propeller is moving
through a liquid the water accelerates behind the propeller decreasing the apparent forward
speed. This effect is called slip and the real traveled distance during one revolution is the
geometric pitch of a propeller [23]. Figure [2.3| gives an overview of the physical meaning of
these concepts.

One of the determining factors in the choice of number of blades denoted with Z is the
need to avoid harmful resonant frequencies of the ship structure and the machinery [15].
Increasing the number of blades helps decrease cavitation at the blade surface. However, it
negatively affects the efficiency and optimum propeller diameter. When designing a Con-
trollable Pitch Propeller the number of blades is limited to ensure the blades have enough
space to turn their pitch over their full turning range without interfering with one another
[14}15].

The expanded blade area ratio consists of the ratio between two areas determined by the
shape of the propeller and its blades. The disc area Ay is a circle with a diameter equal to
the propeller diameter D as given by Ay = tD?/4. The expanded area is the area that is the
sum of the area of each propeller blade if they were to be flattened in a single plane. The ratio
between the expanded area and the disc area gives the expanded blade area ratio. In general,
the expanded blade area is larger than required for operation to decrease cavitation and as
a built-in buffer for decrease in expanded area due to decrease of expanded area overtime
through material erosion. For Controllable Pitch Propellers the maximum expanded area is
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Y
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(a) (b)

Figure 2.5: Two images side-by-side showing a propeller retrofitted with a duct. (a) Original
propeller. (b) Previous propeller fitted with a duct [89].

limited to ensure the blades are able to make full revolution just as for the number of blades

(13, 15} 36].

2.1.3 Ducted propellers

The propeller, either a fixed pitch or a controllable pitch propeller, may be placed in a duct.
A duct is a ring surrounding the propeller with a cross-section that has a wing-like profile
[88]. Figure and show a propeller that has been retrofitted with a duct by Wart-
sild as a cost-saving measure [89]. Protection of the propeller is a significant benefit of a
duct, but more importantly, it improves the characteristics of the propeller such as the abil-
ity to generate more thrust at lower speeds [9} 13, 39]. The additional friction between the
flow and the duct, however, causes a slightly lower overall efficiency compared to an open

propeller [88].



2.2 Propeller Analysis

Non Dimensional Coefficients
The advance ratio ]
The thrust coefficient Kt
The torque coefficient | Kg
The nozzle thrust coef- | Kyn
ficient

Table 2.2: Non-dimensional coefficients used to describe propeller behaviour

Due to the increased thrust in low-speed operation, the usage of ducted propellers is the
current industry standard for dredging ships as dredging operations are executed at low
speeds and require sufficient thrust to be generated. The data used in this research for
is obtained from a ducted propeller.

2.2 Propeller Analysis

In the previous section information about the different types of propellers and some relevant
propeller characteristics were explained. In this section, the analysis of propeller behaviour
over different operating conditions will be explored. The behaviour is captured in different
non-dimensional coefficients. These coefficients are the quantities we want to predict based
on the propeller characteristics with our machine learning method.

To be able to describe the behaviour of propellers it is important to first define the forces
and flow speeds clearly. Figure 2.6 gives an overview of all the relevant forces on and flow
speeds around a propeller during operation. The resultant of the advance speed V4 and
the circumferential speed resulting from the rotation of the propeller 1, and the radius of
the propeller r by 27 - r - n is the relative water velocity V. This resultant velocity meets
the blade at a certain angle which is the angle of attack a. The angle between the resultant
water velocity and the circumferential velocity is the hydrodynamic pitch angle . The sum
of both the angle of attack and the hydrodynamic pitch angle is the pitch angle of the blade
6. The generated thrust T and torque Q are also shown and are both parallel to the advance
speed and the circumferential speed respectively. The resultant of both these forces is shown
in the resultant R. The component of R that is perpendicular to the blade surface is called
the lift force and is denoted by L. The component of R parallel to the blade surface is the
drag force and is denoted by D [15, {34} |88].

2.2.1 Non Dimensional Coefficients

Much analysis of propellers is done using several non-dimensional coefficients that are ob-
tained using the forces and flow speeds defined in Figure Using these coefficients listed
in Table the behaviour of the propeller can be visualized and analysed [13} 15} 88]:

The advance ratio is defined by Eq. (2.1) where the advance velocity is made non-dimensional
by dividing it with the circumferential speed.
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Figure 2.6: Cross section of a propeller blade and forces [88].

=24 1)

np2r

Here V4 is the advance speed of the vessel in [m/s], D is the propeller diameter in ] and
1y is the rotation speed of the propeller in [rps]. The thrust, nozzle thrust and torque can
also be expressed in non-dimensional coefficients using the diameter, the rotation speed and

the water density p using Eq. 2.2), and [15][38].

T
Kp=—— 2.2)
P . n% . D4
_ Iy
Koy = 0- I’l% D4 (23)
Q 2.4)

Kog=—7F—
The open water propeller efficiency can be defined using both the thrust and torque and
these non-dimensional coefficients as described in Eq. (2.5) [13}|88]].

o 1 T~’(JA_ 1 KT']
T=2xQn, 21 Ko

(2.5)

Figure shows an open water propeller diagram from the Wageningen B-series. In this
figure the thrust coefficient Kr, the torque coefficient Ko and the open water efficiency 7,
are shown as functions of the advance ratio /. Note that for scale effects the value of the
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Figure 2.7: Open water efficiency for a range of pitch ratios .

torque coefficient is multiplied by 10. There are several lines for all different P/D values that
exist in the Wageningen B-series [13, 88].

It can be noted that 77, goes to zero if either Kt or | goes to zero when examining Figure 2.7]
and Eq. 2.5). It can also be noted that the maximum value for both Kt and K, are obtained
when | reaches zero. This operating point is referred to as the Bollard Condition and is an
important design condition for both tugs and dredging ships. It is defined by the maximum
pull a ship can exert on a mooring bollard on a dock when attached by a rope or cable. This
shows that the range of operating conditions that these coefficients are able to represent is

limited [15, [88].

2.2.2 Four-quadrant diagrams

The open water diagram from Figure [2.7)is only able to capture propeller behaviour in for-
ward motion. However, it is relevant to obtain information about the behaviour in conditions
such as running astern or dynamic behaviour such as stopping. These operating conditions
are captured by the four quadrants as shown in Figure 88].

The relation between the hydrodynamic pitch angle, the advance speed and the forward
speed generated by the propeller is shown in Figure A full revolution of this angle
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Ship's movement

direction
1 1 Propeller's
acceleration
direction
< 3
< >
III v

A 4

Figure 2.8: The four quadrants of operation [82]

VR VA

0.7nD

Figure 2.9: The relative speed Vg, hydrodynamic pitch angle 8 and the advance speed V4
[88].

takes the propeller through all four quadrants of operation. Equation describes the
mathematical expression of this relation and Table shows what ranges of B correspond
to what quadrant.

_ Va
B = arctan <077‘(npD> (2.6)
B 8Ky
Cr = (J2 + (0.7 - )2) @7)
_ 8Ko
Co= ()2 + (0.7 - m)?) @8
Crn SKry (2.9)

T (P + (07 1))

Relying solely on the coefficients presented in Section one is unable to capture the
propeller behaviour in all these quadrants. Therefore the MARIN institute has developed
two new thrust and torque coefficients Cr and Cg as defined by Equations and
respectively and a nozzle coefficient Cy, described by Eq. (2.9). By plotting these two
coefficients against the hydrodynamic pitch angle 8 a continuous behaviour can be captured
over all four quadrants as shown in Figure [13,15].

10



2.3 four-quadrant analysis

Quadrant Description of quadrant Hydrodynamic pitch angle range
I Ahead 0° —90°

I Crashback 90° —180°

11 Backing 180° — 270°

VI Crashahead 270° — 360°

Table 2.3: Ranges of § for each quadrant.
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Figure 2.10: Wageningen Ka4-70’s four-quadrant behaviour plotted with data from [65].

2.3 four-quadrant analysis

To have accurate data on the propeller in use is a very valuable asset for the design and
operation of vessels and can be used for many different optimization efforts as mentioned
in Section (I} Several approaches have been tried to obtain a model that can predict the
four-quadrant behaviour of Ct, Cry and Cp.

The four-quadrant behaviour of the Wageningen B-series propeller has extensively been
measured over different conditions by van Lammeren et al. in 1969 [46]. They tested for
the influence of Pitch ratio P/D, expanded blade area ratio Ar/Ap and number of blades
Z. They represented the obtained data as a 20th-order Fourier series and this data set has
served as the starting point for much research that has followed on the topic of predicting
the four-quadrant behaviour of propellers.

In the past years several attempts to create models that can predict the four-quadrant be-
haviour of propellers have been tried for different applications. Different order levels of
Fourier functions have been tried to approach the plot found by Oosterveld [77, |83]. They
found that the lower order functions are not able to capture the behaviour accurately and the
higher order functions (tested from 2nd to 9th order) suffered from overfitting. Ultimately

11



2 Propeller Theory

it was found that 3rd or 4th order gave the best results. The research by Tran et al. [83]
focused their model on application for a Autonomous Underwater Vehicle (AUY).

Another approach is to model the forces exerted on the water by the propeller and try to
find the generated lift and drag both shown in Figure [2.6| through lift theory [7} [12]. These
models often consisted of different models combined that model the engine and the flow
individually. These models were found to not be able to create accurate results over the full
range of the four quadrants and require knowledge about the surroundings such as the flow
speed of water passing through the propeller. For both these investigations the model was
compared to data obtained from a test with an [AUV] propeller.

In his research, Pivano modelled the behaviour through a state space model consisting of
two nonlinear dynamic equations [58, 59]. Their research focused on the application of
[AUVs and used the same approach for the lift and drag relations as [7] and [12] but uses
these differently. They used the model created in [33] as the baseline for their research and
found that the final version of their model was able to approach the behaviour in all four
quadrants although it oversimplified the behaviour. The final model did not depend on
information about the surroundings like [7] and [12].

Lastly, Roddy et al. created their model using Feed Forward Neural Networks (FFNN) [65|
66, 67]. They trained and tested their models both on the data from Oosterveld for the
Wageningen B-series screws and on data from [AUV] propellers. Using a shallow network
consisting of 2 fully connected layers they trained a model for each quadrant individually
and smoothed the results in the border regions by matching the slopes of the functions. The
solution they found had little error with both data sets. At the edges of the data set an
increase in uncertainty was noted.

The current state of the art sees different approaches to the problem of creating a model
that captures the Four-quadrant propeller behaviour. The current models based on mod-
elling the physical processes require more information about the environment [7,12]. Other
approaches did not require this extra information but simplified the outcome [58, |59]]. The
approaches modelling the physical process and producing the approximation as a Fourier
function either simplified the solution [77] or did not cover the entire 360 range of the Four-
quadrants [83].

Although some research has already been done using machine learning these models stem
from 2006 to 2008 [65, 67, |66] and with the developments the computer sciences have made
since then it is to be expected that better results can be obtained by relying on the advance-
ments made in the field. More advanced techniques utilizing data have entered the scene
since then and this research tries to investigate all the possibilities. All research thus far
has only applied neural networks, therefore other machine learning methods will also be
investigated.

In conclusion this chapter in Section [2.1/has provided context on the physical aspects of the
problem that shape it. The four relevant propeller characteristics and their physical meaning
were explained in detail. The properties and differences of fixed pitch and controllable pitch
propellers were discussed providing some background on the propellers used for training
the model. Additionally this chapter in Section 2.2 the meaning of the four quadrants is
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discussed as well as the non-dimensional coefficients used to describe the four-quadrant be-
haviour. The information presented in this chapter will serve as a basis for the development
of models and methodologies in the following chapters of the thesis.
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3 Problem Description

Having gained an understanding of the background on both propellers and the four-quadrant
behaviour, this chapter sets out what data is available in this research and how it is obtained.

For each propeller type the different tests conducted and values measured during these

tests are listed along with possible data augmentations. Furthermore, the relevant problem

characteristics that follow from the available data and the desired output are listed. These

characteristics will be used in Chapter [4 to help narrow down the selection of appropriate

algorithms to use during this research.

3.1 Data

The data describing the Four-Quadrant behaviour is obtained from a 2006 study by Roddy
et al. [65]. In their work they mapped the Four-Quadrant behaviour of the Wageningen
Ka-series, a ducted and the Wageningen B-series propeller, an [EPP} for different condi-
tions. The curves are described as a 20" and a 30" order Fourier series respectively. The
coefficients of this Fourier series were obtained from the test conducted by Oosterveld et
al. at the Netherlands Ship Model Basin [46]]. The curves resulting from these various tests
were evaluated from 0° to 360° at 1 degree intervals of the hydrodynamic pitch angle .

3.1.1 Wageningen Ka-Series

For the test on the Wageningen Ka-series tests on two ducts were conducted measuring the
behaviour of the propeller for a range of pitch ratios. The propeller thrust, nozzle thrust,
and torque coefficient were measured for each condition. The two duct types tested on the
19a and 37 types which are for forward motion improvement and bidirectional improvement
respectively [13]. For both propellers different pitch ratios were tested ranging from P/D =
0.6 to P/D = 1.4 with 0.2 increments. The results of these tests can be seen in Figures
and B.5

3.1.2 Wageningen B-Series

Three different tests were conducted using the Wageningen B-series each time varying a
different propeller characteristic mentioned in Section while measuring the thrust and
torque coefficients Ct and Cgq. Firstly a range of different pitch ratios was tested ranging
from P/D = 0.5 to P/D = 1.4 keeping the number of blades and the expanded area ratio
at the same value. The results of this test are shown in Figure Secondly, the expanded
area ratio was varied ranging from 0.40 to 1.00 keeping the number of blades and the pitch
ratio at the same value. The results of this test are shown in Figure Lastly, the number
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Measured conditions
Test Propeller type Pitch ratio
Pitch ratio test B4-70 P/D=0.5
B4-70 P/D=0.6
B4-70 P/D=0.8
B4-70 P/D=1.0
B4-70 P/D=1.2
B4-70 P/D=1.4
Expanded area ratio test B4-100 P/D=1.0
B4-85 P/D=1.0
B4-70 P/D=1.0
B4-55 P/D=1.0
B4-40 P/D=1.0
Number of blades test B3-55 P/D=1.0
B4-40 P/D=1.0
B5-75 P/D=1.0
B6-80 P/D=1.0
B7-85 P/D=1.0

Table 3.1: Tested conditions of the B-series data.

of blades was varied from 3 to 7 blades keeping the pitch ratio at the same value and the
expanded area ratio at roughly the same value. The results of this test are shown in Figure
Table [3.1] gives an overview of the propellers and conditions used for each test.

3.1.3 Data representation

For both propeller series a Fourier series describes the measured curve for each training
condition. The curve consists of the evaluation of multiple coefficients using Eq. (3.I). The
coefficients used in this research are all listed in Appendix|B| For each test, these curves are
evaluated at each p value creating a data set with 360 data points per test, which means that
the data set is relatively small.

F(B) = 2 A0+ . [Axcos (k27B) + Bysin (k272p)] (3.1)
k=1

Data augmentation

To help to model capture the behaviour better and to prevent overfitting data augmentation
can be applied [21, 38|]. Data augmentation has been proven to improve prediction quality
on regression problems [32]. Data augmentation is a series of strategies for enlarging and
enhancing the size of training data [92]. Because the data is cyclical in nature, sinusoid
terms, as a function of B, were added to the training data at different frequencies [65]. Ta-
ble [3.3| gives an overview of all the augmentation options generated for this research. The
choice was made to vary the period of the sinusoids of sin (wp) and cos (wp) from w = 11—0

to w = 10. Varying the amplitude of the augmentations would not be effective since the
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| Original training data |
beta
PD
EAR
Z

Table 3.2: Original parameters available for training the model

Available augmentation values
cos (0.1B) cos (0.258) cos (0.58) cos (B)
cos (2) cos (3B) cos (58) cos (10B)
sin (0.1B) sin (0.258) sin (0.58) sin (B)
sin (2f8) sin (38) sin (58) sin (108)

Table 3.3: Overview of all augmentations possible to add to the training data.

data will be normalized before training. The normalization of the data and the choice of
augmentation will be further discussed in Chapter

3.2 Problem characteristics

Knowing the available input and the desired output the translation between the two can be
investigated. With the desired output being a continuous value this is a regression problem
[94]. It is assumed that the propeller can be represented as a function dependent on the
propeller characteristics listed in Table and the hydrodynamic pitch angle B. Equation
represents the desired input and output of the model.

[CT/ CTN/ CQ] = f(ﬁ/ P/D,Z, EAR) (32)

The order in which different data points are presented to the function in Eq. does not
influence the output value. Therefore the data is non-sequential in behaviour. The aim is to
create a function able to predict the behaviour of a propeller with a certain set of values for
P/D, Z and [EARIfor the full range of § from 0° to 360°. Therefore during training the test set
should consist of the data from a single propeller and the train set should consist of all other
propellers. One of the challenges in the data is that even when applying augmentation the
model only has the value of the propeller characteristic to distinguish between the different
data sets since B and its augmentations are equal in all data sets.

In summary, the problem is a regression problem. The model will aim to learn the behaviour
of the function relating the propeller characteristics to the non-dimensional coefficients as
mentioned in Eq. With this information Chapter 4| will review several algorithms to see
how well-suited they are to solve the problem described in this chapter.
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4 Algorithm investigation

With the necessary background information provided and the problem demarcated the
choice for an algorithm can be made. As stated in Section this research will focus on
using a data-driven model that can accurately predict the four-quadrant behaviour of a
propeller given the propeller characteristics listen in Table In this section, different al-
gorithms will be reviewed as possible solutions to the posed problem. In Sections and
different algorithms will be reviewed to see if they are appropriate for this research. The
methods of measuring and validating the performance of the algorithm are discussed in

Sections [4.3]and 4.4

4.1 Machine Learning

Machine learning is a branch of artificial intelligence that systematically applies algorithms
to synthesize the underlying relationships among data and information [5]. In the last
decades with the increase of available data and computational power of computers, the
application of machine learning has increased in fields beyond computer science. Machine
learning techniques are applied in a variety of disciplines and fields for different purposes
[1, 29) 48]. A select subset of present solutions is suitable for the issue presented in this
research.

The solution has to use a regression approach and output a set of numerical values and
therefore has to utilize a supervised approach [18]. The different machine learning algo-
rithms that will be reviewed in this Section are Support Vector Regression, Decision Tree
Regression, k-Nearest Neighbour Regression, Gaussian Process Regression, and the Ensem-
ble Method.

4.1.1 Support Vector Regression

Support Vector Regression (SVR) is based on the Support Vector Machine algorithm but used
for regression tasks. The core idea behind is to find a hyperplane that best fits the data
while minimizing the error between the predicted and actual values. This hyperplane is
surrounded by a margin, and the data points that lie on the margin boundaries are called
support vectors. aims to minimize the error while ensuring that a certain margin of
tolerance is maintained [5, |70, [78].

Typically uses a loss function called the epsilon-insensitive loss function given by Eq.
(4.T). This function allows for a certain degree of error between the predicted value and the
actual target controlled by e. The objective of is to minimize this loss while finding the
optimal hyperplane [5} 17} 91].

19



4 Algorithm investigation

1
minimize : EHw||2 + C - Z(max(0, |y; — f(x;)| —€) (4.1)
Here:
* w represents the weights of the hyperplane.

e C is a regularization parameter that controls the trade-off between maximizing the
margin and minimizing the error.

* y; and x; are the actual target and input features for the i-th data point.
* f(x;) is the predicted value for the i-th data point.
* ¢ represents the margin of tolerance for errors.

The optimization problem aims to find w and f(x;) that minimize the loss function while
satisfying the constraints.

The method has different strengths and weaknesses [5]].
Strenghts:

. is effective for modeling both linear and non-linear relationships in data, thanks
to the use of kernel functions.

* It is robust against outliers because the loss function allows for a certain degree of
erTor.

. provides control over the margin of tolerance € and regularization C, allowing
fine-tuning of model complexity.

¢ It works well in high-dimensional spaces, making it suitable for various applications,
including financial forecasting and bioinformatics.

Weaknesses:
. can be computationally expensive, especially when dealing with large datasets.

* Selecting an appropriate kernel function and tuning hyperparameters can be challeng-

mng.

¢ Interpretability can be an issue with as understanding the significance of the
hyperplane’s coefficients may not be straightforward.

. may not perform well if the choice of kernel and hyperparameters is suboptimal,
leading to overfitting or underfitting.
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Figure 4.1: Overview of a regression tree [8]].

4.1.2 Decision Tree Regression

Decision Tree Regression is a supervised machine learning algorithm used for regression
tasks. It’s a part of the broader family of Decision Trees used for both classification and
regression. The fundamental idea behind Decision Tree Regression is to recursively partition
the data into subsets based on the values of input features in a way that minimizes the
variance of the target variable within each subset. This process creates a tree-like structure
where each internal node represents a feature, each branch represents a decision based on
that feature, and each leaf node contains a predicted value [37, [90].

The decision-making process in Decision Tree Regression involves selecting the feature that
provides the best split, typically based on criteria like mean squared error or mean absolute
error. The tree is built iteratively by choosing the feature and its threshold that results in
the best partition. This continues until a predefined stopping criterion is met, such as a
maximum depth of the tree or a minimum number of samples per leaf. Figure 4.1 provides
an overview of these elements in a regression tree[63].

At each internal node of the tree, it aims to minimize the variance of the target variable
within the subsets created by the node’s decision. The variance of the target variable within
a subset is calculated using Eq. (4.2) [37].

Var(Y) = Ly"ﬂ‘ i 42)

Where:
® Y is the target variable.
® y; is an individual data point’s target value.
¢ {J is the mean target value of the subset.
® 1 is the number of data points in the subset.

The algorithm evaluates different features and their thresholds to find the split that mini-
mizes the weighted sum of variances in the resulting subsets. The weighted sum is often
calculated using the total variance before the split as a reference. This process is repeated
recursively for each subset until the tree is constructed.

The decision tree regression method has different strengths and weaknesses [57].

Strengths:
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¢ Decision Tree Regression is simple to understand and interpret, making it suitable for
exploratory data analysis.

¢ It can handle both numerical and categorical data.
* Decision Trees can capture non-linear relationships in the data.

* They are robust to outliers, as the splitting process is based on the relative ordering of
values.

¢ Decision Trees can be visualized, providing insights into the decision-making process.
Weaknesses:

* Decision Trees can easily overfit the training data if the tree is too deep or not pruned
properly. Overfitting leads to poor generalization to new, unseen data.

* They can be unstable, meaning small changes in the training data can result in signifi-
cantly different trees.

¢ Decision Trees tend to create biased trees if some classes dominate. Balancing the
dataset or using ensemble methods like Random Forests can mitigate this issue.

¢ They may not perform well on tasks where the relationships between features and the
target variable are complex and require high-level abstractions.

* In summary, Decision Tree Regression is a versatile algorithm for regression tasks, of-
fering simplicity and interpretability. However, it requires careful tuning to prevent
overfitting and may not perform optimally on complex problems without further tech-
niques like pruning or ensemble methods.

4.1.3 k-Nearest Neighbour Regression

k-Nearest Neighbor (k-NN) Regression is a supervised machine learning algorithm used for
regression tasks. Unlike traditional regression algorithms that learn a functional relationship
between features and the target variable, Regression makes predictions based on the
similarity between the input data point and its neighboring data points in the training data
set [26, 55].

Given a new data point for which you want to make a prediction, identifies the k-
nearest data points from the training data set. “Nearest” is typically defined using a distance
metric, such as Euclidean distance or Manhattan distance. Once the k-nearest neighbors are
identified, [<NNJ Regression calculates the predicted value for the new data point as the
average or weighted average of the target values of these k-nearest neighbors. The choice
of the value of k the number of neighbors to consider is a hyperparameter that affects the
model’s performance. A smaller k value makes the model sensitive to noise in the data,
while a larger k value provides a smoother but potentially biased prediction [42, |51].

To make a prediction for a new data point, the algorithm calculates the predicted target
value as the average of the target values of its k-nearest neighbors using Eq. (4.3) [41].

7= Z0) 3)

Where:
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7 is the predicted target value.

k is the number of nearest neighbors.
* y; represents the target values of the k-nearest neighbors.

¢ In some cases, you might use weighted averaging, where the neighbors’ contributions
to the prediction are weighted based on their distance from the new data point.

The regression method has different strengths and weaknesses.
Strengths:

* [NNJ Regression is simple to understand and implement, making it a good choice for
quick prototyping and baseline models.

e [t is non-parametric, meaning it doesn’t assume a specific functional form for the data,
making it flexible for different types of relationships.

o can capture complex, non-linear patterns in the data.

¢ It’s effective when the underlying data distribution is not well-known or changes over
time.

Weaknesses:

¢ Computationally expensive, especially with large data sets, as it requires calculating
distances to all data points in the training set.

¢ Sensitive to the choice of the distance metric and the value of k, which may require
hyperparameter tuning.

® Prone to the “curse of dimensionality,” where the algorithm’s performance degrades
as the number of features increases.

¢ Not suitable for data sets with imbalanced class distributions or when some features
are more relevant than others, as all neighbors are treated equally.

4.1.4 Gaussian Process Regression

Gaussian Process Regression (GPR) is a Bayesian non-parametric machine learning technique
used for regression tasks. Instead of modeling data with a fixed parametric function, [GPR
models the relationship between input features and the target variable as a probability dis-
tribution over functions. It assumes that any finite number of points from the function
follows a joint Gaussian distribution. In simpler terms, Gaussian processes capture uncer-
tainty about the true underlying function by considering multiple possible functions that
could fit the data [22, 72} 86].

Given a set of training data points with associated target values, starts by defining
a prior distribution over functions. This prior represents our beliefs about the possible
functions that describe the data. As new data points are observed, the GP model updates its
beliefs about the underlying function by computing the posterior distribution over functions.
This is done using Bayes’ theorem, which combines the prior distribution with the likelihood
of observing the data. To make predictions for new, unseen data points, the model
computes a predictive distribution over possible target values. This predictive distribution
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provides not only a point estimate but also a measure of uncertainty in the prediction [24}

62].

The core mathematics of can be broken down into the following steps [22, 86]:

1. Prior: The prior distribution over functions in a Gaussian process is typically assumed

to be a multivariate Gaussian distribution. This distribution is defined by a mean
function and a covariance function or kernel, denoted as k(x, x"). The kernel function
quantifies the similarity between input points x and x’.

. Posterior: When new data points are observed, the Gaussian process model computes

the posterior distribution over functions. This posterior is also a Gaussian distribution
whose mean and covariance are updated based on the observed data and the prior.
The equations for computing the posterior are derived using Bayes’ theorem.

. Predictive Distribution: To make predictions for new data points, the Gaussian process

model computes the predictive distribution, which is another Gaussian distribution
with a mean and variance. The mean of the predictive distribution provides the point
estimate, and the variance measures the uncertainty associated with the prediction.

The choice of kernel function is crucial in GP Regression, as it determines the shape and
characteristics of the functions that the GP can model.

Strengths:

* Flexibility: can model complex, non-linear relationships in the data and capture

uncertainty in predictions.

* Provides uncertainty estimates: Gaussian processes do not only provide point predic-

tions but also quantify the uncertainty associated with those predictions, making them
valuable in decision-making under uncertainty.

* Small data efficiency: GPs perform well with small to moderately-sized data sets.

* Non-parametric: GPs do not make strong assumptions about the functional form of

the underlying process, making them versatile.

Weaknesses:

e Scalability: GPs can be computationally expensive for large datasets due to the need

to invert large covariance matrices.

¢ Choice of kernel: The effectiveness of GP Regression depends on selecting an appro-

priate kernel function, which may require domain expertise.

¢ Interpretability: GPs are often considered as “black-box” models, making it challeng-

ing to interpret the learned relationships.

In summary, Gaussian Process Regression is a flexible and powerful regression method that
models the relationship between inputs and outputs as distributions over functions. It excels
when dealing with small to moderate-sized datasets and provides valuable uncertainty esti-
mates in predictions. However, it can be computationally expensive and may require careful
selection of kernel functions.

24



4.1 Machine Learning

4.1.5 Ensemble Method Regression

Ensemble method regression in machine learning is a technique that leverages the power
of multiple regression models to make more accurate predictions. Instead of relying on a
single model, ensemble methods combine the predictions of several base models to produce
a stronger and more robust final prediction 64} 84].

The key idea behind ensemble methods is that different models may capture different as-
pects of the data and have varying strengths and weaknesses. By aggregating their predic-
tions, the ensemble can often achieve better overall performance. There are several popular
ensemble methods, including Bagging, Random Forests, Boosting, and Stacking, each with
its unique approach to combining predictions explained further below [54]:

* Bagging: Bagging builds multiple base models by training them on different subsets
of the training data, which are randomly sampled with replacement. The predictions
from these base models are then averaged for regression or voted on for classification
to make the final prediction. This technique reduces variance and can help mitigate
overfitting.

¢ Random Forests: Random Forests is an extension of bagging that focuses on decision
trees. It builds multiple decision trees, each trained on a bootstrapped sample of
the data and considering only a random subset of features at each split. The final
prediction is made by averaging the predictions of individual trees. This method is
highly robust and can handle high-dimensional data.

* Boosting: Boosting is an iterative technique that aims to correct the errors of previous
base models. It assigns weights to data points and focuses on those that were pre-
viously misclassified. Boosting sequentially trains base models, giving more weight
to the misclassified samples. The final prediction is an aggregation of these weighted
base models. Popular boosting algorithms include AdaBoost and Gradient Boosting.

® Stacking: Stacking combines predictions from multiple base models by training a meta-
model on top of them. The base models” predictions serve as input features for the
meta-model. Stacking allows the ensemble to capture higher-level patterns in the data
and often leads to improved performance.

Due to the smaller data set available in this research only the stacking method will be used.
Strengths:

¢ Improved Predictive Performance: Ensemble methods often outperform individual
models, as they can capture different patterns in the data and reduce overfitting.

* Robustness: Ensembles are less sensitive to noise and outliers in the data due to their
combination of multiple models.

¢ Versatility: Ensemble methods can be applied to various regression algorithms, making
them versatile for different problem domains.

* Generalization: They tend to generalize well and can adapt to complex relationships
in the data.

Weaknesses:
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* Complexity: Ensembles can be computationally expensive and complex to train, espe-
cially when using a large number of base models.

¢ Interpretability: The final ensemble model can be challenging to interpret because it
combines the outputs of multiple models.

¢ Opverfitting: While ensembles reduce overfitting in many cases, they can still overfit if
not properly tuned or if too many base models are used.

¢ Parameter Tuning: Properly configuring ensemble parameters, such as the number of
base models and their hyperparameters, can be time-consuming.

4.2 Deep learning

Deep learning is a sub-field of machine learning. Deep learning is an advanced machine
learning approach that is used to make computers able to automatically extract, analyze,
and understand useful information from the raw data [18]. The results obtained from deep
learning are much improved than conventional machine learning approaches in other dis-
ciplines [2, [73} |74]. Deep neural network uses non-linear models of multiple hidden layer
architecture that make the system learn about the complex relationship between input and
output. The advantage of deep learning over machine learning is that it does not require
manually extracted or handcrafted features as in machine learning.

One disadvantage of deep learning algorithms is that they require relatively more data to
converge to a solution in comparison to machine learning models. Another possible dis-
advantage of using deep neural networks is that the reason why the model converges to
a certain output can not be understood, this is called the black box effect [35]. The com-
plexity of Deep Learning models hinders the straightforward understanding of the rationale
behind their decisions [56]. There are three major reasons why understanding the inner
workings of a model is desired [6]. Firstly, the ability to improve the model and solve any
problems that arise. When trained models often need troubleshooting or adjusting to obtain
the best results and this can be done effectively when the inner workings are comprehensi-
ble. Secondly, being able to interpret the hidden layers of a model can give insight into the
discovered patterns. Lastly, the results of the model need to be trustworthy. For example,
a medical professional might not trust an outcome due to a fear of artifacts or biases in the
data [53]. It has been proven that medical models have had biases in the data [16] and the
models can be misled by adversarial examples [27].

Deep learning has already been proven to be successful at this task by Roddy et al. [65],
therefore this research will also investigate the possibilities of using deep learning applica-
tions to find a solution. Firstly, the basic elements of neural networks will be explained.
Secondly, different architectures of neural networks and their idiosyncrasies will be dis-
cussed.

It is theorized that with sufficient data and a capable neural network any continuous func-
tion can be approximated using neural networks in the universal approximation theorem
[20]. All neural networks consist of a combination of connected elements called nodes. A
node receives several input values, processes these, and produces a single output value [87].
One of the most common ones is the adaptive linear combiner that receives a set of n input
values X = [xg,X1,...,X,] and multiplies each value of X with their corresponding weight
W = [wp,wy, ..., w,]T. The sum of each input value multiplied by their weight is processed
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Figure 4.2: Overview of a perceptron [19].

by the transfer or preactivation function and sent to the activation function that uses some
non-linear function to output a value Y as shown in Figure |4.2|[43} |68]]. One layer of a neural
network consists of one or more of these nodes.

A neural network consists of an input layer that reads the data, one or more hidden layers,
and an output layer that produces the prediction of the model. For a network to be able
to create non-linear distinctions between the input samples a hidden layer is required [43].
The number of hidden layers can vary from a single hidden layer to more than a hundred
layers [79]. There is a link between the size and amount of layers and the size of the data
set, where more data means a higher upper limit of sufficient size of the network [81]. The
lower layers close to the data input learn simple features, while higher layers learn more
complex features derived from lower layer features [93]. Therefore it is to be expected that
with the small data set available the size of the network will also remain small. The network
architecture prescribes both the size of the network and the way the different nodes are
connected with each other. Each different network architecture has its own pros and cons
and in this section, certain network architectures will be discussed with their applicability
to the problem described in Section

4.2.1 Feedforward neural networks

In a Feedforward Neural Network (FNN) all information moves from input to output creat-
ing a network that effectively has no memory [71]. The number of layers and the number
of perceptrons per layer determine the network architecture. Figure shows an exam-
ple of the setup of a feedforward neural network where the arrows represent the flow of
information.

The effectiveness of [FNNk on the problem set out in Section [3.2| has already been proven by
Roddy et al [65, |66, [67]. However, more research on supervised learning solutions using
sequential data has been done since. In the description of physical processes [FNNs have
been used to find the governing equations of physical processes [10, 130, 61] proving that
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Figure 4.3: Example of a feedforward neural network [49].

have the ability to capture such continuous physical behaviour similar to the problem
in this research. [FNNk have been used on data generated by a Fourier transform similar to
the input data for this research by Gashler and Ashmore [28] with success.

4.2.2 Recurrent neural networks

A Recurrent Neural Network (RNN) differs from feedforward networks because not all in-
formation flows from input to output but some information is fed back into the network.
process one element of an input sequence at a time with a maintaining state vector
in their hidden units which contains information on all the past values of elements of that
sequence [18]. Figure 4.4{ shows an example of the structure of a recurrent neural network,
it can be seen that information is handed from the second hidden layer to the first hidden
layer with a time delay. This feedback gives the network a memory that enables the network
to recognize sequences. However, this method is not an appropriate fit for non-sequential
data and therefore in this research only FNNk will be used.

4.3 Losses and metrics

When training an algorithm there are different ways the quality of the prediction can be
evaluated. During training the quality of the prediction is measured using a loss function
that the model aims to minimize. The ultimate prediction the model generates is evaluated
using the chosen metric or metrics.

Losses and metrics are conceptually not the same thing: losses are used by Gradient De-
scent to train a model, so they must be differentiable and their gradients should not be 0
everywhere. Plus, it is okay if they are not easily interpretable by humans. In contrast,
metrics are used to evaluate a model, they must be more easily explicable, and they can be
non-differentiable or have 0 gradients everywhere [31].
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Recurrent network

Output

2 hidden layers

Figure 4.4: Example of a recursive neural network [50]. The connection between the second
and first hidden layer has a time delay.

There are several standard loss functions and metrics that are pre-build into TensorFlow and
Keras, the machine learning code libraries used in this research.

4.4 Validation

In machine learning, model validation is referred to as the process where a trained model
is evaluated with a testing data set [3]. Model validation is carried out after model training.
As illustrated in Figure together with model training, model validation aims to find an
optimal model with the best performance [85]. Note, that the learned model as well as the
accuracy of the estimated generalization error depends on the particularly chosen partition
of the original sample into training and validation sets and especially on the size of these
sets. For example, the more instances we leave for validation, the fewer samples remain for
training and hence the model becomes less accurate. Consequently, a bias is introduced to
the estimated model error. On the contrary, using fewer instances for validating the model
will increase the variance of the estimated model error [47]].

Another important method of validating a model’s predictions is the use of external valida-
tion mentioned as model testing using an independent data set in Figure By introducing
the model to a new data set issues related to the data quality of the original data set such
as a bias can be discovered and external validation is considered to be the gold standard for
true estimates of performance and generalizability of prediction models [60, |25].

In this research, the possibility of testing the predictions through external validation exist
by using one of the test described in Section for training and validating their predic-
tions on other tests. 4 different data sets are available namely the data set with varying
pitch ratio, varying number of blades and varying values the B-series propellers and
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Figure 4.5: Overview of data handling process when training a model [85]

the data set with varying pitch ratio values for the Ka-series propellers. An optimal combi-
nation of training and external validation data sets will be chosen to ensure the quality and
generalizability of the predictions made by the model developed in this thesis.

Conclusion

Different machine learning methods have been shown and will be tested on the data. For
the neural network only a [ENNI will be investigated since the RNN|is unsuitable for the data
available. To evaluate the prediction quality of the model, a suitable metric will be chosen.
Additionally, external validation will be applied to assess the model’s generalizability. This
involves combining data from different tests to create training and validation sets to ensure
the model’s effectiveness in predicting beyond the training data.
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5 Methodology

The previous chapters have discussed the background of the problem, the characteristics of
the problem, and the different methods chosen to use in making a prediction. This chapter
will provide an overview of the methodology used in implementing the different methods
for the problem in this thesis. The way the data is pre-processed before training is discussed
in Section Section [5.2| will discuss the way the different machine learning methods are
implemented. Section describes how the[FNNlis built. Lastly, this chapter will provide an
overview of all hyper-parameters and the ranges for the hyperparameter tuning. This will
be the input for the hyperparameter tuning. The results from this search will be discussed
in Chapter [}

5.1 Data preprocessing

This Section discusses the steps taken in preprocessing the data for training.

Data Augmentation

As shown in Table [3.3|different variables were added to the data set to give the model more
information to utilize during learning. Different combinations of augmentation were im-
plemented in preliminary testing and this showed that adding all the listed augmentation
options created a more robust network. An overview of the differences between the different
augmentation variations is provided in Appendix

Normalization

The first step in the process is the normalization of the data. Data normalization is an
essential pre-processing step that involves the transformation of features in a common range
so that greater numeric feature values cannot dominate the smaller numeric feature values.
This practice minimizes a bias towards features with higher numerical values[76]. The data
is normalized using the formula from Equation (5.I). For feature x the mean and variance
are calculated. Every data point in x noted as x; is normalized to x}"" using the formula
below.

X; — mean
xperm = 22 (5.1)
voariance
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5 Methodology

5.2 Machine learning methods

This Section discusses all the machine learning methods used and how they are imple-
mented. The iscikit-learn module is used for all the models discussed in this Section. Due to
the relatively low number of hyperparameters in comparison to neural networks, the meth-
ods in this section have been tuned by hand. The chosen hyperparameters are listed for each
method.

5.2.1 Support Vector Regression

In Section the way works was explained. In this research, the |SVR library was
used. The hyperparameters listed below were investigated. The values for C and € will be
investigated in the hyperparameter tuning. The only kernel producing valid results is the
rbf kernel. This kernel is used for every model using

e C
* ¢

e kernel: rbf

5.2.2 Decision Tree Regression

In Section the way decision tree regression works was explained. In this research the
decision tree regression library was used. The hyperparameters listed below were investigated.
Due to the poor performance of this method in the initial investigation, this method is
left out of the hyperparameter tuning search. The results of this method are explained in

Appendix

e criterion
* min samples leaf

* min samples split

5.2.3 k-Nearest Neighbor Regression

In Section the way [ENNlwork was explained. In this research the k-NN regression library
was used. The hyperparameter below was investigated in the hyperparameter tuning.

* number of neighbors

5.2.4 Gaussian Process Regression

In Section the way work was explained. In this research, the scikit-learn Gaus-
sian process regression library was used. The hyperparameter below was investigated in
preliminary testing. The best working kernel was the Matern kernel.

e kernel
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5.3 Neural Network
5.2.5 Ensemble Method Regression

In Section the way ensemble methods are implemented in this research was explained.
The |Stacking regressor library was used to build the ensemble. The methods listed below
were used to build the ensemble. The hyperparameters predetermined and investigated for
each individual method are explained above.

® Support vector regression
¢ k Nearest neighbor regression

* Gaussian process regression

5.3 Neural Network

This section will discuss how the neural network is built and why certain choices in network
architecture have been made.

Activation

The activation function creates a non-linear relation between the weights inputted into a
node and the output [43]. Different activation functions have different characteristics. The
Rectified Linear Unit (ReLU) is a popular activation function widely used on different types
of problems. In contrast, an activation function such as sigmoid activation is better suited for
classification problems [75]]. This difference is demonstrated in the two figures below. Figure
shows a heatmap of the weights in every layer for both [ReLUl and sigmoid activation.
Figure shows that a selection of nodes light up more than other and the model has
learned what node influence the relation between input and output data. In comparison
Figure shows the heatmap of the weights with sigmoid activation on its hidden layers
instead of As the heatmap shows rather than learning what nodes need highlighting
the majority of nodes have high weight values. Additionally, the prediction shown in Figure
shows that the model has failed to learn the connection between the input and the output
data. For these reasons, all neural networks explored during hyperparameter tuning will use
activation in their hidden layers. The Keras activation library was used to implement the
activation function in this research.

Optimizer

In this research, the optimizer used is the Adam optimizer from the keras optimizers library.
It was introduced in 2014 by Kingma and it aims to combine the advantages of two recently
popular optimization methods: the ability of AdaGrad to deal with sparse gradients, and the
ability of RMSProp to deal with non-stationary objectives [40]. Further tests have shown the
optimizer to be reliable chose for optimizer [69]. Due to these facts and to limit the search
space during hyperparameter tuning, Adam will be used as the optimizer for all tests. The
learning rate will be a hyperparameter and the value range will be 0.0001-0.01.
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Network layout
Network number | Number of layers Number of nodes per layer
1 8 32
2 8 64
3 8 128
4 16 256

Table 5.1: Different network layout available for training

Loss function and metric

In Section [4.3| it was mentioned that there are several loss functions and metrics pre-build
into Keras in the lloss and imetrics| libraries. All combinations of loss-functions and metrics
were tested in preliminary research. Here it was found that the quality of the prediction was
more heavily dependent on the loss function than the metric. Three loss functions provided
reliable predictions for every metric namely the Mean Squared Error (MSE), the Huber loss
and the LogCosh loss. Ultimately it was chosen to use the for the loss function and
the metric for all test in this research. This limits the search space for the hyperparameter
tuning. By having the metric and loss function the way the ultimate score of the network is
determined is the same as the loss the network aims to minimize during training.

Network architecture

The network is built up of several dense layers consisting of multiple nodes from the Dense
library. Different variations of the number of layers and the number of nodes per layer
have been tested. Preliminary testing turned out that the best working networks are block
networks that have a constant number of nodes for each layer except for the input and
output layers. The input layer is determined by the choice in data augmentation varying
from 4 to 20 nodes. For each of the non-dimensional coefficients one network is trained,
thus the output layer always consists of 1 node. Table 5.1| provides an overview of the four
networks available to train the model on. During hyperparameter tuning one of these four
networks is chosen. Therefore the range of network layout is set to 1-4.

Dropout

One regularization approach is dropout. Each activation in a layer has a binary Bernoulli
chance of p to be dropped and set to zero. Each node has a (1 — p) chance of remaining
unchanged. Figure provides an overview of how a network changes when every layer
has dropout with p = 0.5. By removing a part of the connections in the network the model
is less likely to overfit [45, [80]. The |Drop out library was used in this research. Based on
preliminary testing dropout is applied on every fifth layer of the network and the range for
the dropout chance p is set to go from 0 to 0.1. A dropout rate of p = 0 is effectively no
dropout implemented.
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5.4 Training Method

5.4 Training Method

As stated in Section 3.2] the data is sequential and therefore the train test split should not
be done randomly. Instead in the input parameters one of the tested conditions is specified
to be the test set. In the case of the B-series pitch ratio variation test, 6 different tests were
conducted for P/D values [0.5,0.6,0.8,1.0,1.2,1.4]. If the pitch ratio value P/D = 1.0 is
selected as the test condition, the model will be trained on the data from all 5 tests where
the pitch ratio is in [0.5,0.6,0.8,1.2,1.4]. After training it is tested by making a prediction on
the data where P/D = 1.0. After preparing the data the model is built as specified in the
hyperparameters using the Leave One Group Out method.

The overall quality of the predictions of a certain model is measured using cross-validation.
As explained in Section [5.4| for the varying pitch ratio data set, the data of 6 different pro-
pellers was measured. The choice of which of these 6 propellers is to be used as the test
data during training is based on the goal of predicting the behaviour of propellers currently
in use by Boskalis. Table 5.2 provides an overview of the value ranges of the propeller char-
acteristics both in the data sets from the research by Oosterveld [46] and the ranges of these
propeller characteristics on the propellers installed on the vessels in Boskalis’ fleet.

Propeller characteristics
Variable Tested range Range in use Values wused in
training
P/D 0.5-1.4 0.825-1.15 [0.8,1.0,1.2]
EAR 0.4-1 0.6-0.73 [0.55, 0.7, 0.85]
Z 3-7 4 4

Table 5.2: Ranges of propeller characteristics measured and in use by Boskalis

5.5 Hyperparameter tuning

Having demarcated all the methods that will be investigated in this research the process of
hyperparameter tuning can be started. In this work, the hyperparameter tuning was carried
out using the optuna library. Table[5.3|lists all the hyperparameters, their data types, and the
value ranges that will be investigated. The score of one set of hyperparameters is calculated
by the sum of the of all tested variations.
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Hyperparameters
Parameter Data type Value range
C float [0.1-1.0]
€ float [0.01, 0.001, 0.0001]
neighbor number int [2-5]
Learning rate float [0.0001 - 0.01]
Epochs int [50 - 200, step=10]
Validation split float [0,05-0,2]
Network layout int [1-4]
Drop out rate float [0 - 0.1, step=0,01]
Method string [neuralnetwork, SVR,

knn, GPR, ensemble]

Table 5.3: Overview hyperparameters




5.5 Hyperparameter tuning
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Figure 5.1: Heatmap showing the weights per layer using (a) relu activation (b) sigmoid
activation
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Network: 7 step size 100, activation: sigmoid
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Figure 5.2: Prediction and training loss for a network trained using sigmoid activation
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Figure 5.3: Overview of difference between network with and without dropout [45].
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6 Results

This section discusses the results obtained from the developed model. Firstly, the tested
propellers based on the relevant propeller ranges will be discussed. Secondly, the results
from the hyperparameter tuning will be presented. Thirdly, the method obtained from
hyperparameter tuning will be applied to all other data sets mentioned in Section The
results of all different data sets will be presented. Lastly, the performance of the method,
resulting from hyperparameter tuning, on propellers from the fleet will be discussed.

Furthermore, these extreme values are not represented in the current propellers used in the
fleet. Therefore when applying cross-validation in the training process not every possible
measured characteristic is chosen to be used as test data. Rather only the value range rep-
resentative of the characteristic values used in Boskalis’ fleet are used as test sets. Table
5.2]s last column shows the measured propeller characteristics that are used during cross-
validation to measure the prediction quality of the model. During hyperparameter tuning
the sum of the of each model trained on one of these propellers is used to evaluate the
score of the method.

6.1 Result hyperparameter tuning

The overall score of a set of hyperparameters during tuning was calculated by taking the sum
of the mean squared error of each tested condition as listed in Table Table shows
the outcome of the hyperparameter tuning and figure shows the results corresponding
to that set of hyperparameters. The ensemble method was found to be the best-performing
method. This section will further discuss the performance of this method with these param-
eters on the data sets of the other propeller characteristics.

The areas around B = 90° and = 270° are areas where the behaviour shows the largest
change. These areas correspond to transitions from one quadrant to another. For each pre-
diction, the total is calculated as are the scores for these two areas. The  ranges
used for calculating these scores are p = [75° : 105°] and B = [255° : 285°] making each
30° in width and having one of these transition points as their center. An overview of all
these scores is provided in Table[A.T|for the B-series propellers and Table ?? for the Ka-series
propellers.
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Hyperparameter values

Variable Value
method Ensemble
C 0.96
epsilon 0.01
neighbor number | 3

Table 6.1: Final values of hyperparameter tuning.




6.2 B-series
6.2 B-series

This Section shows a selection of the results of the developed method on data sets that it
was not tuned to. The performance of the method on these data sets will indicate how well
the method generalizes. For each data set the model was trained using the hyperparameter
set tuned to the B-series pitch ratio variation of the thrust coefficient Ct. An overview of
all the scores and Figures of the results from predictions on B-series propellers is found in

Appendix

Pitch ratio

The performance of the model on both the thrust and torque coefficients, Ct and Cg respec-
tively, are shown in Figure The model was tuned to the performance on the Cr and
the model can capture the trend in the data correctly. The score of the model on the Cr
coefficient was = 0.00052 which is the lowest score obtained. This is to be expected
since the model was optimized on this score. The performance of the developed method on
the torque coefficient is shown in Figure The behaviour of Cg has more fluctuations,
especially around p = 270°. The model is capable of following the trend of the data but
produces a flattened curve that does not follow the exact fluctuations in this region. This
effect is seen when comparing the overall score = 0.00251 to the local score around
B = 270° of MSEbyp- = 0.00757.

B-series PD variation, coefficient: Ct, MSE:0.00052 B-series PD variation, coefficient: Cq, MSE:0.00251

2.0 1 _ _ . _
—— prediction PD=0.8 2 2 2 S preg!c:!on :g_gs
—— prediction PD=1.0 pred!c !on PD:1.2
T — prediction PD=1.2 prediction PD=1.
11— = ===<
€ €
c o
2 S
S =
b= & 0
o o
o o
o o
4] =]
2 = R R R R B . X\ NSy ~pep
S e 1
1
-2 |
1
el
V!
v
T T T T T T T y U T T T T T
0 45 90 135 180 225 270 315 360 0 45 90 135 180 225 270 315 360
Hydrodynamic pitch angle [beta] Hydrodynamic pitch angle [beta]
(@) (b)

Figure 6.1: Predictions on B-series PD data for(a) Cr coefficient (b) Cg coefficient.

Number of blades

In the number of blades variation data, the differences between the behaviour of different
propellers are smaller than in the other two data sets. This means that both the thrust
and torque coefficient for all measured propellers overlap over the largest part of the four-
quadrants as can be noted in Figure Only the areas around f = 90° and B = 270°
show differences between the propellers, which correspond to areas of transition from one
quadrant to another. The model can accurately predict the behaviour in the sections with
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low differences between propellers and in the valley around B = 90°. Figure shows
that there are slight deviations between the predicted value and the true value in the peak
around B = 270°. These trends are reflected in the comparison of the score over the full

prediction [MSE] = 0.00225 and the local scores MSEhge = 0.00309 and [MSEbyqe = 0.00493.
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Figure 6.2: Predictions of Cr for varying number of blades at (a) the full beta range (b) peak
at § = 270°.

Expanded area ratio

When comparing the data set of the [EARl variation to the pitch ratio variation data set it can
be noted that differences in behaviour between propellers show more variation. While for
the pitch ratio variation, the difference between the propellers is near constant over the full
360°, the expanded area ratio shows large variation around = 90° and B = 270° and little
variation around = 180° and § = 360°. The performance of the method on the [EAR|data set
is shown in Figure In Figure the prediction of the whole range is shown. The model
can accurately predict the behaviour in the areas with little difference between the propellers.
The prediction around B = 90° shows deviations between the prediction and the true values.
However, the predicted curve is always closest to the true value of that propeller. Figure
shows the prediction in the peak more clearly. Here the prediction for [EARl = 70.0 crosses
the value for [EAR| = 55.0. This means that the value predicted in this region for a propeller
with [EAR] = 70 would correspond to the value of a propeller with [EARl = 55. The score on
the expanded area ratio variation data set for the thrust coefficient for the full prediction is
[MSE| = 0.01557 and the local prediction is [MSEb7p- = 0.06857. These scores are two orders
of magnitude higher than the score resulting from hyperparameter tuning and one order

of magnitude larger than the scores on pitch ratio variation data set for Co and number of
blades variation data set for both coefficients.
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Figure 6.3: Predictions of Ct for varying [EARl at (a) the full beta range (b) peak at g = 270°.
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6.3 Ka-series

This Section discusses the results of the model on predictions made on the Ka-series data
set. These results are important to Boskalis since all the propellers in use in the fleet are
ducted as are the Ka-series propellers. All the results shown are for the propeller with
a 19a duct since this is a similar type of duct to the ducts Boskalis currently uses in their
fleet. Results for the propeller with duct type 37 are shown in the appendix

The results of training the model on the Ka-series data are shown in Figures[6.4 Figure[6.4a|
shows the results over the full range. Since the same propeller characteristic is varied here
the overall behaviour of the thrust coefficient is similar to the data set the model was tuned
to. The differences between the different propellers are generally equally spaced throughout
the four-quadrants. The only exception is that the propeller with pitch ratio P/D = 1.2 is
the extreme value in the peak around B = 270°. This can be seen in the prediction quality
where the model can predict the behaviour of the propeller correctly except for the peak
around B = 270°. Here all predictions show deviations as can be seen in Figure How-
ever, the prediction for P/D = 1.2 is unable to capture the behaviour when the model needs
to extrapolate rather than interpolate. The overall score of the model on this data set is
= 0.0754 and the scores for each individual test condition are MSElp,p_gg = 0.00140,
MSEp,p-10 = 0.00130, and MSEp,p—1, = 0.00483. This shows that the error is around 4
times higher when the model has to extrapolate.

The results for predictions on the Co and Cry are shown in Figure and [6.5b] For the
torque coefficient, the behaviour the model has to learn is similar to that of the pitch ratio
variation of the B-series propeller. Similar to the results in Figure the Cg prediction can
capture the general behaviour of the propeller but flattens the prediction where the smaller
fluctuations are left out. The overall score of the model on this data set is [MSE| = 0.00404.
The performance of the Cry prediction is equally able to capture the general behaviour of
the propeller but flattens the behaviour in areas where the changes are more abrupt. The
overall score of the model on this data set is [MSE| = 0.00291.
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Figure 6.4: (a) Predictions over the full beta range. (b) Close-up of the predictions around
B = 270°.
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Torque coefficient

Ka-series PD variation, coefficient: Cq, MSE:0.00404

6.3 Ka-series

Ka-series PD variation, coefficient: Ctn, MSE:0.00291
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Figure 6.5: Predictions for Ka-series 19 (a) Cq coefficient. (b) Cry coefficient.
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6 Results
6.4 Fleet propellers

This Section discusses the results obtained from predicting pitch ratio values that are present
in the Boskalis’ fleet. All predictions are made using the Ka-series propeller with a 19a noz-
zle due to its similarity to the propeller type used in the fleet. Five different pitch ratios have
been predicted by the model in the following range [0.82 — 1.17]. All these propellers have
[EARI values that are near to but differ from the propellers used in the training data having

[EARI = 70.0.

Figure shows the predictions for the Cr coefficient. The model was trained on all the
avialable data which means that the predictions near to P/D = 1.2 are not extrapolation
predictions increasing the accuracy. All predicted curves follow the general trend expected
of a propeller in that P/D region. The predictions are near the closest P/D value but not
on the curve exactly. Figure [6.7|shows the prediction results for the same set of pitch ratios
for the Cg and Cry coefficients. Here the general curve is similar to the expected value and
near to the closest P/D value but not on it for both coefficients. The true values of the four-
quadrant behaviour of these propellers is not known therefore no [MSE score is calculated.
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Predictions for PD values in fleet

—— PD=0.8224

PD=0.925
—— PD=1.061
—— PD=1.1136

-
i
s

=
w
L

-
[N}
N

|
o
o
-
He
s

Thrust coefficient Cr
Thrust coefficient Cr

=
=]
L

—— PD=0.8224

PD=0.925
—— PD=1.061
—— PD=1.1136
—— PD=1.174

I
Iy
o
L
o
©
L

I
=
w»
o
©
s

T T T T T T T T
0 45 90 135 180 225 270 315 360 270 315

Hydrodynamic pitch angle [B] Hydrodynamic pitch angle [B]
(@) (b)

Figure 6.6: (a) Predictions over the full beta range. (b) Close-up of the predictions around
B = 270°.
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Torque coefficient Cq

6.4 Fleet propellers
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Figure 6.7: Predictions for propellers in fleet (a) C coefficient. (b) Cry coefficient.
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6 Results

6.5 Combined data sets

As mentioned in Section the assumption is made that the number of blades is 4 and
the [EAR| = 70.0, for the propeller whose four-quadrant behaviour is predicted. There is no
information available about the effect of varying [EARI values for Ka-series propellers. This
information is available for B-series propellers. Therefore a model has been trained on both
the varying pitch ratio and varying expanded area ratio test. Predictions made from the
model trained on solely the pitch ratio variation data set and the model trained on the com-
bined data set are shown in Figure The top part shows the predictions made using
both methods for a propeller with the P/D and [EAR value of a propeller from Boskalis’
fleet. The bottom part of the figure shows the absolute difference between both predictions
is largest in the areas around g = 90° and B = 270°. These B values correspond to the
transition from the first to the second quadrant and the third to the fourth quadrant. The
interaction between the propeller blade and the water is very turbulent during these transi-
tions because the flow of water changes direction. These operating conditions are used less
during operations. Therefore, the inaccuracies in these regions do not impact much of nom-
inal operating. Appendix provides an overview of this comparison for other propellers
used by Boskalis whose P/D and values are known. These show that an increase in
the difference between the true [EARl value and the assumed value of = 70.0 leads to an
increase in the difference between both predictions.

Comparison of prediction for propeller with EAR=60.0

PD and combined prediction

—— PD prediction
—— Combined prediction

Thrust coefficient
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Difference between predictions
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Differenc
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Figure 6.8: Prediction using both P/D data set and combined data set along absolute differ-
ence
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7 Summary

This Chapter will provide an overview of the conclusion of this thesis work. The overall
goal of the research was to develop a model that can create predictions for the four-quadrant
behaviour of a propeller based on the propeller characteristics. The conclusion from investi-
gating the state of the art of modelling four-quadrant behaviour is discussed. Next, the data
available for training models is outlined. Then the method resulting from hyperparameter
tuning is presented. Furthermore, the results obtained from applying this method to all the
data sets are shown. Lastly, the performance of the developed method on propellers from
Boskalis’ fleet is discussed.

State of the art

In Section [2.3]the state of the art of models describing four-quadrant behaviour is discussed.
Much work has been done in developing models that simulate the physical processes of wa-
ter interacting with a propeller. Some promising results were achieved using an[ENN]to pre-
dict propeller behaviour. The choice was made to expand on this work and investigate and
compare different machine learning methods on their ability to predict the four-quadrant
behaviour of propellers.

Data

Five different data sets were available to train the model which are described in detail in
Chapter |3| Three data sets for B-series propellers, one where each of the following three
propeller characteristics were varied: pitch ratio, number of blades and expanded area ratio;
and two data sets for Ka-series propellers were the pitch ratio is varied for two different duct
types. For the B-series propellers, two coefficients were measured during training: the thrust
coefficient Cr and the torque coefficient Cg. For the Ka-series data sets a third coefficient
was measured, the thrust nozzle coefficient Cp. For each combination of varied character-
istic and coefficient, there is a data set describing a distinct behaviour. For this reason, an
individual model needs to be trained on each one of these data sets.

The data set available per model is relatively small with 360 values for 8 and one distinct
value for the propeller characteristic. To provide more information for the model to use in
learning the four-quadrant behaviour the data was augmented. Due to the cyclical nature of
the behaviour, it was augmented with different terms of sin () and cos (B).
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7 Summary

Hyperparameter tuning

Different machine learning methods have been investigated for developing a model for this
research with hyperparameter tuning and ensemble methods have proven to be the best
performing. The hyperparameter tuning was performed on the B-series pitch ratio variation
Cr. During hyperparameter tuning, the score of a method was calculated as the sum of
the of all tested pitch ratios. Because the goal is to predict propellers used in Boskalis’
fleet a relevant range of pitch ratios corresponding to pitch ratios of propellers in use was
determined. The pitch ratios in this range were tested with hyperparameter tuning.

B-series results

The method resulting from the hyperparameter tuning was able to produce good predictions
on the B-series pitch ratio variation data set for the thrust coefficient Ct. The overall score
for this prediction was = 0.0052. Since this score was minimized with hyperparameter
tuning it is to be expected that the performance of the method will be the best on this data
set.

The method was also used to train models for the other data sets and coefficients. The over-
all score for the torque coefficient Co was = 0.00251. However, the torque coefficient
shows more fluctuations in comparison to the thrust coefficient Cr resulting in a flattening
of the true behaviour where the fluctuations are not registered. The largest deviations be-
tween the prediction and the true values are around B = 270°. This is also reflected in the
local error score MSEb7ge = 0.00757.

On the data set where the number of blades Z is varied, the model was able to accurately
predict the overall behaviour of the propeller for both coefficients. The four-quadrant be-
haviour of the measured propellers deviates mostly in the areas around g = 90° and = 90°.
This is is reflected in the scores where the score over full  range is = 0.00225 and the
local scores [MSEhg> = 0.00309 and [MSEbyp- = 0.00493.

The prediction results for the B-series [EAR] variation data set were worse than the other two
propeller characteristics with a score of = 0.01557. The variation between the different
propellers is the greatest for this data set. Over the full range, there are slight deviations
between the prediction and the true values. At the peak around § = 270° the deviations are
so large that the values predicted for one propeller cross the true values of other propellers,
which did not happen for the other models. The error for the area around p = 270° is
[MSEb7p- = 0.06857. This indicates that in this range using the model to predict the propeller
behaviour is likely to give less accurate results than using the behaviour of a propeller whose
characteristics lie closest to the propeller whose behaviour is desired.
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Ka-series results

Results for the Ka-series pitch ratio variation are most interesting for the company because
the Ka-series propeller with a type 19a nozzle is most similar to the propellers Boskalis has
in use. The results were comparable to the results obtained from the B-series pitch ratio
variation data set. The notable difference is that in the peak at § = 270° the prediction
for P/D = 1.2 is further off. This can be explained due to the fact that here the model is
aiming to extrapolate what the behaviour should be and this is more difficult than when
the model has to interpolate the prediction. This difficulty in extrapolating the prediction
is also seen when reviewing the scores of the individual propellers where the scores
for each individual test condition are [MSElp,p_¢g = 0.00140, MSEp,p—19 = 0.00130, and
MSElp, p—1, = 0.00483. This means that the test value used during training should be cho-
sen with this in mind.

The results obtained for the torque coefficient are similar to those of the B-series pitch ratio
variation data set with [MSEz = 0.00251 and [MSEk, = 0.00405. The overall behaviour is
accurately captured by the model however in certain regions with higher fluctuations in the
behaviour the model flattens the predictions and some information is lost. The prediction
on the thrust nozzle coefficient Cry similarly is able to capture the general behaviour with
a score of = 0.00291 and shows deviations in the area with the most rapid changes
around B = 270°.

Fleet propeller results

The model obtained from training on the Ka-series 19a nozzle data set was used to predict
the behaviour of propellers with P/D values not present in the data. Therefore the pre-
dictions made on propellers present in the fleet can not be compared to a true value, since
this is unknown. However, by plotting them on the known values an indication is made
of the reliability of these predictions. For each prediction, the prediction lies nearest to the
curve corresponding to the nearest pitch ratio. This indicates that no overfitting occurs on
the P/D values seen during training and the model scales the prediction in a manner that
corresponds with what would be expected.

It should be taken into account that the propellers in the data set available all had an
value of 70.0. Data on the influence of varying [EAR]is available for the B-series propeller.
Therefore, to gain some understanding of the size of this effect a model was trained for
both the pitch ratio and the expanded area ratio test for the B-series propeller. Predictions
made using a model trained on both characteristics and on only the pitch ratio variation were
compared to gauge the effect of this assumption. This test shows that the difference between
the prediction increases as the difference between the true[EARl value and the assumed value
gTOW.
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8 Discussion

Based on the literature the choice was made to generate a prediction for the four-quadrant
behaviour of propellers using machine learning methods. The best working method proved
to be the ensemble method. The developed model was able to provide generally good
predictions of the four-quadrant behaviour of the relevant propellers and the results are of
sufficient quality for the company.

One of the challenges faced is that there is little information for the model to learn the dis-
tinct behaviour. In the original data, only the hydrodynamic pitch angle B and the propeller
characteristic were available to learn the behaviour from. Different augmentations based
on sin B and cos f were added to the data to enrich the data set. Although this helps the
model learn the behaviour better, the only information the model has to distinguish between
different propellers in the data set are the varying propeller characteristics which are con-
stant for one propeller. To limit the options only a set amount augmentation options were
created. However, since using all the augmentation options gave the best results it would be
interesting for future research to expand the augmentation options further.

Another method of expanding the data set that was explored was to increase the number
of points at which the Fourier series the data stems from was evaluated. The current data
sets are evaluated at 1-degree intervals resulting in 360 data points per measured propeller.
The option of evaluating the Fourier series 10 and 100 times per degree has been investi-
gated. However, this did not increase the accuracy of the predictions. This is likely because
although more data was created, the amount of information did not increase.

The results indicate that the developed model can provide more information about the four-
quadrant behaviour of propellers currently used in Boskalis’ fleet. Although there are areas
where the model fails to capture the exact value of the four-quadrant behaviour the areas of
lower accuracy correspond with points of operation that are rarely used during the operation
of a dredging ship. The model is not able to provide an exact prediction of the four-quadrant
behaviour. However, the quality of the predictions is sufficient considering the small data
set available for training.

There is an overall trend for all the developed models that the prediction quality is lowest
around B = 270°. This area corresponds to the transition from the third quadrant to the
fourth quadrant. Consulting Table [2.3| shows us that this corresponds to the ship changing
from accelerating backwards while moving backwards to accelerating forwards while mov-
ing backwards. This is an area of operation that is rarely used even for dredging operations.
Therefore the poor performance in this region will not greatly affect the effectiveness of the
model when in use by the company.

A trend could also be noted that the models perform much better when the behaviour
they aim to predict lies between characteristic values where the four-quadrant behaviour
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8 Discussion

is known. This means that with the current data available the range for which accurate
predictions can be generated is limited. If Boskalis would purchase new propellers with
characteristics outside of the data set it would not be possible to generate a reliable pre-
diction. If the data set were expanded the current method would likely be able to create
accurate predictions for a larger range of propeller characteristics.

The generalization is limited by the small data set available. The differences in data between
different propellers are only the discreet propeller characteristic values. This means there is
little information for the model to learn the differences between the varying propellers. For
future work, the information obtained from this research could be combined with live data
obtained from the ships. However, the data sets used in this research are obtained from lab
experiments where environmental conditions are kept steady. The temperature of the water
during dredging operations is likely to influence the interaction between the water and the
propeller. Therefore when expanding this research to include live data this effect would
need to be accounted for.
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A Results

A.1 Results hyper parameter tuning

A.1.1 B-series
Mean Squared error scores
Coefficient Thrust coefficient Cr Torque coefficient Cg
propeller B=10:360] | f=[75:105] | p=1[255:285] | p=10:360] | p=[75:105] | B = [255: 285]
characteristic
P/D 0.00052 000069. 0.00078 0.00251 0.00757 0.00257
[EAR] 0.01557 0.06857 0.01830 0.01648 0.03824 0.03561
Z 0.00225 0.00493 0.00309 0.00351 0.00224 0.00492

Table A.1: Final mean squared error scores B-series data sets for entire range and transition

areas
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Figure A.1: B-series pitch ratio variation thrust coefficient Cr.
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A Results

B-series PD variation, coefficient: Cq, MSE:0.00251
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Figure A.2: B-series pitch ratio variation torque coefficient Cg.
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Figure A.3: B-series number of blades variation thrust coefficient Cr.
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A.1 Results hyper parameter tuning

B-series Z variation, coefficient: Cq, MSE:0.00351
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Figure A.4: B-series number of blades variation torque coefficient Cg.
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A Results

B-series EAR variation, coefficient: Cq, MSE:0.01648
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Figure A.6: B-series expanded area ratio variation torque coefficient Cg.
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A.1 Results hyper parameter tuning
A.1.2 Ka-series

Ka-series PD variation, coefficient: Ct, MSE:0.00754
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Figure A.7: Ka-series 19a nozzle pitch ratio variation thrust coefficient Ct
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A Results

Ka-series PD variation, coefficient: Cq, MSE:0.00404
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Figure A.8: Ka-series 19a nozzle pitch ratio variation thrust coefficient Cg
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Figure A.9: Ka-series 19a nozzle pitch ratio variation thrust coefficient Cry
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A.1 Results hyper parameter tuning

K-series 37 nozzle, Coefficient: Ct
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Figure A.10: Ka-series 37 nozzle pitch ratio variation thrust coefficient Ct
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Figure A.11: Ka-series 37 nozzle pitch ratio variation thrust coefficient Cg
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K-series 37 nozzle, Coefficient: Ctn
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Figure A.12: Ka-series 37 nozzle pitch ratio variation thrust coefficient Cry
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A.1 Results hyper parameter tuning

A.1.3 Fleet propellers

Predictions for PD values in fleet
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Figure A.13: Predictions of the thrust coefficient of all the propellers in the fleet.

63
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Predictions for PD values in fleet
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Figure A.14: Predictions of the torque coefficient of all the propellers in the fleet.
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Figure A.15: Predictions of the thrust nozzle coefficient of all the propellers in the fleet.
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A.2 Augmentation variation
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Figure A.16: Predictions using different combinations of augmentation

A.2 Augmentation variation

For this research the different ways of augmenting the data have been investigated. Due to
the cyclical nature of the four quadrant behaviour is augmented with sinusiods sinwf and
coswp. The values of w implemented are [0.1, 0.25, 0.5, 1, 2, 3, 5, 10]. The amplitude of the
sinusoids is not varied since the data is normalized and this would nullify the differences
between sinusiods with equal period and different amplitudes. Figure shows three
different augmentation variations side by side. The first tested variation shown in Figure
uses the same augmentation that was applied in the research by Roddy et al. [65].
Here the added values are [cos 8, cos 58, sin 8, sin5f, sin 108]. The second tested variation
shown in Figure only adds the sine and cosine of . Meaning the added values are
[cos B, sinB]. Lastly all the augmentation options listed in Table were added to the
data sets. Figure shows the results from this test. It can be noted that prediction set
using the full augmentation range provides more reliable results. Therefore all the possible
columns listed in Table [3.3|will be added to the training data.
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A Results

Test value PD

Split values

Predicted PD value

0.5
0.6
0.8
1.0
1.2
1.4

0.70
0.65
0.55
0.55
0.55
0.55

0.90 1.10
0.90 1.10
0.80 1.10
0.70 1.00
0.70 0.90
0.70 0.90

1.30
1.30
1.30
1.30
1.20
1.10

0.6
0.5
1.0
0.8
14
1.2

Table A.2: All PD values used for each decision tree for each condition.

A.3 Decision tree regression

The decision tree regression method was unable to effectively capture the behaviour of the
test data. It would accurately predict the behaviour of a neighboring plot. This behaviour
can be explained when reviewing the P/D values present in the decision tree. For this end
the decision tree was exported as a text file and with Regular Expression all the P/D values
used in decision making for one test value were collected. Table provides an overview
of all the values used in decision making by the regression tree. It can be noted that the test
value not being available during training causes the model to view it as equal to one of the
neighboring training values. It can be concluded that the Leave One Group Out method and

decision tree regression are an unsuitable match for train/test split and algorithm.
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A.4 Combined pitch ratio and expended area ratio data set

A.4 Combined pitch ratio and expended area ratio data set

One of the inaccuracies inherent to the method of this research is that in each data set
only a single propeller characteristic is varied. This means that for all predictions made
on the propellers in Boskalis’ fleet, the is assumed to be 70.0 while this is not true.
There is no data available for the effect of varying [EAR| values for the Ka-series propellers.
However, this is available for the B-series propellers. To investigate the influence of this
discrepancy a model has been trained on both the data set varying the pitch ratio and the
expanded area ratio. The propeller with P/D = 1.0 and EAR = 70.0 can be found in both
these sets, therefore this propeller was used as the test set during training. By comparing the
predictions made using a model trained on solely the pitch ratio variation data set and using
the combined data set the effect of this discrepancy can be gauged and visualized. Figure
shows the prediction for the propeller whose [EAR] values vary the most from 70.0.
The difference between both predictions is significant in the regions around = 90° and
B = 270°. These regions correspond to the transitions from the first to the second quadrant
and the third to the fourth quadrant. As mentioned in Chapter [f|the region around g = 270°
is not used much in operations. However, the region around = 90° is used more often.
Therefore the effect of this difference in prediction seems significant. This would mean
that to improve the prediction quality the effects of the [EAR| should be further investigated.
The graphs of the other propellers and especially Figure show that with the reduced
difference between the actual EAR value and the standard value of [EARI = 70.0 the difference
is reduced.

Comparison of prediction for propeller with EAR=60.0
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Figure A.17: Prediction using both P/D data set and combined data set along absolute
difference
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Comparison of prediction for propeller with EAR=61.2 Comparison of prediction for propeller with EAR=69.2
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Comparison of prediction for propeller with EAR=71.1 Comparison of prediction for propeller with EAR=73.0
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Figure A.19: Predictions using models trained on interpreting P/D and both P/D and [EARI
for propellers with (a) EAR = 71.1 (b)[EAR| = 73.0
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B Fourier coefficients

This section contains the coefficients used to generate the different curves describing the
four quadrant behaviour obtained from Roddy et al. [65]. Above each section of tables a
figure shows the curves resulting from these coefficients.

B.1 Pitch ratio variations

B4-70 Series Data for varying P/D values
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Figure B.1: Four quadrant behaviour for varying P/D values
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B Fourier coefficients
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B4-70 P/D=0.5

K Cr AK) Cr BK) Co AK) Co B

0 5,0001000 0,0000000 -3,2792000 0,0000000
1 5,8760000 -80,2710000 || -5,2552000 61,3740000
2 -2,2733000 -1,2337000 2,6413000 -1,1267000
3 2,1575000 11,7620000 -3,4908000 -9,8851000
4 -0,5652700 -1,1263000 -0,1958100 1,1875000
5 -3,9577000 3,9944000 3,1287000 -4,0676000
6 0,4550900 0,8214800 -0,5658100 -0,2152600
7 3,2426000 -0,4088200 -2,0201000 2,0145000
8 -0,4235000 -0,5753900 0,4460600 0,4514600
9 -2,0298000 1,7398000 0,3988000 -1,8924000
10 -0,0023261 0,8361200 0,0355200 -0,2137000
11 1,6667000 -0,0792280 0,3771600 0,2695100
12 0,0962520 -0,5206900 -0,1024100 -0,0090780
13 -0,3764000 0,5858500 -0,8405500 -0,5815200
14 -0,1371000 0,2169700 0,1643200 0,3479300
15 0,6294100 -0,0343270 0,3186400 -0,0974720
16 0,0690470 -0,0931120 -0,0053692 -0,3577100
17 0,1570500 0,3008700 -0,5951100 0,1575600
18 0,1387900 -0,0686190 0,1232500 0,1497200
19 0,2337300 -0,2555500 -0,0228040 -0,2533900
20 0,0537380 -0,0921720 -0,1403700 -0,0371720
21 0,0823360 0,0741180 -0,1102600 0,2051600
22 0,0459030 -0,0387210 0,1523700 -0,0700220
23 0,1006000 -0,2707000 -0,2786300 -0,0550530
24 -0,0105240 -0,1225700 -0,0702560 0,1088300
25 -0,0374950 -0,1190800 0,0255000 0,1739100
26 -0,1201900 0,0347080 0,0526020 -0,0815790
27 0,0209320 -0,0842200 -0,1246600 0,0885180
28 -0,0099185 -0,0621350 0,0629620 0,0587710
29 -0,0563700 -0,0991820 0,0152530 0,0712920
30 -0,1442700 0,0389180 0,0084550 -0,0123610

Table B.1: Fourier coefficients for the B4-70 P/D=0.5 propeller




B.1 Pitch ratio variations

B4-70 P/D=0.6

K Cr AK) Cr BK) Co AK) Co B(K)

0 3,8804000 0,0000000 -3,0251000 0,0000000
1 8,3653000 -79,3810000 || -8,3989000 73,2850000
2 -0,8585900 -1,3907000 0,7169200 -0,4340000
3 2,3607000 11,2510000 -4,0790000 -10,1880000
4 -1,0596000 -0,7885100 -1,1812000 1,8683000
5 -4,1596000 4,2391000 3,7134000 -5,4538000
6 0,4624700 0,9490200 -0,0596700 -0,4419300
7 3,3330000 -0,4307700 -1,6205000 2,4562000
8 -0,3709800 -0,9058100 0,6641900 -0,1915100
9 -1,9768000 1,6585000 0,5094700 -2,8162000
10 -0,1197200 0,8629700 -0,4415300 -0,4921300
11 1,7570000 -0,0790010 0,0147050 0,2699600
12 0,0276790 -0,6021600 0,0804090 -0,0663350
13 -0,4321200 0,8018500 -1,2038000 -0,8003600
14 0,0289390 0,3434400 -0,1036200 0,5180700
15 0,7800900 -0,1632700 0,3769400 -0,2100800
16 -0,0080617 -0,0030060 -0,0401150 -0,7603800
17 0,1942400 0,4405300 -0,9872600 0,2417100
18 0,1205600 0,0549530 0,0821720 0,3479300
19 0,3516800 -0,4002500 -0,0707440 -0,2611500
20 -0,0670990 -0,1760000 -0,1032600 -0,0134310
21 0,1216700 0,1302900 -0,1104600 0,4414700
22 0,1606500 -0,0014661 0,2258300 -0,0735100
23 0,1855500 -0,3040600 -0,3004200 -0,1719400
24 -0,0527390 -0,1716500 -0,2868800 0,1044300
25 -0,0389860 -0,0314440 0,1191100 0,4540800
26 -0,0851510 0,0225160 0,1992700 -0,0890830
27 0,0209610 -0,1070500 -0,1681400 -0,0153840
28 -0,0515490 -0,0956160 0,0230930 0,1710600
29 -0,0830520 -0,0710080 0,2009200 0,0065482
30 -0,0389420 0,0502500 -0,0280480 -0,1121800

Table B.2: Fourier coefficients for the B4-70 P/D=0.6 propeller
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B Fourier coefficients
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B4-70 P/D=0.8

K Cr AK) Cr BK) Co AK) Co B

0 2,8757000 0,0000000 -2,5783000 0,0000000
1 13,0070000 777620000 || -15,7270000 | 93,0800000
2 0,6286900 -1,3032000 -0,6896000 -0,2048200
3 2,8104000 10,5800000 -5,4402000 -13,7860000
4 -1,6832000 -1,0413000 2,4674000 1,5588000
5 -4,4894000 4,5769000 5,0717000 -6,8953000
6 0,3770300 1,4296000 -1,1964000 -0,1977300
7 3,1647000 -0,3961200 -3,1161000 3,1295000
8 -0,1349200 -0,9917000 1,5838000 -0,0113660
9 -1,9905000 2,0759000 1,4925000 -4,0967000
10 0,1757600 0,9015300 -0,9089800 -0,3281000
11 1,9750000 -0,0298770 -1,2135000 0,7953900
12 -0,1106300 -0,5635400 0,5012600 -0,2662400
13 -0,0698280 0,9477300 -1,4143000 -1,4536000
14 0,2566500 0,2368100 -0,1887300 0,6866600
15 0,8068100 -0,5320400 0,1542200 0,4549900
16 -0,1878100 -0,0715370 0,1729400 -0,8479200
17 0,2982100 0,5276800 -1,3330000 -0,1591100
18 0,4864300 0,0174000 -0,2262000 0,5973300
19 0,3389300 -0,6810500 0,1429900 0,2544500
20 -0,2685100 -0,2040000 -0,0453350 -0,2199100
21 0,0960980 0,1408600 -0,4005100 0,4753500
22 0,2145000 -0,0579140 0,2062900 0,1539700
23 0,0664400 -0,4489800 -0,0697050 -0,0736920
24 -0,1321000 -0,1145400 -0,1825400 -0,0226540
25 0,0163780 -0,0120050 -0,0563070 0,4725600
26 0,0123670 -0,1193200 0,2428200 0,1306100
27 -0,1611300 -0,2442700 0,0796060 -0,0613110
28 -0,1053600 0,0498820 -0,0695030 0,0097692
29 -0,0411390 0,0635870 0,0800750 0,1310200
30 -0,0089569 -0,0736110 0,0421560 -0,0190470

Table B.3: Fourier coefficients for the B4-70 P/D=0.8 propeller




B.1 Pitch ratio variations

B4-70 P/D=1.0
K Cr AK) Cr BK) Co AK) Co B(K)
0 2,66170 0,00000 -2,29450 0,00000
1 17,80200 -74,79700 -26,98900 110,38000
2 1,38280 -1,36320 -1,87580 -0,52852
3 2,78710 10,24600 -6,35520 -16,54400
4 -1,62400 -1,08650 2,16680 1,92900
5 -5,30840 4,73460 7,65300 -8,44800
6 0,19180 1,13550 -0,56516 -0,90714
7 3,83180 -0,93180 -6,26540 3,10420
8 -0,22892 -0,72471 1,92110 0,68648
9 -1,86560 2,37470 3,34560 -4,51960
10 0,34900 0,86208 -1,29560 -1,09280
11 2,23210 0,00702 -3,12940 -0,04497
12 -0,35976 -0,36422 1,24750 0,72404
13 0,13606 0,91758 -1,43510 -1,52840
14 0,47192 0,08938 -0,83201 -0,23983
15 0,87235 -0,59364 0,03487 1,60740
16 -0,35748 -0,07095 0,89981 -0,66184
17 0,35955 0,48825 -1,42470 -1,20840
18 0,52896 -0,09059 -1,10640 0,58384
19 0,21045 -0,81163 0,27359 1,33970
20 -0,27057 -0,05666 0,67590 -0,29095
21 0,10509 0,12011 -0,57328 -0,08961
22 0,27733 -0,13042 -0,22609 0,54988
23 -0,11596 -0,48187 0,70691 0,14626
24 -0,17450 0,04541 -0,03023 -0,48380
25 0,04078 -0,01947 -0,46043 0,38709
26 0,09925 -0,21858 0,25629 0,72114
27 -0,34650 -0,16314 0,76092 -0,13767
28 -0,12357 0,14865 0,00262 -0,45823
29 0,06393 0,10185 -0,19316 0,10520
30 0,06193 -0,16735 0,31487 0,27547

Table B.4: Fourier coefficients for the B4-70 P/D=1.0 propeller
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B Fourier coefficients

74

B4-70 P/D=1.2

K Cr AK) Cr BK) Co AK) Co B

0 2,4003000 0,0000000 -3,9384000 0,0000000
1 22,7620000 -71,0420000 || -41,1140000 | 125,7800000
2 1,7143000 -1,2393000 0,5601500 -0,3017200
3 2,1316000 9,2564000 -6,7469000 -19,1930000
4 -1,4846000 -1,3138000 0,7647200 3,0528000
5 -5,9120000 4,9260000 10,2590000 -9,3530000
6 0,0258760 0,7860100 1,6558000 -1,6738000
7 4,2514000 -1,0738000 -9,7787000 2,4956000
8 -0,2876500 -0,3706800 0,3306500 1,6433000
9 -1,8761000 2,8030000 5,0625000 -4,2091000
10 0,5088800 0,4825900 -1,2604000 -2,3535000
11 2,3192000 -0,0532710 -4,5527000 -1,0521000
12 -0,4099900 -0,3979900 0,9581800 1,7638000
13 0,6329500 0,9545600 -0,6588600 -1,4926000
14 0,6453000 0,0006267 -1,3658000 -0,5286100
15 0,5588500 -0,9918800 -1,4995000 2,1916000
16 -0,3096200 0,0319570 1,2968000 0,2960400
17 0,4741300 0,4270300 -0,1265600 -1,4969000
18 0,4005300 -0,3277400 -1,4665000 -0,2346200
19 0,0998380 -1,0834000 -1,1630000 2,1835000
20 -0,1816600 0,0180700 0,6702200 0,7094000
21 0,0408270 0,0384070 0,4820900 -0,4056500
22 0,0382620 -0,3169200 -0,4228200 0,4349300
23 -0,4191100 -0,3939500 0,3920900 1,0100000
24 -0,0832190 0,0662270 0,7166400 -0,1704000
25 0,0703260 -0,0293380 -0,2231200 -0,5032600
26 -0,1010700 -0,2219400 -0,4178800 0,6206400
27 -0,5417800 0,0080383 0,6539600 0,7371100
28 -0,0275070 0,1592600 0,9811000 -0,1759500
29 0,0424680 0,1505600 0,1032400 -0,8032700
30 -0,1378300 -0,0453210 -0,0833620 -0,0360840

Table B.5: Fourier coefficients for the B4-70 P/D=1.2 propeller




B.1 Pitch ratio variations

B4-70 P/D=14

K Cr AK) Cr BK) Co AK) Co B(K)

0 1,8891000 0,0000000 ~6,2730000 0,0000000
1 28,0330000 -65,6830000 || -59,0670000 | 137,1800000
2 1,8860000 -0,2306600 3,4811000 -0,0602010
3 0,5997300 7,4446000 -4,3989000 -20,5550000
4 -1,0858000 -1,2398000 -0,4052000 3,3632000
5 -6,4362000 4,7921000 11,8430000 -8,9586000
6 -0,1563100 0,7169500 3,0860000 -2,6638000
7 5,0311000 0,0342760 -13,1370000 | -0,9819000
8 -0,0639240 -0,2943400 -1,4057000 2,2511000
9 -2,0315000 2,0101000 5,6834000 -0,8726900
10 0,6086600 0,2709700 0,2612900 -3,1696000
11 1,8917000 0,1648000 -4,5913000 -3,3156000
12 -0,4193500 -0,1798300 -0,5810700 2,1286000
13 0,6718100 1,0989000 -0,1235300 -1,0776000
14 0,6423000 -0,1632600 -1,6486000 -1,3561000
15 0,7271500 -1,3135000 -4,3524000 2,0842000
16 -0,1748300 -0,0030559 0,9560600 2,0193000
17 0,1754800 0,4661900 2,0063000 0,3301100
18 0,3548000 -0,3998800 -0,6776400 -1,0371000
19 0,0797000 -0,7461600 -2,0860000 1,3432000
20 -0,0991090 0,0185520 0,1002100 1,2629000
21 0,2201900 -0,0919380 1,4317000 0,3929200
22 -0,0475300 -0,4169700 -0,4024600 -0,1531600
23 -0,5246100 -0,3053900 -0,3476800 1,2626000
24 0,0534690 0,1421100 1,1234000 1,1060000
25 0,0995100 0,0634860 1,8220000 -0,7667600
26 -0,1619100 -0,2740200 -0,3422400 -0,7106300
27 -0,3416300 0,0092732 -0,6785600 0,0780990
28 0,0252120 0,1106400 0,8999000 0,7047900
29 0,0046286 -0,0177690 0,8462000 -0,6639400
30 -0,2043200 0,0064717 -0,0845670 -0,6184600

Table B.6: Fourier coefficients for the B4-70 P/D=1.4 propeller
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B Fourier coefficients

B.2 Expanded area ratio variations

B4 series with P/D=1.0 for varying EAR values
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Figure B.2: Four quadrant behaviour for varying EAR values
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B.2 Expanded area ratio variations

B4-100 P/D=1.0

K Cr AK) Cr BK) Co AK) Co B(K)
0 3,63130 0,00000 -5,41520 0,00000
1 21,42000 -88,91100 -33,97500 130,80000
2 1,59280 -1,69650 0,53548 0,89413
3 1,84150 14,27300 -3,00960 -23,34100
4 -2,89710 -1,86550 3,91440 4,06150
5 -5,64760 2,68460 6,19930 -3,62920
6 1,30120 2,10620 -1,01950 -3,03960
7 3,20480 1,12800 -3,94800 -0,21287
8 -0,72200 -1,65580 2,21040 1,86640
9 -1,35870 1,66060 1,79210 -3,30240
10 0,30497 1,23110 -0,89254 -2,56670
11 2,51540 0,55586 -4,22710 -0,70419
12 -0,02497 -0,30974 -0,06220 1,22920
13 -0,22675 0,67583 -0,04903 -0,24159
14 0,71969 0,31051 -0,63836 -0,00044
15 1,28060 -0,70452 -1,04590 1,07990
16 -0,63334 -0,24519 1,24210 -0,27960
17 -0,18471 0,59265 -0,34991 -0,93174
18 0,75799 0,29080 -1,37590 -0,05908
19 0,71537 -0,73888 -0,66658 1,55530
20 -0,48378 -0,24769 1,14780 0,29850
21 -0,14651 0,23705 0,45079 -0,60358
22 0,45192 0,07872 -0,84318 -0,43329
23 0,10214 -0,59234 -0,17289 0,75830
24 -0,43181 0,01619 0,38746 -0,19583
25 0,00567 0,32714 -0,36456 -0,27982
26 0,42155 -0,03421 -0,65377 0,57960
27 -0,14898 -0,48710 0,67956 0,70315
28 -0,39834 0,05111 0,62507 -0,39551
29 -0,01311 0,31461 -0,31981 -0,68067
30 0,26745 -0,06266 -0,77599 0,40430

Table B.7: Fourier coefficients for the B4-100 P/D=1.0 propeller
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B Fourier coefficients
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B4-85 P/D=1.0
K Cr AK) Cr BK) Co AK) Co B
0 2,61020 0,00000 -3,77070 0,00000
1 19,78000 -83,38500 -31,22000 123,61000
2 2,54730 -1,38420 -1,19200 0,26523
3 1,93370 13,21400 -3,72570 -21,48000
4 -3,02980 -1,46910 4,27760 3,62570
5 -5,07970 3,38520 6,29120 -5,10650
6 0,96050 1,59360 -1,36150 -2,54140
7 3,20350 -0,02504 -4,63510 1,16680
8 -0,48522 -1,11150 2,04310 1,54370
9 -1,59270 1,98010 2,70370 -3,61520
10 0,06663 0,97636 -1,04690 -1,76560
11 2,28780 0,41025 -4,17300 -0,51881
12 0,00112 -0,27847 0,36137 0,87759
13 0,07396 0,74872 -0,28369 -0,52016
14 0,59500 0,09564 -0,78457 0,17533
15 1,06090 -0,55969 -0,95078 1,12170
16 -0,63953 -0,06817 1,38380 -0,56001
17 0,08212 0,49803 -0,51436 -0,84591
18 0,78204 0,14477 -1,41850 0,30022
19 0,57090 -0,78111 -0,34278 1,56160
20 -0,36914 -0,19997 1,09120 -0,01842
21 -0,03289 0,18140 0,05287 -0,42394
22 0,33895 -0,03431 -0,64971 0,12852
23 -0,11647 -0,55144 0,24277 0,55345
24 -0,25801 0,06329 0,25687 -0,39165
25 0,06205 0,19735 -0,41882 -0,03078
26 0,28105 -0,20256 -0,33611 0,75088
27 -0,33189 -0,37134 0,78826 -0,30283
28 -0,91200 0,16925 0,39635 -0,69050
29 0,06216 0,27936 -0,49340 -0,25673
30 0,15537 -0,15245 -0,26213 0,62653

Table B.8: Fourier coefficients for the B4-85 P/D=1.0 propeller




B.2 Expanded area ratio variations

B4-70 P/D=1.0
K Cr AK) Cr BK) Co AK) Co B(K)
0 2,66170 0,00000 -2,29450 0,00000
1 17,80200 -74,79700 -26,98900 110,38000
2 1,38280 -1,36320 -1,87580 -0,52852
3 2,78710 10,24600 -6,35520 -16,54400
4 -1,62400 -1,08650 2,16680 1,92900
5 -5,30840 4,73460 7,65300 -8,44800
6 0,19180 1,13550 -0,56516 -0,90714
7 3,83180 -0,93180 -6,26540 3,10420
8 -0,22892 -0,72471 1,92110 0,68648
9 -1,86560 2,37470 3,34560 -4,51960
10 0,34900 0,86208 -1,29560 -1,09280
11 2,23210 0,00702 -3,12940 -0,04497
12 -0,35976 -0,36422 1,24750 0,72404
13 0,13606 0,91758 -1,43510 -1,52840
14 0,47192 0,08938 -0,83201 -0,23983
15 0,87235 -0,59364 0,03487 1,60740
16 -0,35748 -0,07095 0,89981 -0,66184
17 0,35955 0,48825 -1,42470 -1,20840
18 0,52896 -0,09059 -1,10640 0,58384
19 0,21045 -0,81163 0,27359 1,33970
20 -0,27057 -0,05666 0,67590 -0,29095
21 0,10509 0,12011 -0,57328 -0,08961
22 0,27733 -0,13042 -0,22609 0,54988
23 -0,11596 -0,48187 0,70691 0,14626
24 -0,17450 0,04541 -0,03023 -0,48380
25 0,04078 -0,01947 -0,46043 0,38709
26 0,09925 -0,21858 0,25629 0,72114
27 -0,34650 -0,16314 0,76092 -0,13767
28 -0,12357 0,14865 0,00262 -0,45823
29 0,06393 0,10185 -0,19316 0,10520
30 0,06193 -0,16735 0,31487 0,27547

Table B.9: Fourier coefficients for the B4-70 P/D=1.0 propeller
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B Fourier coefficients
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B4-55 P/D=1.0
K Cr AK) Cr B(K) Co AK) Co B
0 3,40640 0,00000 -4,41640 0,00000
1 16,14500 -63,41100 -24,43400 88,77100
2 0,17506 -1,13890 3,34920 -2,68910
3 2,92210 5,20750 -4,97930 -5,51560
4 -0,56875 -0,82996 -1,36050 3,09920
5 -5,29070 6,42560 4,67430 -12,71400
6 0,15641 0,92855 0,13791 -1,51580
7 3,92110 -0,59179 -1,94810 2,82940
8 -0,50689 -0,37997 2,68480 1,15950
9 -1,44370 0,18518 -1,03960 -2,86520
10 0,55005 0,38178 -2,25050 -0,46642
11 1,19860 -0,06606 0,29114 -1,16780
12 -0,23543 -0,02740 1,13700 -0,91904
13 0,65241 1,00850 -2,51870 0,08695
14 0,28688 -0,13712 0,23806 1,46420
15 0,17300 -0,69713 -0,00422 0,12780
16 -0,21127 0,27074 -0,67432 -1,33320
17 0,67966 0,43689 -0,76630 0,39620
18 0,26391 -0,32628 0,60254 0,75362
19 -0,10945 -0,54754 -0,19228 -0,19235
20 0,02224 0,14242 -0,63017 0,39452
21 0,33699 -0,14012 -0,03974 1,06240
22 -0,13877 -0,23628 0,66197 -0,65197
23 -0,31140 -0,11184 -0,19484 -0,18034
24 0,10828 0,17998 -0,29096 0,61558
25 0,11705 -0,18777 0,69327 0,44397
26 -0,04857 -0,10904 0,01599 -0,27923
27 -0,19210 0,01304 -0,34259 0,09716
28 0,13741 -0,03663 0,36560 0,19218
29 -0,06013 -0,09930 0,50379 -0,41757
30 -0,13257 -0,01575 -0,43807 -0,30054

Table B.10: Fourier coefficients for the B4-55 P/D=1.0 propeller




B.2 Expanded area ratio variations

B4-40 P/D=1.0
K Cr A(K) Cr B(K) Co AK) Co B(K)
0 2,66140 0,00000 -3,01640 0,00000
1 15,21000 -45,20800 -22,60900 62,79800
2 0,58496 -0,25662 2,80270 -3,55700
3 0,12400 -2,19580 -0,40627 4,32250
4 0,58317 -0,68275 -1,33710 0,74270
5 -1,44970 6,80570 0,00809 -11,47400
6 -0,23586 -0,01359 -0,30625 0,56226
7 0,14112 1,59490 0,68395 -3,26680
8 -0,25652 0,23590 0,08267 -0,03408
9 1,16170 -0,44863 -1,56810 1,22800
10 -0,06902 -0,20488 0,58928 0,31488
11 0,48012 0,72939 -1,39630 -1,06510
12 0,12225 0,11758 -0,06316 0,32814
13 0,01886 0,63909 -0,09963 -0,91986
14 0,04171 0,09434 0,06140 -0,18077
15 0,53829 -0,25580 -0,74530 0,69849
16 0,06739 -0,20823 0,44171 0,08737
17 0,48559 -0,12937 -0,80060 0,06215
18 0,04687 -0,13876 0,08242 0,14682
19 0,03822 -0,06713 0,07970 -0,22208
20 -0,02923 0,02867 -0,02159 -0,27584
21 0,06061 -0,18953 0,01608 0,36942
22 0,00847 -0,07495 0,14863 -0,04301
23 0,09415 -0,14680 -0,21349 0,32712
24 0,02939 -0,10319 -0,06912 0,07399
25 -0,05804 -0,08236 0,09611 0,09050
26 -0,06630 0,00097 -0,10560 -0,18117
27 -0,08928 -0,10354 0,10245 0,13436
28 -0,05915 0,04291 0,05715 -0,07722
29 -0,03228 -0,09839 0,05009 0,10368
30 0,04207 -0,03159 -0,08406 0,09843

Table B.11: Fourier coefficients for the B4-40 P/D=1.0 propeller
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B Fourier coefficients

B.3 Number of blade variations

B Series Data for varying blade numbers
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Figure B.3: Four quadrant behaviour for varying Z values

82

360



B.3 Number of blade variations

B3-65 P/D=1.0

K Cr AK) Cr BK) Co AK) Co B(K)
0 1,649800 0,00000 -3,360500 0,00000

1 18,754000 -73,236000 -27,953000 107,910000
2 1,466600 -1,080000 0,787960 -0,379110
3 2,784700 8,421700 -6,923900 -12,147000
4 -1,345000 -0,669130 0,586250 2,808900
5 -7,335500 7,418300 10,047000 -12,642000
6 0,164490 -0,578370 1,048400 0,140850
7 6,198200 -2,883700 -8,192900 5,141500
8 -1,322100 0,604580 1,809600 0,441440
9 -2,354600 3,194200 3,179600 -4,831600
10 0,731900 -0,057098 -1,391100 -1,535000
11 1,691000 -0,695680 -1,394100 0,834120
12 -0,363030 0,199270 1,340300 1,203200
13 1,312600 1,554800 -3,191000 -2,248200
14 0,440060 -0,103760 -1,188200 -0,514640
15 -0,139530 -1,430000 0,939990 2,129400
16 -0,180830 0,500440 1,174500 -0,641380
17 1,189900 0,532620 -2,299600 -0,614010
18 -0,505670 -0,441170 -1,252800 0,740750
19 -0,448304 -0,867310 0,641760 0,834040
20 0,096625 0,258830 0,792000 -0,673090
21 0,601400 -0,288610 -0,689390 0,953430
22 -0,140150 -0,523020 -0,336590 0,814200
23 -0,666170 -0,150840 0,924140 -0,041290
24 0,290430 0,304600 -0,217770 -0,936330
25 0,273270 -0,413410 -0,239640 0,672420
26 -0,332170 -0,447250 0,365770 1,190500
27 -0,535510 0,293320 0,602580 -0,412230
28 0,204560 0,093120 -0,379330 -0,681350
29 0,059079 -0,297830 0,008430 0,352050
30 -0,422720 0,034593 0,739710 0,208470

Table B.12: Fourier coefficients for the B3-65 P/D=1.0 propeller
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B Fourier coefficients
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B4-70 P/D=1.0
K Cr AK) Cr BK) Co AK) Co B
0 2,66170 0,00000 -2,29450 0,00000
1 17,80200 -74,79700 -26,98900 110,38000
2 1,38280 -1,36320 -1,87580 -0,52852
3 2,78710 10,24600 -6,35520 -16,54400
4 -1,62400 -1,08650 2,16680 1,92900
5 -5,30840 4,73460 765300 -8,44800
6 0,19180 1,13550 -0,56516 -0,90714
7 3,83180 -0,93180 -6,26540 3,10420
8 -0,22892 -0,72471 1,92110 0,68648
9 -1,86560 2,37470 3,34560 -4,51960
10 0,34900 0,86208 -1,29560 -1,09280
11 2,23210 0,00702 -3,12940 -0,04497
12 -0,35976 -0,36422 1,24750 0,72404
13 0,13606 0,91758 -1,43510 -1,52840
14 0,47192 0,08938 -0,83201 -0,23983
15 0,87235 -0,59364 0,03487 1,60740
16 -0,35748 -0,07095 0,89981 -0,66184
17 0,35955 0,48825 -1,42470 -1,20840
18 0,52896 -0,09059 -1,10640 0,58384
19 0,21045 -0,81163 0,27359 1,33970
20 -0,27057 -0,05666 0,67590 -0,29095
21 0,10509 0,12011 -0,57328 -0,08961
22 0,27733 -0,13042 -0,22609 0,54988
23 -0,11596 -0,48187 0,70691 0,14626
24 -0,17450 0,04541 -0,03023 -0,48380
25 0,04078 -0,01947 -0,46043 0,38709
26 0,09925 -0,21858 0,25629 0,72114
27 -0,34650 -0,16314 0,76092 -0,13767
28 -0,12357 0,14865 0,00262 -0,45823
29 0,06393 0,10185 -0,19316 0,10520
30 0,06193 -0,16735 0,31487 0,27547

Table B.13: Fourier coefficients for the B4-70 P/D=1.0 propeller




B5-75 P/D=1.0

K Cr AK) Cr BK) Co AK) Co B(K)
0 2,378900 0,000000 -3,623700 0,000000
1 18,340000 -77,904000 -27,937000 115,960000
2 2,048800 -1,076000 -0,662990 -2,324200
3 3,044100 11,434000 -5,446700 -18,178000
4 -1,890200 -1,341200 2,931300 3,130600
5 -4,579700 4,476900 6,629600 -8,557800
6 0,073021 1,334300 -1,166100 -1,979600
7 3,067500 -0,257930 -6,168200 1,615400
8 0,030931 -0,794160 0,815640 1,976600
9 -1,479200 1,693100 3,102100 -2,549200
10 0,329530 0,952930 -0,958640 -1,411900
11 2,137500 0,488150 -2,822200 -0,919780
12 -0,175340 -0,434600 1,040400 1,026800
13 0,213290 0,679180 -1,078800 -1,127900
14 0,565490 0,053468 -1,115400 -0,131530
15 0,990860 -0,486320 -1,072600 1,265100
16 -0,393620 -0,146060 1,275400 0,055412
17 0,453020 0,090688 -0,426670 -0,684960
18 0,538740 0,070976 -0,709610 -0,232910
19 0,400510 -0,759910 -0,546910 1,504800
20 -0,374300 -0,156240 0,557810 -0,001358
21 0,039350 -0,262950 -0,068255 -0,068908
22 0,130760 -0,029191 -0,454420 0,312620
23 -0,127470 -0,555840 0,385970 0,671130
24 -0,171550 0,070082 0,436410 -0,253230
25 -0,156310 -0,056891 -0,106430 0,043119
26 0,088063 -0,091075 -0,207860 0,205040
27 -0,331430 -0,204190 0,548630 0,382390
28 -0,067347 0,128150 0,340890 -0,323640
29 -0,126430 0,067695 0,035566 -0,328540
30 0,078595 -0,054265 -0,085156 0,254000

Table B.14: Fourier coefficients for the B5-75 P/D=1.0 propeller

B.3 Number of blade variations
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B Fourier coefficients
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B6-80 P/D=1.0
K Cr AK) Cr BK) Co AK) Co B
0 2,388500 0,00000 -3,955400 0,00000
1 18,569000 -80,260000 -29,939000 118,210000
2 2,349000 -0,891440 0,373490 -1,834200
3 2,693100 12,310000 -2,491200 -19,364000
4 -1,583600 -1,640200 1,460400 3,320600
5 -3,703100 4,551100 5,556500 -7,931200
6 -0,172710 1,357000 -0,361610 -2,797500
7 2,812600 0,239260 -5,925300 0,697090
8 0,267600 -0,707180 -0,282010 2,228200
9 -0,873740 1,086300 2,938900 -1,500500
10 -0,166430 0,736460 -0,136550 -1,388400
11 2,316500 0,544700 -2,940500 -1,715000
12 -0,108790 -0,392240 0,845050 0,535820
13 0,105130 0,176340 -0,714100 -0,986080
14 0,471520 0,336590 -0,862310 -0,274180
15 0,934000 -0,350400 -1,561600 1,005200
16 -0,193680 -0,109750 0,856050 0,648880
17 0,246760 -0,134520 -0,315550 -0,208590
18 0,458640 0,115360 -0,410010 -0,670370
19 0,237100 -0,651610 -0,561120 1,231000
20 -0,146600 -0,300740 0,286850 0,185600
21 -0,173950 -0,141600 0,177830 0,056991
22 0,195940 -0,084092 -0,241370 0,126990
23 -0,143690 -0,353060 0,173390 0,738940
24 -0,079146 -0,062500 0,345470 -0,050377
25 -0,165770 -0,016184 0,191010 -0,035304
26 -0,038620 -0,121700 -0,303160 0,021677
27 -0,206060 -0,083304 0,303030 0,275160
28 -0,205220 -0,000911 0,413740 -0,065413
29 -0,132600 0,127610 0,167290 -0,241370
30 0,005434 0,027347 -0,016320 0,046530

Table B.15: Fourier coefficients for the B6-80 P/D=1.0 propeller




B7-85 P/D=1.0

K Cr AK) Cr BK) Co AK) Co B(K)
0 2,438900 0,000000 -5,706400 0,000000
1 18,694000 -82,814000 -31,175000 121,670000
2 2,674400 -0,542620 1,972300 -3,501500
3 2,227500 12,694000 -1,187000 -19,599000
4 -1,190300 -1,373500 1,397100 3,364400
5 -2,984500 4,698500 4,453500 -8,697800
6 -0,277760 1,171800 -0,450630 -2,936100
7 2,304500 0,816970 -5,724800 -0,207540
8 0,883000 -0,513930 -1,303900 2,072800
9 -1,155100 0,722950 2,251800 -0,659470
10 0,015601 0,554510 0,015788 -0,349370
11 1,995300 0,830040 -2,207400 -1,668400
12 -0,051119 -0,516020 0,796380 0,057940
13 0,245840 0,415960 -0,549730 -0,822270
14 0,462080 0,198810 -0,603040 -0,407480
15 0,991170 -0,136580 -1,947600 0,534640
16 -0,175610 -0,428320 0,669140 0,751140
17 0,315670 -0,174650 -0,617790 0,139500
18 0,293110 0,175190 -0,317800 -0,704200
19 0,436650 -0,604530 -0,403650 1,098700
20 -0,249890 -0,245130 0,050233 0,307400
21 -0,014826 -0,230310 0,043532 0,158740
22 0,125220 0,098137 0,012015 0,103320
23 -0,099886 -0,399830 0,205200 0,744560
24 -0,096050 -0,113090 0,091405 -0,128850
25 -0,196690 -0,083862 0,295370 0,072704
26 0,070053 0,028767 -0,241910 -0,030231
27 -0,257640 -0,282350 0,259440 0,187410
28 -0,193630 0,010305 0,162450 -0,082735
29 -0,184120 0,153270 0,416080 -0,090507
30 0,111470 -0,008408 0,092657 0,013142

Table B.16: Fourier coefficients for the B7-85 P/D=1.0 propeller

B.3 Number of blade variations
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B Fourier coefficients

B.4 Ka-series Duct 37

Duct 37 with Ka 4-70 4-Quadrant results
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Figure B.4: Four quadrant behaviour for varying P/D values
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B.4 Ka-series Duct 37

Ka4-70 P/D=0.6 duct 37

K Cr AK) Cr B(K) Co AK) Co B(K) Crn AK) | Crn BK)

0 -0,07852200 | 0,00000000 || -0,07585400 | 0,00000000 || 0,01488400 | 0,00000000
1 0,09196200 | -1,22410000 || 0,00911520 | -0,34397000 || 0,10044000 | -0,79096000
2 0,09673300 | -0,01080500 | 0,08531600 | -0,00608630 || -0,02518200 | 0,01220600
3 -0,00146570 | 0,16207000 | 0,00472030 | 0,08250600 || -0,01091800 | 0,09071800
4 0,01081000 | 0,00106420 | 0,00318380 | 0,00518160 || 0,02750200 | 0,00726690
5 -0,02070800 | 0,07864800 | 0,00454640 | 0,00992820 || -0,00260720 | 0,05765300
6 -0,00803160 | 0,01409800 | 0,00318280 | 0,00059292 || -0,01140900 | 0,00011032
7 0,01105200 | -0,01132900 || 0,00954810 | -0,00191480 || 0,00093808 | -0,00993880
8 0,00210700 | -0,00525960 || -0,00194320 | -0,00176860 || 0,00827830 | -0,00228920
9 -0,01646600 | 0,01181500 | 0,00586070 | -0,00078198 || -0,01775600 | 0,00537960
10 0,00085238 | -0,00237710 | -0,00150470 | -0,00304450 || -0,00425980 | 0,00368760
11 0,00393840 | 0,00641130 | 0,00380030 | -0,00277830 || -0,00466640 | 0,00966030
12 -0,00329050 | 0,00500270 || -0,00063250 | 0,00017514 || 0,00102780 | 0,00041719
13 0,00256720 | 0,00604670 | 0,00101020 | -0,00060004 || 0,00206670 | 0,00729000
14 0,00247700 | -0,00282420 | -0,00028923 | -0,00032771 || 0,00185010 | 0,00096970
15 0,00622080 | 0,00204890 | 0,00265880 | 0,00016418 | 0,00261120 | 0,00087227
16 0,00034143 | 0,00031069 | -0,00011302 | -0,00143230 || -0,00325050 | 0,00021002
17 0,00197800 | 0,00063925 | 0,00199660 | -0,00114560 || -0,00077389 | 0,00288320
18 0,00060762 | -0,00220820 | -0,00056644 | -0,00074530 || 0,00132200 | 0,00070445
19 0,00344880 | 0,00304210 | 0,00095964 | -0,00083559 || 0,00168560 | 0,00395470
20 -0,00171660 | -0,00052892 | -0,00058527 | -0,00005418 || -0,00048127 | 0,00177910

Table B.17: Fourier coefficients for the Ka4-70 P/D=0.6 propeller with duct 37
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B Fourier coefficients

Ka4-70 P/D=0.8 duct 37

K Cr AK) Cr B(K) Co AK) Co B(K) Crn AK) | Crn BK)

0 -0,0811690 | 0,0000000 || -0,0851040 | 0,0000000 || 0,0200890 | 0,0000000
1 0,1284900 | -1,1842000 || 0,0151220 | -0,3323700 || 0,1663600 | -0,9921900
2 0,1133100 | 0,0005834 | 0,1032500 | 0,0024803 | -0,0183880 | 0,0128920
3 0,0151310 | 0,1644100 | 0,0156490 | 0,0897610 | -0,0190510 | 0,0952720
4 0,0041567 | 0,0062103 | 0,0007568 | 0,0045883 | 0,0168080 | 0,0160450
5 -0,0162200 | 0,0765060 | 0,0092408 | 0,0026548 | 0,0052434 | 0,0943540
6 -0,0113050 | 0,0096359 || 0,0000000 | -0,0042819 || -0,0110190 | -0,0036169
7 0,0093452 | -0,0180360 || 0,0180410 | -0,0024385 || -0,0269420 | -0,0225390
8 0,0017779 | -0,0121460 || -0,0014737 | -0,0045051 || 0,0094780 | -0,0000305
9 -0,0062214 | 0,0092879 | 0,0048237 | -0,0015233 | -0,0019689 | 0,0021436
10 0,0046290 | 0,0040488 | -0,0009934 | -0,0015358 | 0,0016447 | 0,0037463
11 0,0069293 | 0,0073891 | 0,0048625 | -0,0032041 | -0,0147660 | 0,0213980
12 -0,0020445 | -0,0040761 | -0,0011657 | 0,0000173 | -0,0022670 | 0,0019168
13 0,0059366 | 0,0059307 | 0,0043615 | -0,0008087 | 0,0093023 | 0,0076358
14 -0,0004406 | -0,0022663 || -0,0003800 | -0,0021661 || 0,0041823 | -0,0033249
15 0,0072301 | -0,0015148 | 0,0032422 | -0,0002179 | 0,0077675 | 0,0024934
16 -0,0005320 | -0,0001326 || -0,0003716 | -0,0007264 | -0,0013283 | 0,0003921
17 0,0026809 | 0,0040086 | 0,0022704 | -0,0013466 | -0,0009203 | -0,0008367
18 -0,0008558 | -0,0011431 || -0,0011253 | -0,0002376 || 0,0002595 | -0,0031653
19 0,0032728 | -0,0025883 | 0,0019759 | -0,0010735 | 0,0023462 | 0,0041032
20 -0,0011347 | -0,0000933 || -0,0009698 | -0,0000057 | 0,0006982 | 0,0020375
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Table B.18: Fourier coefficients for the Ka4-70 P/D=0.8 propeller with duct 37




B.4 Ka-series Duct 37

Ka4-70 P/D=1.0 duct 37

K Cr AK) Cr B(K) Co AK) Co B(K) Crn AK) | Crn BK)

0 -0,07868100 | 0,00000000 || -0,08043200 | 0,00000000 || 0,03076700 | 0,00000000
1 0,17005000 | -1,11520000 | 0,02990400 | -0,32774000 || 0,24472000 | -1,13150000
2 0,12604000 | 0,02037100 | 0,10546000 | 0,00819520 || -0,01131600 | 0,03371200
3 0,02444400 | 0,15275000 | 0,02127700 | 0,09307300 || -0,00816580 | 0,09034300
4 -0,00699870 | 0,00288810 | -0,00148180 | 0,00382890 || 0,00162080 | 0,01211300
5 -0,00529980 | 0,07829900 | 0,01566700 | 0,00021950 || 0,00866320 | 0,12138000
6 -0,00775000 | 0,00188650 | 0,00175920 | -0,00630450 || -0,00349360 | -0,00543220
7 0,00670880 | -0,02466500 | 0,02567100 | -0,00231250 || -0,04607500 | -0,03571200
8 0,00788180 | -0,00829560 | -0,00090447 | -0,00362900 || 0,00666510 | 0,00638620
9 0,00830580 | 0,01508500 | 0,00882040 | -0,00090853 || 0,00615100 | 0,01402100
10 0,00208330 | 0,00158790 | -0,00180080 | -0,00189970 || 0,00519470 | 0,00280950
11 0,00722620 | 0,00951290 | 0,00816430 | -0,00404800 || -0,01370200 | 0,03282800
12 -0,00058329 | -0,00732490 || -0,00097356 | -0,00034197 || 0,00012766 | -0,00191950
13 0,00884670 | 0,00349310 | 0,00690390 | -0,00135220 || 0,00616800 | 0,00888170
14 -0,00295590 | -0,00635700 || -0,00056244 | -0,00223220 || 0,00127130 | -0,00713090
15 0,01153000 | -0,00224740 | 0,00454750 | -0,00148080 || 0,01457000 | 0,00309770
16 -0,00083057 | 0,00250690 | -0,00038196 | -0,00114810 | 0,00443600 | 0,00064517
17 0,00313390 | -0,00129900 | 0,00311600 | -0,00286780 || 0,00181400 | -0,00228760
18 -0,00132900 | -0,00041905 | -0,00118780 | -0,00025410 | -0,00431270 | -0,00009875
19 0,00306660 | -0,00282880 | 0,00191580 | -0,00256310 || 0,00387940 | 0,00107180
20 -0,00137490 | -0,00045929 | -0,00131290 | 0,00002203 || 0,00014728 | -0,00232830

Table B.19: Fourier coefficients for the Ka4-70 P/D=1.0 propeller with duct 37
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B Fourier coefficients

Ka4-70 P/D=1.2 duct 37

K Cr AK) Cr B(K) Co AK) Co B(K) Crn AK) | Crn BK)

0 -0,0602560 | 0,0000000 || -0,0723100 | 0,0000000 || 0,0443510 | 0,0000000
1 0,2236000 | -1,0687000 || 0,0472200 | -0,3289900 || 0,3423000 | -1,2562000
2 0,1235300 | 0,0296430 | 0,1045500 | 0,0179830 | -0,0180870 | 0,0552980
3 0,0240860 | 0,1427500 | 0,0239120 | 0,0930610 | 0,0035568 | 0,0928370
4 -0,0145180 | -0,0140160 || -0,0032961 | -0,0063572 || -0,0063786 | -0,0049373
5 -0,0062461 | 0,0734130 | 0,0248630 | 0,0007443 | -0,0135130 | 0,1412900
6 -0,0043441 | 0,0007095 || 0,0001770 | -0,0030252 || 0,0009457 | -0,0031662
7 0,0177260 | -0,0267250 || 0,0309330 | -0,0026122 || -0,0357930 | -0,0451590
8 0,0108200 | -0,0103090 | 0,0015955 | -0,0064419 | 0,0102950 | 0,0056348
9 0,0089902 | 0,0153990 | 0,0124060 | 0,0003370 | 0,0022438 | 0,0280530
10 -0,0024474 | -0,0072466 | -0,0013918 | -0,0029805 | -0,0026275 | 0,0023267
11 0,0051620 | 0,0093292 | 0,0102160 | -0,0050133 | -0,0174270 | 0,0383090
12 -0,0048962 | -0,0039241 || 0,0000162 | -0,0028858 || -0,0021233 | -0,0069986
13 0,0080184 | 0,0055616 | 0,0072150 | -0,0028057 | 0,0098031 | 0,0142680
14 -0,0025019 | -0,0003151 || -0,0003925 | -0,0011737 || 0,0038115 | -0,0007750
15 0,0149830 | -0,0017566 | 0,0048746 | -0,0034043 | 0,0226080 | 0,0032200
16 -0,0002822 | 0,0018409 | -0,0021174 | -0,0020546 | -0,0003723 | 0,0069956
17 0,0023533 | -0,0029180 || 0,0031669 | -0,0031834 || 0,0001435 | -0,0002118
18 -0,0006446 | 0,0006327 || -0,0013671 | -0,0011222 || 0,0016375 | -0,0008496
19 0,0012248 | -0,0031003 || 0,0016721 | -0,0026716 || 0,0051490 | -0,0014700
20 -0,0017391 | -0,0003183 || -0,0019020 | -0,0004963 || 0,0026719 | -0,0027758
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Table B.20: Fourier coefficients for the Ka4-70 P/D=1.2 propeller with duct 37




B.4 Ka-series Duct 37

Ka4-70 P/D=1.4 duct 37

K Cr AK) Cr B(K) Co AK) Co B(K) Crn AK) | Crn BK)

0 -0,04743700 | 0,00000000 || -0,06389300 | 0,00000000 || 0,06403300 | 0,00000000
1 0,26393000 | -1,00040000 | 0,06026000 | -0,33060000 || 0,45620000 | -1,33830000
2 0,11478000 | 0,04614500 | 0,10016000 | 0,02888000 || -0,02674700 | 0,05707500
3 0,04730900 | 0,14074000 | 0,03336900 | 0,09903600 || 0,01615200 | 0,08905100
4 -0,01106100 | -0,02194000 || -0,00177850 | -0,01007500 || -0,01584600 | -0,00977240
5 0,01130800 | 0,06729400 | 0,03860400 | 0,00071186 || -0,01933600 | 0,15575000
6 -0,00083647 | -0,00449870 | 0,00437130 | -0,00485840 || 0,00550300 | 0,00255990
7 0,02493300 | -0,02551800 | 0,03503500 | -0,00186710 || -0,02867000 | -0,04257200
8 0,00195520 | -0,01251800 | 0,00050841 | -0,01009300 || 0,00028700 | 0,00296380
9 0,00605310 | 0,01415100 | 0,01276400 | 0,00002444 || -0,00496520 | 0,02485000
10 -0,00287480 | -0,00125880 | -0,00024911 | -0,00227080 || 0,00239130 | 0,00306070
11 0,00641180 | 0,00556180 | 0,01332000 | -0,00773470 || -0,02097600 | 0,04183700
12 -0,00481640 | -0,00532890 || -0,00185390 | -0,00408020 || 0,00144160 | -0,00321160
13 0,00642670 | 0,00440790 | 0,00770570 | -0,00205230 || 0,00399530 | 0,01784800
14 -0,00403580 | 0,00048467 | 0,00022148 | -0,00210400 || -0,00136050 | 0,00301140
15 0,01605100 | -0,00189050 | 0,00510240 | -0,00470280 || 0,02843700 | 0,00759770
16 -0,00328160 | 0,00299650 | -0,00266060 | -0,00192650 || 0,00193370 | 0,00270870
17 0,00302500 | -0,00377610 || 0,00245550 | -0,00396150 || 0,00754720 | -0,00132550
18 -0,00135670 | 0,00327630 || -0,00263630 | -0,00060252 || 0,00290070 | 0,00030258
19 0,00317940 | -0,00441090 | 0,00108830 | -0,00276630 || 0,00323690 | -0,00373680
20 0,00044946 | 0,00104590 | -0,00289780 | 0,00010214 || 0,00322470 | -0,00237940

Table B.21: Fourier coefficients for the Ka4-70 P/D=1.4 propeller with duct 37
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B Fourier coefficients

B.5 Ka-series Duct 19a

Duct 19a with Ka 4-70 4-Quadrant results
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Figure B.5: Four quadrant behaviour for varying P/D values
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B.5 Ka-series Duct 19a

Ka4-70 P/D=0.6 duct 19a

K Cr AK) Cr B(K) Co AK) Co B(K) Crn AK) | Crn BK)

0 -0,1482500 | 0,0000000 || -0,1427600 | 0,0000000 || 0,0170840 | 0,0000000
1 0,0846970 | -1,0838000 | -0,0055945 | -0,2187500 || 0,1055000 | -0,7807000
2 0,1670000 | -0,0180230 | 0,1551900 | 0,0101140 | -0,0273800 | 0,0381340
3 0,0009661 | 0,1182500 | 0,0159150 | 0,0471200 | -0,0118270 | 0,0742920
4 0,0147540 | -0,0070713 | 0,0066633 | -0,0005891 || 0,0286710 | -0,0135680
5 -0,0118060 | 0,0628940 | 0,0008934 | -0,0012958 | 0,0042504 | 0,0665950
6 -0,0148880 | 0,0115190 | -0,0038876 | -0,0020824 | -0,0078835 | 0,0103300
7 0,0073311 | 0,0017070 | 0,0109760 | 0,0052475 || -0,0070981 | -0,0178850
8 0,0075022 | 0,0022990 | 0,0031959 | -0,0015428 | 0,0076691 | -0,0036187
9 -0,0151280 | 0,0134580 | 0,0014201 | 0,0023580 || -0,0125060 | 0,0100150
10 0,0033002 | 0,0005481 | 0,0013507 | 0,0002349 | -0,0070343 | 0,0055926
11 0,0031416 | 0,0042076 | 0,0050526 | -0,0026868 | -0,0102540 | 0,0069688
12 -0,0021144 | -0,0057232 | -0,0009086 | -0,0045635 || 0,0025186 | -0,0047676
13 0,0029438 | 0,0074689 | 0,0000428 | -0,0000446 | 0,0096613 | 0,0088889
14 0,0003386 | -0,0000848 | 0,0004208 | -0,0000186 | 0,0014934 | 0,0049081
15 0,0041236 | -0,0013374 | 0,0020269 | -0,0008055 || -0,0028323 | -0,0000582
16 0,0016259 | -0,0009193 | -0,0007975 | -0,0010170 | -0,0030360 | 0,0052044
17 0,0012759 | 0,0027412 | 0,0009745 | -0,0000467 | 0,0020889 | 0,0012522
18 0,0020647 | -0,0010198 | 0,0004890 | -0,0001709 | 0,0031929 | 0,0033190
19 0,0034157 | 0,0019845 | 0,0008435 | -0,0006067 | -0,0009164 | 0,0052446
20 -0,0005870 | -0,0013980 | -0,0003930 | -0,0003632 || -0,0023922 | -0,0020591

Table B.22: Fourier coefficients for the Ka4-70 P/D=0.6 propeller with duct 19a
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B Fourier coefficients

Ka4-70 P/D=0.8 duct 19a

K Cr AK) Cr B(K) Co AK) Co B(K) Crn AK) | Crn BK)

0 -0,13080000 | 0,00000000 || -0,12764000 | 0,00000000 || 0,01936800 | 0,00000000
1 0,10985000 | -1,07080000 || 0,00068679 | -0,24100000 || 0,17050000 | -0,99912000
2 0,15810000 | 0,02416300 || 0,14639000 | 0,01891900 || -0,01190100 | 0,03192400
3 0,01836700 | 0,12784000 || 0,02319500 | 0,05551300 || -0,00256010 | 0,08138400
4 0,01616800 | -0,00140640 | 0,01029200 | -0,00124530 || 0,01776300 | -0,00035096
5 -0,00374020 | 0,07621300 || 0,00866510 | -0,00147480 || 0,00820850 | 0,10631000
6 -0,01173600 | 0,01325900 || -0,00391240 | -0,00218990 || -0,00343360 | 0,01511600
7 0,00254830 | -0,00423000 || 0,01598400 | 0,00566940 || -0,02453400 | -0,02704500
8 0,00123500 | -0,00262460 || 0,00462950 | -0,00499110 || -0,00102890 | -0,00593890
9 -0,00207720 | 0,01632800 || 0,00068371 | 0,00136310 || -0,00749380 | 0,01108500
10 0,00697490 | -0,00033979 || 0,00167400 | 0,00128770 || 0,00154440 | 0,00837870
11 0,00598380 | 0,00235060 || 0,00834950 | -0,00351760 || -0,01417300 | 0,01519200
12 -0,00145990 | -0,00694970 || -0,00077063 | -0,00555710 || -0,00280340 | -0,00515070
13 0,00835330 | 0,00619250 || 0,00149360 | 0,00031438 || 0,01424600 | 0,01483600
14 0,00110930 | 0,00035046 | 0,00110170 | -0,00111790 || 0,00346630 | 0,00250410
15 0,00418850 | -0,00115710 || 0,00168040 | -0,00245770 || 0,00207640 | -0,00078615
16 -0,00012438 | -0,00032566 || -0,00103380 | -0,00055484 || -0,00294240 | -0,00245260
17 0,00380340 | 0,00063420 | 0,00224090 | 0,00010968 | 0,00301490 | -0,00032187
18 0,00090073 | -0,00227490 || 0,00110000 | -0,00073945 || 0,00277140 | -0,00048551
19 0,00311470 | -0,00036805 | 0,00048406 | -0,00154000 || 0,00018423 | 0,00354550
20 -0,00010633 | -0,00123500 || -0,00033008 | 0,00022408 || -0,00008163 | -0,00034936
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Table B.23: Fourier coefficients for the Ka4-70 P/D=0.8 propeller with duct 19a




B.5 Ka-series Duct 19a

Ka4-70 P/D=1.0 duct 19a

K Cr AK) Cr B(K) Co AK) Co B(K) Crn AK) | Crn BK)

0 -0,1098500 | 0,0000000 || -0,1125700 | 0,0000000 || 0,0315890 | 0,0000000
1 0,1406400 | -1,0583000 | 0,0093340 | -0,2626500 || 0,2440600 | -1,1717000
2 0,1578500 | 0,0472840 | 0,1378800 | 0,0275870 | -0,0073880 | 0,0511550
3 0,0455440 | 0,1312600 | 0,0332230 | 0,0652620 | 0,0282600 | 0,0890690
4 0,0051639 | -0,0077539 | 0,0126720 | -0,0040234 || -0,0055959 | -0,0065670
5 -0,0025560 | 0,0935070 | 0,0142500 | 0,0010255 | 0,0002656 | 0,1420400
6 -0,0060502 | 0,0092520 | -0,0003041 | -0,0032045 | 0,0113680 | 0,0077052
7 0,0067368 | -0,0148280 | 0,0198880 | -0,0021752 || -0,0474010 | -0,0360910
8 0,0068571 | -0,0096554 | 0,0048334 | -0,0059535 | -0,0065686 | 0,0042036
9 0,0047245 | 0,0096216 | 0,0028427 | 0,0009066 | -0,0074990 | 0,0021139
10 0,0023591 | -0,0007545 | 0,0032326 | -0,0010222 | 0,0012873 | 0,0130950
11 0,0087912 | 0,0024453 | 0,0097693 | -0,0048133 | 0,0046502 | 0,0309610
12 0,0011968 | -0,0087981 | -0,0002838 | -0,0056355 || -0,0046676 | -0,0099459
13 0,0083808 | 0,0018184 | 0,0029395 | -0,0018248 | 0,0033438 | 0,0179210
14 -0,0008210 | -0,0020077 | 0,0005318 | -0,0020263 | 0,0022046 | -0,0081917
15 0,0027371 | -0,0033070 | 0,0016229 | -0,0030382 || 0,0070034 | -0,0007843
16 -0,0002612 | -0,0007920 | -0,0002727 | -0,0011128 | 0,0391470 | 0,0072661
17 0,0019133 | -0,0003631 | 0,0020276 | -0,0015327 || 0,0073719 | -0,0047316
18 0,0003229 | -0,0019377 | 0,0003548 | -0,0012433 | -0,0009408 | -0,0025731
19 0,0015223 | -0,0012135 | 0,0003908 | -0,0020069 | 0,0060560 | 0,0011136
20 -0,0010151 | -0,0003168 | -0,0009251 | -0,0004884 || -0,0004239 | -0,0015470

Table B.24: Fourier coefficients for the Ka4-70 P/D=1.0 propeller with duct 19a
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B Fourier coefficients

Ka4-70 P/D=1.2 duct 19a

K Cr AK) Cr B(K) Co AK) Co B(K) Crn AK) | Crn BK)

0 -0,0908880 | 0,0000000 || -0,1016600 | 0,0000000 || 0,0438000 | 0,0000000
1 0,1795900 | -1,1026000 || 0,0185930 | -0,2776900 || 0,3529900 | -1,2949000
2 0,1495600 | 0,0614590 | 0,1340800 | 0,0354590 | -0,0109170 | 0,0590300
3 0,0656750 | 0,1371500 | 0,0437670 | 0,0723170 | 0,0470620 | 0,0935400
4 0,0052107 | -0,0172800 || 0,0136040 | -0,0083408 || -0,0107790 | -0,0061148
5 -0,0068232 | 0,0965790 | 0,0186580 | 0,0044854 | -0,0101930 | 0,1612100
6 -0,0062896 | 0,0058809 | 0,0026598 | -0,0037642 | -0,0008882 | 0,0146240
7 0,0181780 | -0,0225870 || 0,0249070 | 0,0007573 || -0,0378930 | -0,0535490
8 0,0060694 | -0,0148190 || 0,0047924 | -0,0088802 || -0,0070346 | -0,0031589
9 0,0061942 | -0,0103980 | 0,0036556 | 0,0004054 | -0,0080130 | 0,0143820
10 0,0026482 | -0,0029324 | 0,0039850 | -0,0012811 | 0,0072622 | 0,0099836
11 0,0121370 | 0,0040913 | 0,0106430 | -0,0055230 | -0,0054390 | 0,0387810
12 -0,0035705 | -0,0044436 || 0,0002550 | -0,0063566 || -0,0020068 | -0,0046749
13 0,0032985 | -0,0012190 | 0,0029347 | -0,0025338 | 0,0039281 | 0,0149440
14 -0,0008865 | -0,0022551 || 0,0003660 | -0,0020504 || -0,0006526 | -0,0063253
15 0,0069807 | -0,0032272 | 0,0013115 | -0,0038485 | 0,0154140 | 0,0022275
16 -0,0001756 | 0,0017533 | -0,0013511 | -0,0006391 | 0,0030356 | 0,0071826
17 0,0021643 | 0,0014875 | 0,0017101 | -0,0010819 | 0,0059073 | 0,0010229
18 0,0003536 | 0,0000454 | 0,0003377 | -0,0009632 | 0,0041433 | -0,0059201
19 0,0025772 | -0,0008870 || -0,0003968 | -0,0020969 || 0,0046102 | -0,0014814
20 -0,0018279 | -0,0009461 || -0,0011814 | -0,0001930 || -0,0005742 | -0,0043092
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Table B.25: Fourier coefficients for the Ka4-70 P/D=1.2 propeller with duct 19a




B.5 Ka-series Duct 19a

Ka4-70 P/D=1.4 duct 19a

K Cr AK) Cr B(K) Co AK) Co B(K) Crn AK) | Crn BK)
0 -0,073487 | 0,000000 -0,086955 | 0,000000 0,073202 0,000000
1 0,228610 -0,981010 | 0,030046 -0,297990 || 0,473010 -1,406200
2 0,148530 0,071510 0,126510 0,043403 -0,033300 | 0,071683
3 0,075328 0,142170 0,055034 0,083309 0,062786 0,114490
4 0,003408 -0,022675 | 0,019376 -0,014571 || -0,019511 | -0,013400
5 -0,001164 | 0,091082 0,022082 0,004340 -0,027569 | 0,175470
6 0,000186 -0,004028 | 0,007628 -0,003926 || -0,003830 | 0,025715
7 0,026970 -0,022759 | 0,031821 -0,002350 || -0,023310 | -0,054967
8 0,002062 -0,016727 | 0,005184 -0,013633 || -0,008453 | -0,012576
9 0,007867 | 0,008697 0,003890 -0,001400 || -0,004896 | 0,013084
10 0,004691 -0,004752 | 0,004930 -0,002821 | 0,004854 0,010733
11 0,014771 0,002283 0,010731 -0,007736 || -0,007195 | 0,044142
12 -0,007506 | -0,004938 || 0,001139 -0,006867 || -0,005319 | -0,001095
13 0,001498 -0,002592 | 0,003138 -0,004239 || 0,001328 0,012209
14 0,002406 -0,002514 | -0,000826 | -0,003325 | 0,006870 -0,001407
15 0,005565 -0,003366 | -0,000018 | -0,004550 | 0,018071 0,001784
16 -0,003818 | 0,002815 -0,003623 | -0,001228 | -0,001573 | 0,003795
17 0,002670 -0,000222 | -0,000224 | -0,001576 | 0,011527 | 0,004997
18 0,001575 -0,000537 | -0,000584 | -0,000001 | 0,010168 -0,004240
19 0,000245 -0,003519 | -0,001281 | -0,001779 | 0,000815 -0,007730
20 -0,000042 | -0,000428 | -0,001987 | 0,000496 0,001405 -0,003449

Table B.26: Fourier coefficients for the Ka4-70 P/D=1.4 propeller with duct 19a
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