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ABSTRACT

The marine propeller is among the most important components of the outboard en-
gine. It transmits power by converting rotational motion into thrust. Blade cavitation
in high-speed boats has been found to reduce the performance of the propeller since
it results in blade erosion and corrosion, induced vibration and noise. This leads to
an inefficient propeller for an outboard engine which in turn causes fuel wastage, high
power consumption, harmful emissions and boat accidents. Research have shown that
the affected propeller reduced the performance of the outboard propulsion system in
transmitting power to move a boat forward. There is therefore a need to improve the
efficiency of the propeller for an outboard engine. The improved outboard marine
propeller is one way which can be adapted for use in high-speed boats running on an
outboard engine. In this research, an outboard marine propeller model was designed,
modeled and its performance analyzed, with the focus of improving the performance
of the propeller for a high speed boat running on an outboard engine. This is expected
to result to reduced fuel consumption due to improved efficiency. A geometric model
of the outboard propeller with three blades was modeled in SolidWorks 2017 software.
Number of the blades and pitch-to-diameter ratio was designed, modeled and the open
water propeller performance assessment of each parameter has been tested. The flow
around rotating outboard propeller model was analyzed as the advance coefficient in-
creased in the steady state using RANS equations solved through simulation. The ef-
fect of rotational speed on open water propeller performance was also evaluated. The
open water propeller performance was evaluated in terms of marine propeller perfor-
mance characteristics (thrust coefficient (KT ), torque coefficient (KQ), and open water
efficiency (η0)) as the advance coefficient (J) increased in the commercial software
STAR-CCM+ version 9.06. The computation results indicated that the region of recir-
culation varied on both sides of the blades based on variation in advance coefficient.
An evaluation of the propeller performance was carried out by studying the effect of
blade number. 3, 4 and 5 blades were tested. The numerical results showed that a
decrease in a number of the blades causes an increase in efficiency of more than 6%.
This was found for the propeller with three blades which had the best open water pro-
peller performance characteristics. The numerical simulation performed to study the
pitch-to-diameter ratio (P/D) on the propeller performance proved that an increased
pitch-to-diameter ratio caused an increase in efficiency of approximately 15%. More-
over, the numerical results showed that an increase in rotational speed cause a negative
effect on propeller performance. This was observed in the decreased performance
characteristics (KQ and KT ) of open water propeller as the rotational speed increased.
The propeller performance characteristics of the improved outboard propeller were
compared with historical experimental results of a conventional marine propeller. It is
projected that the results of this study will help marine engine manufacturers to design
efficient marine propellers. Consequently, this will also help the marine engine and
high-speed boat industries to reduce maintenance expenses that occur due to frequent
replacement of outboard propellers.

xiii



CHAPTER ONE
INTRODUCTION

1.1 Background

The outboard engine shown in Figure 1.1 (a) is an internal combustion engine, used
as the modern propulsion power source for small vessels such as high-speed boats.
It also has a variety of options to select from; direct-injection two-stroke to a four-
stroke cycle, outputs from 2 to 557 horsepower (hp) and weights from a few kilograms
to half a metric ton (Lewis, Cleve, H.L Nguyen, H.E. Addy, T.H. Bond, C.M. Lee,
, & Chun, 1987). There are various types of outboard engines in the market which
vary in size, weight, output and design (Department of the Environment and Water,
2007; H. Yanagi, 2018). The outboard engine is widely used as a power source for
slow, medium and high-speed boat or ships. This is due to its high performance, lower
cost, simple installation, reduced fire risk, lower weight, higher speed, superior ma-
neuverability, less draft giving better shoal water capability, and easier launching and
beaching (Rainbow, 1963). Yamaha, Honda, and Suzuki from Japan; and Mercury
and Evinrude from America are the leading manufacturers (Sterling, 1920). A marine
propeller is generally fitted to the lower part of an outboard engine shown in Figure
1.1 (a) where it operates in water that has been disturbed by the high-speed boat as it
moves in open water as shown in Figure 1.1 (b). When a propeller moves rapidly in
the water, the blades are affected by cavitation, which results to inefficiencies. Cav-
itation is a fluid mechanics phenomenon, which occurs whenever there is fluctuation
in the pressure field and/or the velocity of the fluid. In some regions, the flow condi-
tions cause the absolute pressures in the fluid to fall below its vapour pressure. This
results in the fluid boiling even at ambient temperature therefore undergo cavitation.
Cavitation involves small vapour bubbles called “cavities” forming within the fluid
(Basumatary Jahnabi, Wood, 2017). The cavitation causes a decrease in propeller per-
formance characteristics, that is, thrust coefficient (KT ), torque coefficient (KQ) and
open water efficiency (η0) of the outboard engines (Dubbioso, Muscari, & Di Mascio,
2014). This reductions lead to an increase in fuel and power consumption, and harmful
emissions (Helal, Ahmed, & Banawan, 2018). The other effects of cavitation includes
loss of speed and damage to the propeller blades result in an inefficient propeller (Yu,
Zheng, & Yao, 2006).

To reduce these effects, the outboard marine propeller performance requires to be im-
proved, as efficient propulsors for high-speed boats are in great demand. Reynolds-
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Averaged Navier-Stokes (RANS) method has become a practically useful tool to get
an efficient marine propeller geometry design which replaces the methods based on
the potential theory (Hai-Long, Obwogi, & Yu-Min, 2016; Mintu, 2011). Currently,
with the accessibility to superior hardware, it is possible to model the complex fluid
flow problems like marine propeller flow and open water performance (M.Bhanu Priya
, K.Mohan Krishna, 2015; Hally, 2013; Wang & Walters, 2012; Bartee & J., 1997).
The performance improvement of the outboard propeller is the key focus in this study.
However, for simplicity of the structural analysis, parameters such as centrifugal stress
stiffening, coriolis force, gyroscopic force, temperature and blade twist/ untwist were
not considered in this work mainly because they have minor effect on propeller perfor-
mance characteristics (M.Bhanu Priya , K.Mohan Krishna, 2015).

(a) (b)
Figure 1.1: High-Speed Boat Running on an Outboard Engine (a) Outboard En-
gine and (b) High-Speed-Boat (International, 2006)

1.2 Outboard Marine Propulsion System

The propulsion system of a boat is an assembly of components to drive boats based on
rotary motion. The outboard engine can be divided into six subsystems based on their
functions: the mechanical drive system, the swivel bracket system, water intakes, the
propulsion system and the exteriors, as shown in Figure 1.2.
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(a) (b)
Figure 1.2: Outboard Propulsion System with (a) Engine Parts and (b) Marine
Propeller (Courtesy of Outboard Marine Corporation, 2001)

In Figure 1.2 (a), parts 1 and 2 represent the Mechanical drive system. Part 3 is the
Swivel bracket system, part 4 is the Gearbox, part 5 is the Water intakes, and part 6 is
the outboard marine Propeller.
The mechanical drive system includes the engine and transmission shafts to generate
the kinetic energy. A swivel bracket system is the supporting and turning base and
unloads the thrust from the propeller with its clamp fixed at the boat’s stern. The sea
water enters at this point and flows through the engine for cooling purposes. The ex-
teriors are the covers, connections and decorative pieces. The gear box and propeller
make up the propulsion system. The most critical propulsion systems is the propeller,
which produces the power needed to turn the main engine as shown in Figure 1.2 (b).
Its configuration involves a mechanism to push water, with the resultant reaction pro-
pelling the boat forward. It plays a great role in the fuel efficiency, thrust, torque and
overall efficiency improvement. Due to its role in the performance of the boat, it is
necessary to predict the performance of the considered propeller. Therefore, the most
preferred methods for the prediction are the RANS approach and open water series
method. The latter is also known as the Wageningen-B-screw propeller series because
of its low cavitation risk (Benini, 2004). Oosterveld et al. (Oosterveld & Van Oos-
sanen, 1975) made a detailed regression analysis for the performance characteristics
using Wageningen-B-propeller series. Later, Newton Rader developed a propeller se-
ries to analyze the propeller performance characteristics data for the high-speed boats.
The range of pitch-to-diameter ratios was found to be 1.0 to 2.0 for a three-bladed
propeller (Newton-Rader, 1961). Most of the research on marine propellers focused
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on impact of variation of geometric parameters such as angles, blade thickness, chord
length, camber, pitch, and diameter. In these studies, propeller performance and as-
sociated instabilities were predicted. However, not much research has been done on
the impact of pitch-to-diameter ratio, number of blades and rotational speed. Also,
previous work has focused on propeller performance characteristics using methods
such as vortex lattice method, unsteady propeller design method and a multi-objective
numerical optimization approach based on boundary element method to solve blade
cavitation. Using these methods, the problem has not been effectively solved because
of the complexity of motion of high-speed boats.

Although, there has been research on open water propeller performance, it is neces-
sary to investigate the performance improvement of the high-speed boat running on
an outboard engine. A study of the open water propeller performance based on the
geometrical aspects is needed in order to obtain an efficient propeller of an outboard
engine. There is, therefore, need to improve performance of the high-speed boat for the
local market in order to enhance operations in blue water for support in short distance
operations, border security operations, international peacekeeping and disaster relief
(Haynes, 2014).

1.3 Problem Statement

Propeller inefficiency is a major problem in marine industry since the development of
high-speed boats and the inefficiency can largely be traced to blade cavitation. This
has been found to reduce the performance of the propeller as it leads to an eroded
and corroded blade surface, loss of thrust and induced vibration. The world is facing
an environmental, social and economic problem due to harmful emission, high power
consumption, fuel wastage and boat accidents (Erik, And, & Henthorn, 2004; Assess-
ment and Standards Division Office of Transportation and Air Quality (ASDOTAQ),
2008; Zhao, Yang, Wan, & Kiang, 2015; Kuzminski & Jackivicz, 1972). The unburned
fuel in boats using an outboard engine increases from 31.25% to 54.7% when the boat
cruises at high speeds (Kuzminski & Jackivicz, 1972). A boat engine running on low
speed of less than 600 rpm showed a fuel wastage of above 10%. Fuel wastage and ex-
haust emission increase environment pollution by 20% (Gusti & Semin, 2016).

Inefficient propeller and blade cavitation have existed since the screw propeller was
first introduced to the marine environment. Since the second world war, propeller per-
formance has been investigated increasingly through model tests in towing tank and
cavitation tunnel (ITTC, 2011; H. A. Kutty & Rajendran, 2008). Cavitation was also
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found to affect the propeller performance and it is defined by cavitation number (σ0)
(ratio of the static to dynamic head of the flow). It was found that as σ0 decreased
in value, cavitation took more negative effect on propeller performance characteris-
tics. Cavitation reduced the propeller efficiency by 9.5% as the value of σ0 decreased
(Johnson, 2011a; Newton-Rader, 1961; Favacho et al., 2016; Kehr, 1994). It was also
found that when cavitation covered 20 to 25% of blade section resulted in reduction
of both thrust and torque. As thrust decreases more rapidly than torque, it reduced the
propeller efficiency (Basumatary Jahnabi, Wood, 2017).

In 2002, it was reported that 21% of high speed boats accidents involved injury, 48%
of accidents involved property damage only and 25% death due to propeller damage
(Bruce, Ted, & Maxim, 2006). Since sufficient work has not been done to improve
the propeller performance in outboard engines, efficient propulsion system for high-
speed boats are still in great demand. This is due to its wide application in water for
support in marine security operations and disaster relief. There is a need to improve
performance of fast watercraft running on an outboard engine to improve the propeller
efficiency which is the main objective of this work.

1.4 Objectives

The general objective of this research is to improve the performance of high speed
boat’s propulsion system for operating a high speed water craft by using computational
fluid dynamics. This general objective will be achieved through the following specific
objectives:

1. To develop a propeller model for the high-speed boat running on an outboard
engine.

2. To study the influence of propeller geometry such as blade number, and pitch-
to-diameter ratio on the propeller performance.

3. To investigate the influence of rotational speed (rpm) on the propeller perfor-
mance.

1.5 Justification

Utilization of outboard engine is increasing in the high speed boats all over the world
for maritime security, supporting in short distance operations, and international peace-
keeping. The East Africa countries policy identify maritime transport as one of the
infrastructure enablers of its social and economic pillars (Griffiths, 2005; Zainol &
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Yaakob, 2016). Sustainable, affordable and reliable means of transport for all citizens
is a key factor in the realization of the policy. Evidently, the improved propeller per-
formance of high-speed boats running on an outboard engine ensure the affordability,
sustainability and protection of the environment. An efficient propeller is one of the
essential components of the propulsion system of the high-speed boats running on an
outboard engine since it results in adequate open water propeller performance char-
acteristics (thrust coefficient (KT ), torque coefficient (KQ), and open water efficient
(η0)) (Eckhardt, 1955; Vesting, 2015). This also results in minimum power absorp-
tion, fuel consumption and improved efficiency. Moreover, an efficient propeller also
provides additional environmental benefits like reduction of the harmful exhaust gas
emissions (Egerton, Rasul, & Brown, 2007; G.A.Butcher, 1985; J.Porteiro Lopez Gon-
zalez, 2005). The ability to improve the outboard marine propeller performance for
high-speed boats can lead to significant increase in profitability for the marine engine
manufacturers to design efficient marine propellers. Lastly, this will also sustain econ-
omy of the marine engine and high-speed boat industries by reducing maintenance
expenses that occur due to frequent replacement of outboard propellers.

1.6 Organization of the Thesis

The current chapter is the introduction to this research which gives a general highlight
of marine propeller inefficiency and needs for propeller performance improvement of
high-speed boats running on an outboard engine. The second chapter presents a re-
view of researches that have been carried out on the open water marine propeller per-
formance and performance evaluation methods associated with the high-speed boats.
Chapter three outlines the numerical set-up and method used to establish the perfor-
mance parameters of an outboard marine propeller. Chapter four presents and discusses
the results obtained from a computational fluid dynamics (CFD) simulation. Chapter
five includes the conclusions deduced from the determined performance parameters
and recommendations for further research to be carried out to make an outboard ma-
rine propeller reliable.
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CHAPTER TWO
LITERATURE REVIEW

2.1 Overview

The outboard engine is considered as one of the typical modern propulsion systems
being used in high-speed boats. This propulsion method is not as popular as the water
jet usually used in fast craft but is competitive in certain operating conditions. The
tendency to use outboard propulsion is increasing, due to the high performance, lower
cost, simple installation, reduced fire risk, lighter weight and higher speed. The lack
of an efficient propulsor is the biggest weakness of high speed crafts as highlighted
by various researchers (Basumatary Jahnabi, Wood, 2017). The main cause of this
as shown by Reynolds (Asimakopoulos, 2016) and Barnaby (S. Barnaby, 1897) is
propeller blade cavitation. Propeller blade cavitation is a phenomenon which begins
when a disturbance creates a low-pressure area in the water flow. As speed increases,
the low pressure intensifies enough to vaporize (boil) some of the surrounding water.
When the vapor bubbles approach a high pressure area, they collapse, releasing energy
and causing damage. Cavitation is also caused by a disturbance of the water flow in
front of the propeller. Cavitation also results from an irregularity in the boat bottom or
gearcase, and a misplaced transducer or speedometer pickup (RINA, 2011). Cavitation
affects the propeller performance as it leads to reduction in the thrust and efficiency as
illustrated in the Figure 2.1.

(a) (b)
Figure 2.1: Effect of Cavitation on Propeller Performance (a) Thrust and Torque
Coefficients and (b) Open Water Efficiency (RINA, 2011)

Cavitation leads to excessive vibration, noise, and further blade erosion. Cavitation can
also decrease the serviceability, and durability of the high-speed boats. In addition, it
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causes high fuel consumption resulting in high harmful gaseous emissions which are
hazardous to the environment (Zhao et al., 2015).

In order to improve the performance of the outboard engine in high-speed boats, vari-
ous concepts have been developed. Different researchers have put much emphasis on
modeling the propeller parts geometry to improve the boat performance. The marine
propeller configuration involves a mechanism to push water, with the resultant reaction
propelling the boat forward. It also has the ability to improve the propeller efficiency,
thrust, and torque and consequently the fuel efficiency. This chapter presents a review
of research works that have been done by various researchers concerning parameters
affecting the performance of marine propulsion system and also concepts that are use-
ful in modeling the blade. The main focus is on the parameters that affect the marine
propeller performance as well as to identify the gaps in the literature that need to be
addressed.

2.2 Marine High-Speed Craft

The design and safety of high-speed craft is regulated by the High Speed Craft Codes
of 1994 and 2000, adopted by the Maritime Safety Committee of the International
Maritime Organization (IMO) (The Maritime Safety Committee, 1994). Savitsky et al.
(Savitsky Daniel & Ward, 1976) defined high- speed vessels as crafts that can travel at
a sustained speed equal to or greater than 35 knots with bursts of high speeds of 40-
60 knots. Froude number allows for another way to hydrodynamically classify ships.
Naval architects use the Froude number when studying the interaction of water’s free
surface and hull. High speed vessels are typically defined by Froude number greater
than 0.4 which at this speed range the crafts weight is almost entirely supported by
dynamic forces. A high-speed craft (HSC) shown in Figure 2.2 is a vessel called a
fast boat or fast ferry for civilian use and patrol craft for military purposes. A vast
increase in high speed crafts has drawn considerable interest for both ship owners and
naval architects. This due to existing needs in the field of fast transport of light and
expensive cargo, and passengers for marine transportation. The high speed function
also gives advantages to boats which are designed to be used for a surveillance and
patrol in maritime area at open sea(International Towing Tunnel Commettee (ITTC),
1993).
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Figure 2.2: Example of High-Speed Craft (HSC) (Haynes, 2014)

Currently, high-speed boats use either sub-cavitating (propeller operate at speed below
25 knots), super-cavitating (propeller operates at speed above 30 knots) and surface-
piercing or waterjet propulsors due to their good efficiency as shown in Figure 2.3.

Figure 2.3: High-Speed Marine Vehicle Propulsors Performances (Am et al., 2005)

Am et al. (Am et al., 2005) developed the propeller blade profile that have the effi-
ciency characteristics of conventional submerged sub-cavitating propellers at low and
intermediate speeds but can transition to a super-cavitating mode for high speed oper-
ation without encountering thrust breakdown.
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(a)

(b)
Figure 2.4: Parameters of Propeller Blade Section (a) Propeller Blade Section and
(b) Basic Propeller Blade Section Definition (A.H.Techet, 2004)

The new design retained the same skew, chord, rake and span wise loading as the parent
propeller in Figure 2.4.

The Propellers with these new sections were designed based on operational require-
ments at multiple speeds. The result showed that a new blade shape (S-shaped) section
had the pressure surface and suction side completely enveloped by a cavity at high
speeds. It was also found that at high speeds, super-cavitating propeller begun to cavi-
tate either at their leading edge due to angle of attack fluctuations, or in the middle of
the suction face due to the low pressure.

Young-Zehr Kehr (Kehr, 1994) designed a new series propeller for high-speed crafts
with an expanded blade area ratio (ratio of the total area of the blades divided by
the total area of the propeller) of 1.0. Experimentally, the new series propeller was
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compared with the Newton- Rader series usually utilized for high-speed crafts. The
Newton–Rader series holds a relatively limited set of twelve, three-bladed propellers
proposed for high-speed craft. This series was designed to cover pitch ratios in the
range 1.0 to 2.0 and expanded blade area ratios from about 0.5 to 1.0. The parent model
of this series, had a diameter of 254 mm (10 in.) based on a design for a particular
vessel as shown in Table 2.1. The variable parameters of the new series were blade
number (three and four blades), pitch ratio (1.2, 1.4, 1.6, 1.8), cavitation number (0.5,
0.6, 0.75 and 5.5), and inclined propeller shaft angle (00,60,80,100). This inclination
is measured with respect to the horizontal axis when the boat is at rest.

The experimental results showed that the new series propeller in the study delivered
a better performance than the Newton- Rader series. The results also showed that the
efficiency of the propeller with new section was better than that of propellers with
Newton-Rader sections at inclined shaft conditions. Moreover, the results showed that
the three bladed propellers had a better efficiency than four-bladed propellers number.
The experimental data also showed that there was a significant negative effect on the
performance of propellers when the pitch-to-diameter ratio increased as the cavitation
number decreased. From the Table 2.1 Z is the blades number, AE/AO is the expanded

Table 2.1: Newton-Rader Series Specification (Carlton John, 2012)

area ratio, P/D is the pitch-to-diameter ratio, D is the propeller diameter and rh/R is
the radius ratio.

High-speed boats are classified into two categories which are an air-supported and
displacement type. Air supported crafts include air cushion vehicles (ACV), surface-
effect ships (SES) and foil supported craft (FSC) such as hydrofoils and jetfoils. Dis-
placement type vessels include conventional monohull, catamaran, trimaran, small wa-
ter plane area twin hull (SWATH), and air lubricated hulls. Each type of craft has
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its unique characteristics such as form of hull shape and mode of power transmis-
sion. They all suffer from the common problem of limited payload and sensitivity to
wind and sea state. Besides, there are vessels with a design speed corresponding to a
Froude number above 0.45, primarily designed for short distance services such as pub-
lic transport of passengers and vehicles. An outboard engine, inboard/outboard drive,
or inboard diesel waterjet can power the high-speed watercraft (ITTC, 2011; Yousefi,
Shafaghat, & Shakeri, 2013). The improved performance of the high speed boat for the
local market is to enhance the operations in seas or lakes for support in short distance
operations, border actions, and international peacekeeping or disaster relief (Haynes,
2014; A. Baquero and A.Haimov, 1999).

2.3 Marine Propeller System

Marine propeller design is used to obtain a blade geometry which meets the require-
ments determined by the operating condition by using various design methods (Carlton
John, 2012; J. E. Kerwin, 2013). The optimization of the outboard propeller is to
provide the maximum thrust for the minimum torque at a specific rotational velocity
(rpm) with a particular boat speed (Wan, 2014). Initially, propeller design intended to
achieve the highest efficiency. However, cavitation effect came into focus meaning the
propeller design had to consider the two aspects; efficiency, and cavitation as found in
the work of Subhas et al. (Subhas, S, V F Saji, S. Ramakrishna, 2012).

2.3.1 Propeller Selection Criteria

Choosing the right propeller is crucial in determining the performance of the outboard
engine (Johnson, 2011b). Propeller choice can increase the boat top speed from 5
to 10 knots. It also has a direct effect on acceleration, cornering, pulling power and
fuel economy. Some boats may require change of propellers for different activities,
such as high speed cruising, water skiing, or carrying heavy loads. Using the wrong
propeller in any of these applications will not only affect performance, but could also
cause engine damage (Barry, 2005). There are also many types of propeller systems in
operation. The right hand fixed blade propeller is still common. Meanwhile, develop-
ment in controllable pitch propellers, contra-rotating propellers, multi-blade propeller
systems, twin, triple and quadruple propeller sets, pod propulsion units, Kort nozzle
systems and azipod systems have also taken market share in both commercial and boat
construction (Ekinci, 2010).

The propeller is a key part used as a prime mover for water crafts. Furthermore, uti-
lizing an outboard propeller in high speed boats avoids any other damages such higher
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fuel and power consumption, and environmental pollution. This was found in the work
of Tani et al. (Tani et al., 2017) while analyzing the flow around propeller and perfor-
mance characteristics (the thrust and torque coefficient, and efficiency and their vari-
ations with the advance coefficient). Currently, with access to superior hardware and
software, it is possible to model the complex fluid flow problems like marine propeller
flow and open water performance.

Marco et al. (Marco, Mancini, Miranda, Scognamiglio, & Vitiello, 2017) performed
an experimental and numerical analysis of marine propeller. The study was carried out
to know the open water performance and evaluate the velocity field in the propeller
wake. The experimental results showed that the tip vortex was identified by turbulence
level peaks in the flowfield, whereas in computation results its position was identified
with the outmost stream wise wake node line. It was also found that the open water
propeller performance was in good agreement with the experimental results. However,
pressure distribution needed to be illustrated in order to study the effect of advance
coefficient on the fluid flow around the propeller blade sections.

Burger et al. (Burger, John E. Burkhalter, Roy J. Hartfield, Robert S. Gross, & Ronald
M. Barrett, 2007) developed also the propeller performance analysis program and inte-
grated it into a genetic algorithm to investigate the feasibility of designing propellers.
It was found that the optimized propeller had favorable performance but circulation
distributions were less smooth when compared to multi-objective optimizations. How-
ever, for the free wake propeller model, the lower advance coefficient needed to be
studied to improve the hydrodynamic propeller performance prediction. Watanabe et
al. (Watanabe, Kawamura, Takeoshi, Maeda, & Rhee, 2003) applied unstructured grid
technique to study the flow around the marine propeller. The comparison of his study
with the experimental data was good for both steady and unsteady conditions.

Motley et al. (Michael R. Motley, 2017) investigated a reliability-based global design
of self-adaptive marine propellers operating under a range of steady loading conditions,
using a Nelder-Mead constraint based optimization technique. An optimized propeller
was found to reduce the load variation by approximately 10%, potential flow by 2.3%
on the back side and 9.7% on the face side. It also increased the total efficiency by
approximately 0.3%.
Rag (Coast, Auxiliary, & Manual, n.d.) investigated the effect of propeller selection on
the propeller performance using an experimental analysis. It was found that selecting
the right propeller for boat resulted in a good performance in terms of efficiency, fuel
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consumption, and speed. The author found that the wrong choice of propeller dam-
aged propeller and caused a drop in top speed by 13% and 37% in acceleration while
optimum fuel miles were reduced 21%. However, the author advised that to get the
maximum efficiency from the engine, the pitch should be matched to engine power,
gross weight and intended use of the boat.

2.3.2 Geometrical Parts of Outboard Propeller

Marine propeller is a set of identical twisted blades, spaced evenly around a hub. Most
propellers have a splined bushing in the hub that mounts on the outboard. Figure
2.5 bellow shows an example of marine propeller used in outboard engine (Johnson,
2011b; E.Slater & John, 1988).

(a) (b)
Figure 2.5: Outboard Marine Propeller for High-Speed Boats (a) Picture of Com-
mon Outboard Propeller (b) Basic Marine Propeller Terms (Johnson, 2011a)

The marine outboard propeller parts include; the boss of a propeller (hub) which is
the solid center disc, to which the propeller blades are attached. The propeller blades
are the twisted fins or foils that project out from the hub. It is the action of the blades
that drives a boats through the water. It has two opposite sections which are blade
face and blade back. The blade face is the high-pressure side, or pressure face of the
blade. It is the side facing aft, the side that pushes the water when the boat is moving
forward. The rear of the blade is the low pressure side or suction face of the blade,
the side facing ahead. Moreover, the blade has other important part such as the blade
root which is the point at which the blade is attached to the hub and the blade tip, the
extreme outermost edge of the blade. At the blade tip, leading edge is the edge of the
blade that cleaves the water and trailing edge is the edge from which the water streams
away (Johnson, 2011b; Propellers, 2009; Michigan Wheel Engineering, 2000). Kiam
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and Wai (Kiam Beng Yeo and Wai Heng Choong, 2014) developed a marine propeller
geometry characterization using 3-D scanning and computer aided design. Computa-
tional fluid dynamic analysis was used to investigate marine propeller hydrodynamic
performance. An outboard marine propeller was utilized to demonstrate the feasibility
of the study. It was found that the geometric properties can be successfully charac-
terized. The characterizing process was concluded successfully by presenting the ob-
tained geometry parameters into the standard propeller drawing. However, this study
did not consider the effect of propeller blade cavitation.

2.3.3 Marine Propeller Materials

Materials used for the marine propeller of today’s propulsion system include Alu-
minum, stainless steel, non-metallic composite reinforced plastics or bronze (often
an alloy called NiBrAl). Aluminum propellers are the most common. Aluminum pro-
vides a good balance of cost, performance and are suitable for the widest range of
applications since there are so many models available. Stainless steel propellers offer
the highest performance and best durability but are the most expensive. Composite and
plastic propellers are generally used for emergency situations (Choong, Yeo, Tamiri,
Tze, & Teo, 2013). Table 3.1, shows the comparisons of materials used in marine
propellers.

Table 2.2: Comparison of Materials for Marine Propeller (Choong et al., 2013)

Materials Weight Flex Repair Cost
Composite Boat Propeller Least Little Not Possible Least
Aluminum Boat Propeller Medium Little Easy Medium
Stainless Steel Boat Propeller Greatest Least Difficult Greatest

2.4 Marine Propeller Performance Characteristics

A propeller is normally fitted onto the lower unit of an outboard engine where it runs
in water that has been disturbed by the boat as it moves ahead. The performance of
the propeller is thus affected by the boat hull to which it is fitted. Hence, in order
to determine the performance characteristics of a propeller unaffected by the boat to
which it is fitted, it is necessary to make the propeller operate in open water (uniform
flow) (Rawson & Tupper, 2010). Therefore, some of the parameters that can affect
the performance while designing are subdivided into two categories, that is, open wa-
ter characteristics which consist the forces and moments produced by the propeller.
Secondly, propeller-hull interaction characterization which can be considered in two
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separate categories: bearing forces which comprises the forces and moments transmit-
ted through the shafting system and hydrodynamic forces which involves the forces
experienced by the boats that are transmitted through the water in the form of pressure
pulses (Burrill, 1944; John, n.d.).

2.4.1 Open Water Propeller Characteristic

The forces and moments produced by the propeller are expressed based on non-dimensional
characteristics. These non-dimensional terms that captures the general performance
characteristics are established using dimensional analysis (Rawson & Tupper, 2010;
Chittaranjan Kumar Reddy, 2015). Thrust (T) and Torque (Q) can be represented by
the following functions depending upon the physical quantities involved as shown by
Techet et al (A.H.Techet, 2004)

T = f1(ρ,D,Va,N,µ, po− e) (2.1)

and
Q = f2(ρ,D,Va,N,µ, po− e). (2.2)

where, ρ is the density of the fluid, D is the propeller diameter, Va is the speed of
advance, N is rotational speed, µ is viscosity of the fluid and po−e is the static pressure
of the fluid at the propeller station.

Therefore, using the dimensional analysis open water propeller characteristics (thrust
coefficient(KT ), torque coefficient (KQ), and open propeller efficiency(ηo) and plotted
with respect to the advance coefficient (J)) are given in the Equations 2.3 to 2.6 as
shown in (A.H.Techet, 2004).

KT =
T

ρN2D4 , (2.3)

KQ =
Q

ρN2D5 , (2.4)

J =
Va

ND
(2.5)

The open water efficiency of the propeller is the ratio of useful power produced by
the propeller, the thrust horsepower (THP), to the input shaft power, the delivered
horsepower (DHP):

ηo =
T HP
DHP

=
TVa

2πNQ
=

KT ρN2D4Va

2πNKQρN2D5 =
KT

KQ
.

Va

2πND
=

KT

KQ
.

J
2π

(2.6)
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where: D is the propeller diameter, N is the rotational speed, Va is the speed advance,
ρ is the density of the fluid, µ is the dynamic viscosity of the fluid and g is the gravity.
In addition, the details of this derivations are shown in Appendix A.

Several researchers have investigated the open water performance of the marine pro-
pellers using computational fluid dynamics. Among them, Sanchez-Caja et al. (Sánchez-
caja, 2015) used RANS code FINFLO to study the scale effects on performance coeffi-
cients for a contracted-loaded tip (CLT) propeller with different end-plate geometries.
The authors used SST k-ω as a basic turbulence model for the study. They used a spe-
cial procedure to generate the computational grids in order to minimize computational
errors. The results showed that the predictions of thrust and torque were decreased
by 2.0% and 1.5 % compared to the experimental values respectively. However, the
refined grid needed to be adopted at the blade tip for better prediction of the tip vortex
flow.

Bertetta et al. (Bertetta, Brizzolara, Canepa, Gaggero, & Viviani, 2012) presented an
experimental and numerical analysis of unconventional CLT propeller. Two different
numerical approaches, a potential panel method, and RANS solver were employed.
The open water performance characteristics results of both methods were compared.
The results showed that thrust coefficient reduced by 1.45% in the case of the panel
method, 4.3% in the case of RANS while torque coefficient was reduced by 1.4% and
increased by 1.5% in case of RANS solver and panel method respectively. However, a
fine resolution of the RANS discrete volume mesh at the tip and root of the blades is re-
quired in order to improve the open water propeller performance characteristics.

Chau et al. (Chau, Kouh, Wong, & Chen, 2005) developed a propeller design method
based on a vortex lattice algorithm to optimize the shape and efficiency. Two tech-
niques were used to improve the efficiency up to 23%. The first code was sequential
unconstrained minimization techniques for minimizing the torque coefficient. The sec-
ond was a modified genetic algorithm to maximize efficiency. Blade’chord and thick-
ness distributions were considered as design variables. The results showed that the
efficiency improved by 13% according to objective of the author and the torque coeffi-
cient decreased by 15% . However, the efficiency needed to be improved up to 23% in
order to reach the desired propeller performance.

Numerically, Fang et al.(Zhu & Fang, 2012) and Belhenniche et al. (Belhenniche,
Aounallah, Omar, & Çelik, 2016) investigated the cavitation and hydrodynamic per-
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formance of the propellers to predict propeller performance characteristic. The vapour
volume fraction on the back side of propeller blade was predicted to show the effect of
cavitation number. The authors used viscous multiphase flow theories based on RANS
approach. The advance coefficient (J) and cavitation number (σn) were used as vari-
ables to validate the results. It was found that for the high value of advance coefficient,
the cavitation was relatively weak and had little effect on the hydrodynamic perfor-
mance whereas at the small value of advance coefficient the cavitation was strong.
The results also showed that the increase of cavitation number improved the propeller
performance characteristics. However, The effect of cavitation number needed to be
studied in order to investigate the propeller performance characteristics by consider-
ing the propeller design parameters such as blade number, pitch-to-diameter ratio, and
blade area ratio.

2.5 Parameters that Affect the Marine Propeller Performance

Performance characteristics of a marine propeller are affected by different factors. In
the search to improve the open water propeller performance, various researchers have
embarked on studies of different parameters such as geometric parameters and flow
field around the propeller.

Design geometric parameters influencing the performance of the propeller include the
diameter, pitch, pitch- to-diameter ratio, rotation speed, blade number, skew angle,
blade area ratio, blade shape and blade thickness.

2.5.1 Effect of Pitch to Diameter Ratio (P/D)

The pitch diameter ratio (P/D) expresses the ratio between the propeller’s pitch (P) and
its diameter (D). The pitch is the distance the marine propeller propels itself forward
through the water per revolution as shown on Figure 2.6 (a). As the pitch can vary
along the blade’s radius, the pitch diameter ratio is normally related to the pitch at
0.7R, where R = D/2 is the propeller’s radius. Pitch is also determined as a nominal
pitch in the relationship between propeller radius and pitch angle shown in Equation
2.7 (Carlton John, 2012; Greco, Leone, Testa, Salvatore, & Mauro, 2011). Propeller
pitch is similar to the angle of attack in a hydrofoil as shown in Figure 2.6 (b) and
the blade section of the propeller corresponds to a foil section. The foil characteristics
change with the angle of attack while the blade characteristics vary with pitch angle
(Ghasseni & Ghadimi, 2011).

Pm = 2πrtanφ , (2.7)
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where, Pm is the nominal pitch, r is the hub radius and φ is the angle of attack.

(a) (b)
Figure 2.6: Marine Propeller Pitch (a) Theoretical Marine Propeller Pitch and
(b) Pitch Angle (Carley, Reg & Gray, 2000)

The pitch of a propeller is also defined similarly to that of a wood or machine screw.
It indicates the distance the propeller would “drive forward” for each full rotation. In
reality since the propeller is attached to a shaft it will not actually move forward, but
instead propel the ship forward. Therefore, the distance the boat is propelled forward
in one propeller rotation will be less than the pitch. For high speed craft, pitch ranges
from 9 inch to 24 inches. Typically, the blades are twisted and bent to guarantee
constant pitch along the blades from root to tip. Often a pitch ratio will be supplied.
This is simply the ratio of pitch to diameter, and typically falls between 0.5 and 2.5
with an optimal value for most vessels closer to 0.8 to 1.8. Pitch effectively converts
torque of the propeller shaft to thrust by deflecting or accelerating the water behind as
stated by Newton’s Second Law of motion (Carlton John, 2012; MAN Diesel & Turbo,
2011).

Experimentally, Mashud (Mashud, 2002) investigated the theory of marine propeller
selections. The author showed that the fundamental task in selecting a propeller was to
choose a pitch and diameter that will generate the maximum thrust possible at normal
operating speed without overloading the engine. It was found that large diameter, with-
out pitch or angle of attack would not accelerate any water behind (astern). Similarly,
ordinary blades with too much pitch would attempt to force more water behind more
quickly than the engine can accommodate. It was also showed that increasing pitch,
increased thrust but reduced the efficiency of the engine and propeller combination by
slowing the engine. Moreover, too little pitch will not overload or slow the engine, it
will not accelerate as much water astern and thus will not generate maximum possible
thrust or speed (Favacho et al., 2016).
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Kamarlouei et al.(Kamarlouei, Ghassemi, Aslansefat, & Nematy, 2014) designed a
marine propeller to generate the thrust with lower torque, highest efficiency and re-
ducing cavitation. The author used numerical method based on Blade Element Theory
(BET) to get the thrust and analyze how it depends on the shape of the marine pro-
peller. The parameters such as pitch ratio, blade area ratio and skew angle were used
as the input variables to achieve the optimum propeller performance. It was found that
various pitch ratios such as 0.4, 0.6, 0.8, 1.0, 1.2, and 1.4 used satisfied the propeller
performance characteristics. The skew angle effect also showed its capacity to esti-
mate the propeller efficiency in limitation of cavitation problem. This research did not
consider blade number effect on propeller performance.

Wai et al.(Wai Heng Choong & Hau, 2014) investigated the marine propeller perfor-
mance characterization through CFD to predict a three blade marine propeller perfor-
mance characteristics. Five propellers with a pitch to diameter ratio values of 0.6; 0.8;
1.0; 1.2; and 1.4 were used for the computational flow analysis through RANS solver
to compute the propeller performance characteristic at various advance coefficient (J).
It was found that efficiency, torque, and thrust increased as the pitch diameter ratio
increased. However, the effect of pitch ratio range above 1.4 needed to be studied for
open water propeller performance.

M.Bernitsas et al. (M.Bernitsas, Ray, 1981) designed the Wageningen B-Series pro-
peller to test the open water characteristics using the multiple polynomial regression
analysis. The parameter such as number of blades, the blade area ratio, the pitch-
diameter ratio and the advance coefficient were used as input variables. It was shown
that the derived polynomials is valid for the pitch-diameter ratio varying between 0.5
and 1.4 for the Reynolds number of 2×106. It was also found that the thrust coefficient
displayed a local maximum for high pitch-diameter ratio, high number of blades, low
blade area ratio and low values of advance coefficient. However, the extremes of the
above ranges were not considered in this research.

2.5.2 Effect of Number of Blades

The shape of the blades and the speed at which they are driven dictates the torque a
given propeller can deliver. The primary effect that is to be avoided with propeller
blade number selection is resonance, as the number of blades affects the frequency
and strength of vibrations that occur during operation (Felli, Guj, & Camussi, 2008;
Mashud, 2002). There is also a strong interrelation between diameter, blade area and
blade number, with a greater diameter requiring fewer blades and a greater area requir-
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ing more blades. An increase in propeller blade number can reduce sheet cavitation of
the suction side due to a reduced load per blade, however it can increase root cavitation
due to reduced clearance between each blade. It is recommended that the number of
blades should be in the range of 2 to 6 blades to reduce the resonance (Carlton John,
2012; A. Baquero and A.Haimov, 1999).

Kiam et al. (Kiam Beng Yeo, Rosalam Sabatly & Hau, 2014) also investigated the
effects of number of blade on marine propeller performance. Five propellers with
number of blades from two to five were utilized for the computational flow analysis
through RANS solver to investigate the propeller performance. It was found that the
efficiency decreased as number of blades increased while torque and thrust increased.
The results also showed that the increase in number of blades provided better flow
velocity distribution on propeller blade section. However, the effect of diameter, pitch-
to-diameter ratio were not considered in this work.

Wu et al. (Wu, 2010), investigated the effect of number of blades on propeller per-
formance. Numerical simulation was used to study blade number effect on propeller
blade performance and cavitation. The author tested propeller of blades number within
the range of two to six. It was found that more number of blades increased thrust. The
result also showed that less number of blades avoided cavitation and decreased thrust.
The author concluded that, ideally, a good propeller has a large diameter, slow speed,
low number of blades and high efficiency.

Boucetta et al. (Boucetta & Imine, 2016) investigated the open water performance
of DTMB 4148 propeller with commercial CFD code FLUENT. The SST k-ω model
was chosen for turbulence closure. Their investigation was focused on the effects of
number, thickness and skewness of the blades on the open water performance. Based
on the study, the authors concluded that among three, four and five blade configura-
tions, four blades provide the best efficiency. Also, increase of thickness improved
the efficiency while skewness of the blade improved the overall hydrodynamic perfor-
mance. computational results of the effect of blade number was not in good agreement
with the experimental results. However, the effect of blade number on hydrodynamics
characteristic is needed to improve the propeller performance.

2.5.3 Effect of Propeller Rotational Speed

Rotational speed is the number of full turns or rotations of a propeller in one minute.
High speeds are not efficient except on high speed vessels. For vessels operating under
35 Knots speed, it is usual practice to reduce rotational speed, and increase diameter,
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to obtain higher torque from a reasonably sized outboard engine. For high speed boat,
speed is ranging from 900 to 6000 rpm and from that it is possible to get the inflow
velocity for a given advance coefficient (Newton-Rader, 1961; Wu, 2010; Casciani-
Wood, 2014).

Harte et al. (Harte, Bose, Clifford, Roberts, & Davidson, 2011) investigated an appli-
cation of paddle wheel propulsion in high speed craft to study the effect of rotational
speed on propeller performance. Savitsky’s planning method was used to estimate the
resistance of the skiff and comparison of thrust coefficient at maximum and minimum
revolutions. It was found that the trials on a paddle-propelled skiff demonstrated the
possibility of propelling a surface craft at speeds more than 30 knots. It was also shown
that at maximum revolution, the speed reached 35 knots and at minimum revolution,
the maximum speed was about 46 knots. The result showed that the thrust coeffi-
cient decreased as the rotation speed increased. However, the effect of rotational speed
needed to be studied in order to predict the propeller performance characteristics.

2.6 Effect of Flow Field Around the Propeller Blade

The flow around the propeller is complex due to its geometry and the combined rota-
tion and advancement into water. Marine propeller is a very complex geometry, with
variable section profiles, chord lengths and pitch angles, and in operational conditions
it induces rotating flow (the inflow velocities onto the blade composed of the collective
axial and rotational velocities and pressure field flows) and entails tip vortex (Sileo,
Bonfiglioli, & Magi, 2006; Martínez-Calle, Julián González-Pérez & Balbona-Calvo,
2016).

In order to study the flow field around a marine propeller, Mosaad et al.(Mosaad
M.,Mosleh M. & Yehia, 2017) and Husaini et al. (Husaini, Samad, & Arshad, 2004)
provided complete computational guidelines using RANS method. The geometry cre-
ation, boundary conditions setup, turbulence modeling and solution parameters of the
flow around rotating propeller were modeled. K −ω and k− ε turbulence models
of RANS solver were used to compare the propeller performance characteristic. The
pressure field on the blades showed low pressure on the suction side and high pres-
sure on the pressure side at advance coefficient of 0.5. It was found that the difference
between computed and experimental results were less than 5% and 7% for thrust and
torque coefficient using k−ω turbulence model and 7% and 10% for the same pa-
rameters respectively using k− ε . Therefore, the use of a k−ω model was shown to
be efficient for propeller applications. However, the variation of advance coefficient
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needed to be studied to investigate its effect on the velocity and pressure distributions
on blade section.

Tian et al. (Tian & Kinnas, 2011) developed a numerical model to simulate the leading
edge vortex (LEV) effect on propeller performance using the inviscid potential flow
theory. LEV geometry and corresponding pressure distribution were compared with
the result from inviscid finite volume method and RANS. It was found that the LEV
model correlated with the results from RANS. However, Kutta condition of the leading
edge detachment point needed to be studied around the propeller blade using RANS
method.

Yang et al. (Yang, Zhou, Sciacchitano, Veldhuis, & Eitelberg, 2016) investigated pro-
peller and inflow vortex interaction, vortex response and impact on the propeller per-
formance. Propeller and flow vortex interactions were studied by stream-wise wingtip
vortex impinging on a propeller. The result showed that tangential velocity of the vor-
tex dominated the propeller performance while the axial velocity of the vortex had
less impact on the propeller performance. It was also found that the propeller thrust
and torque coefficients increased when the incoming vortex had the opposite direction
of the propeller rotation, and vice-versa for the co-rotation vortex at a given advance
ratio. However, the dynamic loading on the propeller was not considered in this re-
search.

Gaggero et al. (Gaggero et al., 2017) designed a propeller for a high-speed craft using a
multi-objective numerical optimization approach based on boundary element method.
The efficiency was numerically investigated using RANS solver. The result showed
that the design improved the propulsive efficiency, reduced blade cavitation. It was
also found that the proposed approach was able to derive trade-off designs with high
performance simultaneously concerning the flow field at suction and pressure side of
the propeller blade. However, the fined volume meshes on the blade edges needed to
be utilized in order to improve the propeller performance.

Giordini et al. (A. Giordani, F. Salvatore, 1999) carried out investigation of flow over
DTRC 4119 propeller with a free wake model based on boundary integral surface panel
method. The authors concluded that the prediction of velocity field in wake region was
better when using this model. However, for better prediction of torque coefficient,
proper viscous effects needed to be considered.
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2.7 Propeller Performance Evaluation Methods

2.7.1 Experimental Methods

Experimental tests have been the method for the performance evaluation of propellers
in both full and model scale settings. The former is achieved in ship trials and involves
a non-uniform inflow wake due to the hull shape, while the latter can be done with
or without the presence of a dummy hull model. Performance charts are produced by
undergoing open water propulsion tests, conducted ideally in a deep-water basin, to
avoid wall interferences. The tests are carried out by attaching a propeller on a moving
carriage via a horizontal shaft, selecting a fixed rotational speed, and then conducting
a number of runs, each with different forward speed until the desired range of advance
coefficients J is achieved (ITTC, 2011; Brander, 2015).

Open water propeller performance tests, on the other hand, are conducted in Towing
tank tunnels which have the ability to perform the towing and propulsion tests. Stan-
dard procedures require the propeller to be mounted on a dynamometer shaft, inflow
speed (speed of the towing carriage) is set according to the desired advanced coefficient
and rotation speed is set at a high value and kept constant. For studying the propeller
performance in open water, a dynamometer shaft rotates the propeller model and mea-
sures thrust and torque. The results are illustrated in the open water curves (thrust and
torque coefficients and efficiency as a function of the advanced number) as shown in
the Figure 2.7 (Steen, 2014; Hanninen, 2015; M.Bernitsas, Ray, 1981; M.Faltinsen,
2006).

(a) (b)
Figure 2.7: Open Propeller Performance Characteristics Curves (a) KQ,KT and
ηO Plot versus the Advance Coefficient and (b) KQ, KT and ηO Plot versus the
Advance Coefficient for different P/D values (M.Faltinsen, 2006)
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These evaluation methods have been implemented with wide acceptance by researchers
and the industry, however, they involve a certain number of disadvantages. Firstly, sat-
isfying flow similarity between the model and full scale is quite difficult, and thus
various techniques are needed to transform tank test results. This demands a certain
amount of empiricism and also allows for technique variation between different testing
facilities. Furthermore, the time requirements and costs involved are not always feasi-
ble, which has led to a restricted amount of experimental data to become available. A
combination of the above, and the complex geometry of propellers, which are tailor-
made on a case-by-case basis, make the process quite restrictive and prone to errors
(Ayris, 2016; H. Kutty & Rajendran, 2017).

An experimental and numerical investigation on hydrodynamic and aerodynamic char-
acteristics of the planing trimaran was performed by Jiang et al. (Jiang, Sun, Zou, Hu,
& Yang, 2017). The comprehensive series of viscous CFD simulations considering
free-surface and 2-Degrees of Freedom (DOF) Ship Simulation motion of the hull was
used. The calculated results were validated by comparing experimental and numerical
data. The result showed that the calculated and experimental resistance increased from
2.99% to 14.66% as the Froude number increased from 3.16 to 5.87. In the numerical
simulation, the total resistance increased up to the value of Froude number at which
wave surface separated from the tunnel roof.

2.7.2 Numerical Methods

Numerical approach adopts a three dimensional (3-D) CFD simulation tested for var-
ious flow conditions. With rapid improvement of computational power, numerical
methods have been a focal point for hydrodynamic analyses, including open water
propeller testing. Both viscous and inviscid methods are constantly being developed
and improved, becoming useful tools for initial design stages. Due to the high de-
mands of viscous CFD in both time and computer resources, simplifications of the
fluid flow can be introduced with acceptable accuracy. One such idealized scenario is
potential flow (a flow which is irrotational, incompressible and inviscid) solvers. The
time savings gained by replacing the Navier-Stokes equations and continuity equation
with a simple linear equation, the Laplace equation, while still producing results close
to experimental, have made such methods popular amongst naval architects (Salvatore,
Greco, & Calcagni, 2011; Kajishima & Taira, 2017; Zhao Yaning, 2015; Yao & Zhang,
2018).

The numerical methods were carried out by using solvers such as Large Eddy Simula-
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tion (LES) techniques, Detached Eddy Simulations (DES) and Direct Numerical Sim-
ulations (DNS), Reynolds averaged Navier Stokes (RANS) with different turbulence
models, including one equation or two equations models. CFD methods had a quite
significant impact as a useful tool for propeller design and performance analysis(Report,
1997).

However, in terms of practical propeller computations, as distinct from research ex-
ercises, the application of many of these methods are limited by the amount of com-
putational effort required to derive a solution. As such, the RANS codes appear to
have found most favour because the computational times are rather shorter than for the
other methods (A.H.Techet, 2004; Omweri, Ondieki, & Hai-long, 2017). Most of the
approaches have a number of common basic features in that they employ multi-grid
acceleration and finite volume approximations. There are, nevertheless, a number of
differences to be found between various practitioners in that a variety of approaches
are used for the grid topology, cavitating flow modeling and turbulence modeling. In
this latter context, there is a range of turbulence models in use, for example, k-ε , k-ω ,
Standard Wilcox k-ω , k-ε AKN, k-ε V2F and Reynolds stress models are frequently
seen being deployed, with results from the latter two methods yielding good correla-
tions (Menter, 1994).

Li et al. (Li Da-Qing & Carl-Erik, 2006) studied the influence of turbulence model on
the prediction of model and full-scale propeller open water characteristics using RANS
code fluent. Three models, SST k-ω , RNG k-ε and Realizable k-ε model were selected
to study the scale effects of conventional and highly skewed propellers. The results
showed that the performance predicted for all the models was fairly close to each other
at model scale. Compared to experiments, the prediction error was less than 2% for KT

and less than 12% for KQ. For the conventional propeller at full scale, the performance
predicted by the SST k-ω model differs marginally from the two k-ε models. For the
skewed propeller at full scale, there was notable difference in performance. The SST
model predicted that KT increased by about 5% with no change in KQ. The k-ε models
predicted a slightly decreased KT ( 0.8%) and KQ ( 5.6%). However, other RANS
turburence model like Standard Wilcox k-ω , k-ε AKN needed to be considered.

Califano et al. (Califano & Steen, 2011) performed numerical simulations for a fully
submerged marine propeller to study the effect of meshes set up on the open water pro-
peller performance. The open water simulations were done by using CFD Fluent, based
on RANS method. The meshing generated for the flow domain is fully unstructured on
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the rotating domain and structured on the other region. The sliding mesh method was
employed throughout the analysis to achieve rotation on the domain. The method used
for numerical method managed to capture the flow simulation, with only 1% deviation
for thrust coefficient. However, the base size meshes needed to be considered in order
to improve the open water propeller performance.

Hong et al. (Hong & Dong, 2010) performed numerical study to determine the per-
formance of ship propeller blade. Propeller DTMD4119 and CSSRC-TM0501 were
taken as the study propellers, due to the availability of experimental data. The analy-
ses were done using ANSYS Fluent, based on RANS model. The result showed that
the numerical method results agreed with the experimental, with 6% maximum devia-
tion. Moreover, the obtained results contained unexpected output, which was a sudden
increase and decrease of the performance at certain advance coefficient. This was at-
tributed to the boundary layer thickness that was not well predicted. However, other
software using RANS solver needed to be utilized in order to improve the open water
propeller performance.

Kawamura et al. (Kawamura, Watanabe, Takekoshi, Maeda, & Yamaguchi, 2004)
investigated the influence of the turbulence model on cavitating and non-cavitating
propeller open water characteristics using the commercial RANS code fluent. Com-
putations for a conventional propeller were carried out using a two-layer RNG k-ε ,
standard k-ω and SST k-ω model. Thrust and torque coefficients were compared with
measurements. The calculated torque coefficients were affected by turbulence model
and the discrepancy between calculated and measured torque coefficients was smallest
in the case of the standard k-ω model. However, the effect of the turbulence models
such as Standard Wilcox k-ω , k-ε AKN, k-ε V2F were not considered in predicting
the hydrodynamic characteristics.

2.8 Summary of the Gaps in the Literature

From the literature, the marine propeller performance is mainly affected by propeller
design parameters. It has also been noted that propeller parts play a major role in
predicting the propeller performance characteristics as well as fluid flow field around
propeller. Therefore, the following gaps have been determined from the review:

1. Research has not be done to obtain an efficient propeller design for high-speed
boats running on an outboard engine while reducing the propeller blade cavita-
tion. Hence, there is need to improve the quality of propeller design in the cases
of the flow fields distribution with regards to the risk of leading edge and the
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pressure side.

2. Studies done on marine propeller performance have considered geometric con-
figurations but there is minimum focus on pitch-to-diameter ratio and number of
blades to improve the outboard propeller performance.

3. The use of outboard engine as an alternative propulsion for high speed boat re-
mains a challenge due to the propeller blade cavitation which leads to an ineffi-
cient propeller. Thus, an investigation of the effect of rotational speed (rpm)
on propeller performance is needed to get a marine propeller with the high-
performance application.

4. An efficient marine propeller was shown to be obtained when the pitch is match-
ing with the engine power, gross weight and intended use of the boat. Therefore,
a study of pitch-to-diameter ratio greater than 1.4 is needed to improve the pro-
peller performance.

5. An investigation of the parameters affecting the propeller blade cavitation for
the performance of the high-speed boats running on an outboard engine needs
further study to improve propeller performance.

6. The study of marine propeller performance has been directed towards usage of
different types of meshes and turbulence model. Therefore, Standard Wilcox
k-ω , k-ε AKN, k-ε V2F were not considered in predicting the hydrodynamic
characteristics.

The aim of this work is to improve the performance of an outboard propulsion sys-
tem for operating a high-speed water craft using CFD. The focus is on geometric pa-
rameters as listed in summary of gaps; number of blades, pitch-to-diameter ratio and
rotational speed that highly influence the propeller performance. This improves ma-
rine propeller performance by reducing high fuel and power consumption. Hence, it
is important to develop a model that will assist in improving the propulsion system
performance for operating a small high-speed water craft. This creates a platform to
identify the optimal parameter that guarantees improved propeller performance. The
model also leads for reduction in fuel wastage, harmful emission and in a cost effective
way.
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CHAPTER THREE
METHODOLOGY

3.1 Introduction

This chapter presents detailed procedure used in the development and the selection
of the outboard propeller and the methods used in the analysis. The propeller de-
sign is important and involves developing a blade geometry that operate effectively.
Initially, propeller design aimed at the search of the highest possible efficiency. How-
ever, cavitation has become a key component in design consideration (J. Kerwin, 1986;
J. E. Kerwin & B., 2001; John, 2012). The propeller performance optimization aims at
providing the maximum thrust for the minimum torque at a specific rotational velocity
(rpm) at a particular boat speed.

In this study, it is necessary to come up with an efficient propulsion system for a high-
speed boat running on an outboard engine through investigating the open water perfor-
mance propeller characteristics. The improvement of propeller efficiency is necessary
to reduce power consumption by the engine. It is therefore necessary to investigate
parameters affecting performance such as number of blades, pitch to diameter ratio,
and rotational speed on propeller performance. An outboard propeller was modeled
to study the influence of the parameters on performance of an outboard engine. The
geometric model was created using Solidworks 2017 CAD and CFD analysis carried
out using STAR-CCM+.

3.2 Geometric Modeling

3.2.1 Background

An outboard marine propeller was designed and modeled using computational fluid dy-
namic for open water propeller performance improvement. A computational geometry
of the propeller was developed using CAD and imported to STAR-CCM+ which was
used to perform flow simulation. Some of the key features of the STAR-CCM+ include
ability to integrate with a CAD software and capability to analyze flow behaviour while
simulations are running. It is also possible to apply a moving reference frame (MRF),
to a region containing a moving part (CD-Adapco, 2016; Webster, 2015).

3.2.2 Design Model Set Up

A geometric representation of the outboard propeller was generated to test the open
water propeller performance characteristics. The parameters for measurement of per-
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formance included: propeller diameter, blade number, propeller pitch, pitch-diameter
ratio and rotational speed. For the simplified sub-system model to be valid, it was im-
portant that all components be modeled adequately and their mating faces identified
and coupled by appropriate interface models.

In SolidWorks, a model was created in which parts were associated to ensure that
changes made to one part were automatically updated on other views (Chittaranjan
Kumar Reddy, 2015; Mario Castro-Cedeno, 2015; Planchard, 2017). The OpenProp-
SolidWorks.txt from the propeller design function was used as an input to generate the
propeller blade structure in SolidWorks. After a propeller hub had been designed, a
blade was created. Figure 3.1 (a) to 3.1 (d) show the hub and blade profile design. The
sketch of hub was done on right plane as shown in Figure 3.1 (a) and then using revolve
option the hub was generated as shown in Figure 3.1 (b). The blade profile was also
sketched on reference plane which was taken at 300 to right plane as shown in Figure
3.1 (c), using extrusion option 5mm blade extrusion was performed and then using the
flex operation, the blade was bent and twisted as shown in Figure 3.1 (d). Based on
the geometry of the blade and hub, other blades were then generated by the Circular
Pattern function in SolidWorks as shown in the Figures 3.2 (a) to 3.2 (c). The Table
3.1 shows propeller model specifications. These were the dimensions of a conventional
outboard propeller used in high-speed boat by Johnson et al. (Johnson, 2011a). In this
study, propeller blade profile was selected based on the results of the open water tests
on an Open water propellers of the systematic B-series of MARIN, Wageningen, the
Netherlands (John, 2012). With this series, propellers tested have varied parameters
such as number of blades, blade area, pitch ratio etc. Based on these results and the
requirement of the boat, the parameters were selected to obtain the suitable propeller
design (Johnson, 2011a).

Table 3.1: Outboard Marine Propeller Specification (Johnson, 2011a)

Propeller components Dimensions
Propeller diameter 0.304 m
Hub diameter 0.08 m
Hub length 0.15 m
Number of Blades 3
Blade thikness 0.005 m
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(a) 2D-Propeller Hub (b) 3D- Outboard Propeller Hub

(c) 2D-Propeller Blade (d) 3D-Propeller Blade Twisted and Bent
Figure 3.1: Model of Outboard Marine Propeller Development

31



(a) (b)

(c)
Figure 3.2: Assembly of Outboard Marine Propeller with (a) Three blades (b)
Four blades and (c) Five blades

The geometry of outboard propeller model shown in Figures 3.2 (a) to 3.2 (c) was
modified by adding one and two blades but the surface (AE) was maintained constant
as shown in the Equation 3.1. These modifications followed also the chord law in
Equation 3.2 found in the work of Carlton (Carlton John, 2012).

AE = Z
∫ Rp

Rh

Crdr = Z∗
∫ Rp

Rh

C∗r dr (3.1)

C∗r =Cr
Z
Z∗

(3.2)

After achieving the design model, the three-dimensional outboard propeller assembly
was exported from SolidWorks 2017, with Initial Graphics Exchange Specification
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(IGES) file extension, to STAR-CCM+ 9.06 for the simulation and analysis. Since the
main area of interest was to ascertain the open water propeller performance character-
istics of the outboard engine; the number of the blade, rotation speed and the pitch to
diameter ratio were treated as variable parameters in the setup. However, water density
particle and viscosity were treated as constant elements.

3.3 Set Up Parameters

In this study, before starting to calculate the open water propeller performance char-
acteristics, the setup of all the parameters that are necessary for the simulation were
established. The main stages consisted of computational domain set up, mesh genera-
tion and flow simulation.

3.3.1 Computational Domain Set Up

Flow features such as the velocities and energy dissipation, the pressure distributions,
the turbulent kinetic energy, and vortex can be shown in the hydrodynamic analysis. In
this work, Star-CCM+ version 9.06 with system requirements of Processor 2.4 GHz
CPU with at least 4 cores per CPU was used for the flow simulation. Flow around the
propeller blades was modeled as turbulent. The physical parameters were selected to
facilitate accurately simulation of the physical model. In order to obtain approximate
solutions in the turbulent flow, Reynolds-averaged Navier–Stokes equations 3.13 were
used by averaging the physical parameters in the governing equation for a relatively
long period of time to solve the time-averaged solutions in the turbulence model (Nath,
2012; Chittaranjan Kumar Reddy, 2015).

A computational domain is the surface plane surrounding a closed region around the
marine propeller that used to simulate the CFD problem. Based on the conventional
domains geometry found in Star-CCM+ 9.06 (Hai-Long et al., 2016), a computational
domain was developed. Figure 3.3 shows the computational domain adopted for the
RANS solver. The domain was composed of two cylindrical regions; a rotating region
(small inner cylinder) containing the propeller and a static region (big cylinder) for the
rest of the domain. The size of the domain determines how much volume surrounding
the object of interest shall be included in the computation. Disregarding the compu-
tational time and computer power, increasing the domain will never result in a less
accurate result. On the contrary, decreasing it, however, caused fatal errors due to re-
flections, and also impacted on the flow with a reversed flow. For this setup, a domain
large enough was needed to avoid errors before a convergence test revealed the exact
size needed (Omweri et al., 2017; Yao & Zhang, 2018).
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Figure 3.3: Computational Domain within STAR-CCM+

The main dimensions of the computational domain were measured based on the pro-
peller diameter as shown in Figure 3.4. The rotating domain was 1.2D in diameter
and 0.5D in length and the static domain of 6D in diameter and 7.5D in length. In the
axial direction, the distance of the propeller centre from the inlet and outlet of the com-
putational domain was 2.25D and 5.25D respectively. Naturally, due to shear forces
between the fluid layers, it resulted in reversed flow in the "border zone" between the
slipstream and the outer domain. When the reversed flow was detected at the domain
Outlet, the solver returned a default warning message, since such reversed fluxes were
against the very concept of the "pressure outlet" boundary condition. This was one
reason why the Outlet boundary was placed so far away from propeller. For steady
simulation, the propeller rotation motion was imposed on a rotating region around the
propeller by means of rotating reference frame motion. The rest of the domain was set
to be stationary as the fixed motion was applied.
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Figure 3.4: Computational Domain Dimensions within STAR-CCM+

3.3.2 Mesh Generation

Mesh generation is a discrete geometrical representation of computational water do-
main by dividing it into finite cells. Meshing begun by selecting the domain boundaries
(surfaces) which enclosed the computational water domain. A volume mesh was built
from the surface mesh consisting of three-dimensional elements called cells. The den-
sity of faces on a domain boundary (i.e. the size of every face and the distributions)
depended on the boundary type, and affected the CFD results. There are different kinds
of cell types to be selected from modern CFD codes, such as tetrahedral, hexahedral,
pyramid, prism/wedge (Trimmer) and polyhedral. Trimmer mesh was selected for this
work due to its accurate results compared to other (Califano & Steen, 2011; Omweri et
al., 2017). The required computational efforts such as time for mesh generation, mem-
ory and time consumption during numerical solution were compared for the different
cells. Complexity of numerical solution algorithm and convergence speed when using
trimmer meshes were significantly lesser than the other cells during simulation.

3.3.3 Mesh Model Selection

STAR-CCM+ provides several meshing strategies that are suitable for different appli-
cations such as structured and unstructured strategies for generating volume mesh. Due
to complexity of the outboard propeller geometry, it was difficult to generate structured
mesh. Therefore, unstructured strategy was used. This strategy has different mesh
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models including trimmer, polyhedral and tetrahedral in STAR-CCM+ as shown in
Appendix B.

According to CD-Adapco (CD-Adapco, 2016) the trimmed and polyhedral cell type
meshes produces more accurate solutions when compared to a tetrahedral mesh. Trim-
mer and polyhedral were compared in this simulation and the results are discussed
in Section 4.2.1. In contrast with the polyhedral and tetrahedral models, the trimmer
model was not directly dependent on the surface quality of the starting surface and as
such was more likely to produce a good quality mesh for most situation. In order to
improve the overall quality of an existing surface and optimize it for the volume mesh
models, two different kinds of mesh models were selected, that is surface remesher and
prism layer mesher. The surface remesher was used to repair the incomplete boundary
intersection and creation of periodic interfaces, or to re-triangulate the surface. Surface
remeshing on the blade was entirely guided by the values of minimum surface size and
target size set up for blade, edges and tip boundaries as shown in Table 3.2. Both target
size and minimum size for the blade surface were set up to the same desired value and
surface remesher used to do mesh refinement along the blade edges as shown in Table
3.3. Figure 3.5 shows typical mesh generated for outboard propeller using trimmer
meshes model. To refine sharp corners and edges of the propeller geometry, and to
improve the resolution of flow features, volumetric refinements were applied to the
mesh.

This was accomplished by application of volumetric controls (two cylinders and cones)
as shown in Figure 3.5 (a) where isotropic refinement method was adopted. Since
minor surface flows might still occur at the intersection of the blade with periodic
boundaries, the prism layer mesher was used to better resolve flow features near the
surface and maintain the first cell height of the solid surface to acceptable margin. This
was done in terms of Y+ factor which is a local Reynolds number ranging from 30 to
500. This Y+ factor was used to indicate the near-wall treatment characteristic. The
mesher projected the core mesh back to the wall boundaries to create prismatic cells.
In this study, base size of meshes (9 mm, 15 mm and 20 mm) were also tested to
investigate its influence on propeller performance. Since the mesh quality is the main
factor for results precision, the finest meshes provide the accurate results as shown in
the table3.4. Therefore, the lowest base size was used for all simulations.
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Table 3.2: General Mesh Reference Values

Properties Values Unit
Base Size 0.009 m

Automatic surface repair Minimum proximity 0.05 _
Minimum quality 0.01 _

Number of prism layers 4 _
Prism layer stretching 1.5 _
Prism layer thickness 0.001445 _

Surface size Relative minimum size 0.5 Percentage of base
Relative target size 100 Percentage of base

Table 3.3: Boundaries Mesh Customize Setup
Boundaries Customize Customize Relative Relative

surface size prism mesh minimum size target size
(% of base) (% of base)

Rotating Region Blades Activated Use default values 4.0 7.5
Edges Activated Use default values 4.0 7.5
Hub Activated Use default values 5.0 15.0
Interfaces Not activated specify custom value 40.0 40.0

Static Region Inlet Activated Use default values 25.0 800.0
Outlet Activated Use default values 25.0 800.0
Farfield Activated Use default values 25.0 800.0
Interfaces Not activated specify custom value 40.0 40.0
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Table 3.4: Different Mesh Results for Three Mesh Sizes

Base Size of mesh [m] 0.009 0.015 0.02
Volume mesh representations Cells 3505042 1268403 725095

Interior faces 9694355 3530619 2011087
Vertices 633752 210862 130888

(a) (b)
Figure 3.5: Mesh Generated for the RANS Solver (a) Meshes Along the Domain
Parts and (b) View of Propeller Model Meshes

3.4 Simulation Study

A geometrical parametric analysis was applied for a different range of number of
blades, pitch-to-diameter ratio and rotational speed. The analysis was done for the
number of blades between 3-5, within a range of one blade as studied in Ekinci et
al.(Ekinci, 2010) experiment. This was to investigate the underlying open water pro-
peller performance characteristics in the experiment on a conventional DTMB4148-
propeller. The parameters were simulated to investigate the effect of blade number on
propeller performance. The optimum propeller is recommended to be in the range of
two to six blades to reduce the resonance as highlighted by John (John, 2012). The ef-
ficiency decreased as number of blades increased from three to five which is associated
with the high resonance at high advance coefficient.

A range of rotational speed were also simulated to study the effect of rotational speed
on propeller performance. The rotational speed of propeller can highly influence per-
formance of the outboard engine. A rotational speed ranging (900-2100 rpm) with an
interval of 300 rpm was studied to characterize propeller performance. This range was
simalar to what was used by Mashud et al. (Mashud, 2002).
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The effects of pitch-to-diameter ratio on propeller performance were also investigated.
The pitch effectively converts torque of the propeller shaft to thrust by deflecting or
accelerating the water behind as stated by Newton’s Second Law of motion (Carlton
John, 2012). The pitch-to-diameter ratio was simulated ranging (0.6-1.6) with an inter-
val of 0.2 because the ratio of pitch to diameter, usually falls between 0.5 and 2.5 with
an optimal value for most vessels closer to 0.6 to 1.8 (MAN Diesel & Turbo, 2011).
This was to evaluate the effects of pitch-to-diameter on open water propeller perfor-
mance while rotational speed and number of blades were kept constant as studied in
Gawn series (M.Faltinsen, 2006) experiment.

3.5 Flow Simulation

3.5.1 Flow Governing Equations

The dynamics of fluid flow is represented by the fundamental laws of physics stating
the continuity equation or conservation of mass, momentum, and energy. It is impor-
tant to note that energy equation is not considered in the marine computational fluid
dynamic since the water temperature was taken to be constant.
In this study, a numerical solution for Reynolds-Averaged Navier-Stokes (RANS) Equa-
tion was used for solving fluid flow motion using CFD code, STAR-CCM+. This code
uses finite volume method to solve the transport equations (Continuity and momentum)
(Salvatore et al., 2011). RANS was obtained by applying Reynolds time-averaging to
the incompressible form of the navier-Stokes equations to describe the time variation
of mean flow quantities. The equations 3.4, 3.9 and 3.13 present the continuity, mo-
mentum and RANS equations respectively. Therefore, the general equation of the
three-dimensional incompressible (RANS) Equation was used to simulate the perfor-
mance of the outboard marine propeller(Nath, 2012; Kajishima & Taira, 2017).

1. Continuity equation: is a scalar equation reflecting the conservation of mass
for a moving fluid. This was expressed in the form shown in Equation 3.3.

∂ρ

∂ t
+

∂ (ρu)
∂x

+
∂ (ρv)

∂y
+

∂ (ρw)
∂ z

= 0 (3.3)

For the majority of applications in the marine CFD simulation, when the incom-
pressible isothermal flow is applied, the continuity equation becomes;

∂ (u)
∂x

+
∂ (v)
∂y

+
∂ (w)

∂ z
= 0 (3.4)
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where ρ is the fluid density and u, v and w are the flow velocity in X, Y and
Z-direction, respectively.

2. Momentum Equation: According to the Newton’s second law of motion, the
momentum equation of the moving fluid element in x, y, and z-direction was
expressed as shown in Equations 3.5 to 3.7;

• X-direction:

ρ
Du
Dt

=−∂ p
∂x

+
∂τxx

∂x
+

∂τyx

∂y
+

∂τzx

∂ z
+ρ fx (3.5)

• Y-direction:

ρ
Dv
Dt

=−∂ p
∂y

+
∂τxy

∂x
+

∂τyy

∂y
+

∂τzy

∂ z
+ρ fy (3.6)

• Z-direction:

ρ
Dw
Dt

=−∂ p
∂ z

+
∂τxz

∂x
+

∂τyz

∂y
+

∂τzz

∂ z
+ρ fz (3.7)

Relating the viscous stress in the momentum equation to the rate of linear de-
formations of the fluid element, the isotropic Newtonian fluids was expressed
through the velocity components as follows;

τxx = 2µ
∂u
∂x
− 2

3
µ∇u,τyy = 2µ

∂v
∂y
− 2

3
µ∇u,and τzz = 2µ

∂w
∂ z
− 2

3
µ∇u;

τxy = τyx = µ

[
∂v
∂x

+
∂u
∂y

]
,τxz = τzx = µ

[
∂u
∂ z

+
∂w
∂x

]
,τyz = τzy = µ

[
∂w
∂y

+
∂v
∂ z

]
(3.8)

Substituting Equation 3.8 into Equations of the momentum equations in X, Y,
and Z directions. The equations appeared in the form Equations 3.9 to 3.11;

• X-direction:

ρ
Du
Dt

=−∂ p
∂x

+
∂

∂x
µ

(
2

∂u
∂x
− 2

3
∇u
)
+

∂

∂y

[
µ

(
∂v
∂x

+
∂u
∂y

)]
+

∂

∂ z

[
µ

(
∂u
∂ z

+
∂w
∂x

)]
+ρ fx

(3.9)
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• Y-direction:

ρ
Dv
Dt

=−∂ p
∂y

+
∂

∂x

[
µ

(
∂v
∂x

+
∂u
∂y

)]
+

∂

∂y
µ

(
2

∂v
∂y
− 2

3
∇u
)
+

∂

∂ z

[
µ

(
∂u
∂ z

+
∂w
∂x

)]
+ρ fy

(3.10)

• Z-direction:

ρ
Dw
Dt

=−∂ p
∂ z

+
∂

∂x

[
µ

(
∂u
∂ z

+
∂w
∂x

)]
+

∂

∂y

[
µ

(
∂w
∂y

+
∂v
∂ z

)]
+

∂

∂ z
µ

(
2

∂w
∂ z
− 2

3
∇u
)
+ρ fz

(3.11)

In the honor of the two men namely the Frenchman M. Navier and Englishman
G.Stokes in 19th century, the above scalar equations were obtained and so called
Navier-Stokes Equations (Kajishima & Taira, 2017).
where, D

Dt =
∂

∂ t +u ∂

∂x +v ∂

∂y +w ∂

∂ z is the substantial derivative,∇u= ∂u
∂x +

∂v
∂y +

∂w
∂ z

is the convective derivative, µ is the dynamic viscosity, p is the static pressure,
fx, fy and fz are the mass forces and ρ is the fluid density.

3. Reynolds-Averaged Navier-Stokes (RANS) Equation

In this work, the flow governing equation was provided by Reynolds-Average-Navier
Stokes (RANS) Equations. Applying Reynolds time-averaging to the incompressible
form of the navier-stokes equations given in the Equation 3.9 led to the Reynolds Av-
eraged Navier-Stokes (RANS) equations 3.13 describing the time variation of mean
flow quantities. The assumption made to simplified the navier stokes equations are
that;

1. Temperature and energy are usually not taken account. This means that for ma-
rine problem, energy conservation equation is not used.

2. Flow is incompressible and steady

3. Viscosity is constant

4. Fluid flows are turbulent

5. The components of flow velocity and pressure are represented of their mean
values and turbulent fluctuations as shown in the Equation 3.12.
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U = ū+u′, V = v̄+ v′, W = w̄+w′, and P = p̄+ p′ (3.12)

where; U,V,andW are the momentary velocity components,ū, v̄,and w̄ are the velocity
time-averaged value or mean value and u′,v′,and w′ are the fluctuating velocities. The
time-averaged values of the fluctuating values were defined to be variables and the
mean value of the velocities were taken as constant. Hence, the Equations 3.9 to 3.11
become;

• x-components:

ρ

[
∂ ū
∂ t

+ ū
∂ ū
∂x

+ v̄
∂ ū
∂y

+ w̄
∂ ū
∂ z

]
=−∂ p

∂x
+µ

∂ 2ū
∂x2 +µ

∂ 2ū
∂y2 +µ

∂ 2ū
∂ z2−

∂

∂x

(
ρu′u′+ρu′v′+ρu′w′

) (3.13)

• y-components:

ρ

[
∂ v̄
∂ t

+ ū
∂ v̄
∂x

+ v̄
∂ v̄
∂y

+ w̄
∂ v̄
∂ z

]
=−∂ p

∂x
+µ

∂ 2v̄
∂x2 +µ

∂ 2v̄
∂y2 +µ

∂ 2v̄
∂ z2−

∂

∂x

(
ρv′u′+ρv′v′+ρv′w′

) (3.14)

• z-components:

ρ

[
∂ w̄
∂ t

+ ū
∂ w̄
∂x

+ v̄
∂ w̄
∂y

+ w̄
∂ w̄
∂ z

]
=−∂ p

∂x
+µ

∂ 2w̄
∂x2 +µ

∂ 2w̄
∂y2 +µ

∂ 2w̄
∂ z2 −

∂

∂x

(
ρw′u′+ρw′v′+ρw′w′

) (3.15)

where; ρ ū′ū′, ρ ū′v̄′,and ρ ū′w̄′ etc.. are Reynolds stresses that arise from the turbulent
nature of the flow. Different methods can be chosen in CFD program to solve the gov-
erning equations. Among them are, discretization methods such as finite difference,
finite element and finite volume methods. These methods use turbulence model like
algorithm pressure based solvers (segregated or coupled algorithm) in their solution
procedure. In this work, finite volume methods and segregated flow solver were used.
Finite volume methods is a discretization methods used for the approximation of the
surface and volume integrals that represent different terms of the equations governing
transport of solution variables. Numerically, this approximation allows to convert a
general scalar transport equation to an algebraic equation that can be solved at one
time. The segregated flow solver was used to control the velocity and pressure solver.
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The pressure solver solved the discrete equation for pressure correction to update the
pressure field while the velocity solver solved the discrete momentum equation to ob-
tain the velocity field.

3.5.2 Boundary Conditions

In the beginning of simulation, the solution was prepared for the entire computation
domain. Computation domain was also restricted to different types of boundaries such
as inlet, outlet, far field, and interfaces as shown in Figure 3.6. The inlet boundary
was treated as a velocity inlet and calculated as shown in Table 3.5, whereas a pressure
outlet condition was adopted for the outlet boundary and a symmetry plane condition
for the far field.

Figure 3.6: Boundaries Condition within Star CCM+9.06

The simulation domain was also initialized by supplying the values of velocity com-
ponents and turbulence characteristics. It follows that for the flow equations to be
solved, each cell has to be initialized by setting up preliminary solution data to the
primary variables associated with the model at the time step zero (t = 0). For the inlet
boundary, the velocity needed to be input into the pre-processor. In the propeller model
simulation with an advance ratio (J), the advance velocity of propulsor was computed
from Equation 2.5, and the propeller velocity is given as;

Va = NDJ (3.16)
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where, Va is the propeller speed advance, N is the rotational speed, D is the propeller
diameter, and J is the advance coefficient. In addition for the outlet boundary, the static
pressure was set to zero corresponding to the atmospheric pressure. In this work, only
the conditions with advance ratio (J= 0.1, 0.3, 0.5, 0.7, 0.9, 1.1, 1.3) were simulated
following the trends found on the Open Propeller Performance Characteristics Curves
(M.Faltinsen, 2006). The propeller revolution (N) was set to 900 rpm and changed to
the desired study. Hence, the velocities of propeller under different advance ratio are
summarized in the Table 3.5.

Table 3.5: ]
Propeller Velocity Component in [m/s]

Advance ratios (J) 0.1 0.3 0.5 0.7 0.9 1.1 1.3
Propeller velocities (Va) 0.455 1.364 2.273 3.182 4.091 5.0 5.91

3.5.3 Physical Models Selection

The following physical models were selected to investigate the fluid flow field and
open water propeller performance of the outboard propeller:
Three dimensional → Steady → Liquid → segregated flow → Constant density →
Turbulent→ K-ω turbulence→ Gradients→ Turbulence Suppression→ Cell quality-
Remediation → All Y+ wall treatment. All these were selected as shown in Table
3.6. In the Table 3.6, the Reynolds-Averaged Navier-Stokes (RANS) was selected.

Table 3.6: Physical Models Selection in STAR-CCM+
Selected Models
Three Dimensional
Steady flow
Liquid (Water)
Constant density (998.67 Kg/m3)
Constant viscosity(0.001068 Pa-s)
Turbulent flow
Reynolds-Averaged-Navier-Stokes (RANS)
K-ω turbulence
SST(Menter) K-ω
Segregate flow algorithm
All Y+ wall treatment
Gradients
Turbulence Suppression
Cell quality-Remediation

The turbulence phenomena was captured when selecting the turbulent flow. Turbulent
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flow is the flow in which separate layers of fluid flow are mixed. It is characterized
by the local Reynolds number greater than 4000. It is also called the chaotic vertical
flow. In this study, in order to simplify the equations, the fluid was assumed to be
at 100% turbulent flow. This resulted in the presentation of the components of the
flow velocity as a superposition of their mean values and turbulent fluctuations. The
Reynolds number is determined by the Equation in Appendix A.8 derived by Techet et
al. (A.H.Techet, 2004).

Rn =
ρND2

µ
(3.17)

The All Y+ wall treatment was selected to solve the near-wall problem because it
contains both high and low y+conditions. Y+ is similar to the local Reynolds num-
ber.

Y+ =
y.Ut

ν
(3.18)

where, Ut is the friction velocity, ν is the kinematic viscosity and y is the distance be-
tween the cell centroid and wall boundary. For the normal simulation, the y+ number
should be in range 30-500 so that can keep the result accurate (CD-Adapco, 2016).

In STAR-CCM+, the primary function of the space models is to provide methods for
computing and accessing mesh metrics. Due to the relevance of the spatial directions
in this work, the three-dimensional model was selected to work on three-dimensional
meshes. To control the iteration stepping, the steady model was used for all steady-state
calculations. This means that only spatial derivatives are discretized. In steady state
calculations, the arbitrary states are integrated to the asymptotic solution in any man-
ner to get a least amount of computational work. The fluid flow properties like density,
viscosity were defined as constant for this simulation. In CFD, since the governing
equation are non-linear and coupled, the solution loop must be carried out iteratively
in order to obtain a converged numerical solution. The segregated flow was chosen
in this study as a solution algorithm to solve the governing equations sequentially be-
cause it has ability to handle one equation at one time. In the segregated algorithm,
the individual governing equations for the solution variables are solved step by step.
Each governing equation, while being solved, is "decoupled" or "segregated" from
other equations, hence its name. The segregated algorithm saved the computer mem-
ory, since the discretized equations need only be stored in the memory one at a time.
However, the solution convergence was relatively slow, in as much as the equations
were solved in a decoupled manner.
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3.5.4 Turbulent Models

In this study, in order to simplify the equations, the fluid was assumed to be at 100%
turbulent flow. The turbulence phenomena was captured when selecting the SST (Shear
Stress Transport) k-ω turbulence model for turbulence closure. The turbulent closure
were modeled by turbulence model, semi-empirical using experimental and statistical
data. The RANS method resolved only the vortices of the largest scale comparable with
the size of flow domain. There was a closure problem in the RANS equation because of
the non-linear term Reynolds stress. The turbulent dynamic viscosity coefficient (µt)
was therefore introduced into the RANS equation to close equation as shown in the
user-guidance of STAR-CCM+ (CD-Adapco, 2016). The turbulence model is required
to be constructed based on the required number of differential equation determined by
µt . The turbulence models are usually built by the zero-equation model, one-equation
model (Spalart-Allmaras model) and two-equation model (k-ε , k-ω model) (Menter,
1994). K-ε and k-ω models were tried in this study and the results obtained using k-ω
models were accurate and convergent compared to k-ε models.

The SST (Shear Stress Transport) k-ω turbulence model was chosen for turbulence
closure. It was also selected to deal with the strong free stream sensitivity of the
k-ω turbulence model. The k-ω turbulence models represent a group of two-equation
turbulence models in which the transport equation were solved for the turbulent kinetic
energy (k) and its specific dissipation rate (ω) as shown in the Equation 3.19 and 3.21,
respectively.

It is currently one of the most widely used turbulence models for a marine machinery
applications. The advantages of this model were seen in its ability to handle simulta-
neously lower-Reynolds number and higher-Reynolds number zones in the flow, and
to predict more accurately non-equilibrium regions in the boundary layer with adverse
pressure gradients such as observed when separation occurs. The above considera-
tions were important when modeling full and model scale propellers operating at heavy
loading(CD-Adapco, 2016; Menter, 1994).

• Turbulence Kinetic Energy (k):

∂k
∂ t

+U j
∂k
∂x j

= τi j
∂ui

∂x j
−β

∗kω +
∂

∂x j
[(υ +σ

∗ k
ω
)

∂k
∂x j

] (3.19)

• Specific Dissipation rate (ω):
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∂ω

∂ t
+U j

∂ω

∂x j
= α

ω

k
τi j

∂ui

∂x j
−βω

2 +
σd

ω

∂k
∂x j

∂ω

∂x j
+

∂

∂x j
[(υ +σ

k
ω
)

∂ω

∂x j
] (3.20)

• Turbulent Eddy viscosity (υt):

υt =
k
ω̄

(3.21)

where,

ω̄ = max[ω,Clim

∂u
∂y√
β ∗ ]

α = 13
25 , β ∗ = 9

100 , σ = 1
2 , σ∗ = 3

5 .

3.6 Open Water Propeller Performance Characteristics

The main variable under investigation within STAR-CCM+ was the change in pro-
peller performance which depends on the thrust, torque, and efficiency. These were
set up and determined by non-dimensional quantities through propeller performance,
which are, thrust coefficient(KT ), torque coefficient (KQ), and open propeller efficiency(ηo)
and plotted with respect to the advance coefficient (J). The expressions for KT ,KQ, ηo

and J are given in Equations 3.22 to 3.25 as shown in (A.H.Techet, 2004) and its
derivation is also shown in Appendix A.

• Thrust coefficient (KT ):

KT =
T

ρN2D4 (3.22)

• Torque coefficient (KQ):

KQ =
Q

ρN2D5 (3.23)

• Advance coefficient (J):

J =
Va

ND
(3.24)

• Open water efficiency (η0):

ηo =
KT

KQ
.

J
2π

(3.25)

where, T is the thrust, Q is the torque, D is the diameter, N is the rate of rotation, ρ

is the density of the fluid, g is the acceleration due to gravitation and Va is advanced
Speed of rotating body or propeller speed.
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The advance coefficients (J) ranging from 0.1 to 1.3 were used to study the propeller
performance and the propeller revolution was set up to 900 rpm and then changed when
studying the rotational speed effect. According to the moving reference frame the
simulation was performed for the steady-state case only. Numerical methods STAR-
CCM+ employs Moving Reference Frame (MRF) approach to perform simulation on
a rotating body. This method involves manipulating the equations of motion into the
rotating frame in different ways. MRF method involves rewriting the time-averaged,
steady-state form of the Navier-Stokes equations in a moving frame. Moreover, the
MRF is therefore an excellent approach to the prediction of propeller open water char-
acteristics and also its flexibility and low CPU demand made it widespread use in the
marine and turbo-machinery industry. In numerical flow setup, the propeller thrust
(T) was examined as a drag force on the propeller blades by integrating pressure and
viscous shear over the blades and hub surfaces while the propeller torque (Q) was mon-
itored as a moment resulting from pressure and viscous shear force over the blades and
hub surfaces.

3.7 Definition and Export of the Output Results

In this study, simulation utilized some basic post-processing instructions in STAR-
CCM+. A chart was used to extract the simulated data, which was exported to Mi-
crosoft Excel to generate the output data, then exported to OriginPro 9.1 for plotting
of graphs for analysis. In cases where the solution failed to converge, the finite vol-
ume mesh and the analysis iteration setup were modified, and the simulations were
repeated. Figure 3.7 shows a flowchart summarizing the simulation procedure.
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Figure 3.7: Flowchart for Propeller Performance Analysis in STAR-CCM+

3.8 Convergence Study

The convergence of the results was determined using two different approaches which
are the behavior of the key parameters (Torque and Thrust coefficient and open pro-
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peller efficiency) and the trend of residuals (CD-Adapco, 2016). Figures 3.8 (a) and
(b) show the convergence for steady simulations controlled by residuals and the values
of torque coefficient (KQ) and thrust coefficient (KT ) for the iteration step up to 3000.
The values illustrated on the residual curves were the solution of the RANS equations
and turbulence models equations. Shown in Figure 3.8(a) is the plots for convergence
of 6 values: one continuity equation; three momentum convergence equations in X, Y,
Z directions; Tke and Sdr equations (for SST k-ω) as well as propeller performance
characteristics of torque and thrust coefficients. In Figure 3.8 (a), the large oscillations
were observed during the first iterations up to 1800 iterations, after which the results
became stable and converged to the final solution with small variations. Convergence
occurred when the residuals curves crossed the error at 0.1 as seen in Figure 3.8. It
is noted that in Figure 3.8 (a) that three momentum convergence equations in X, Y, Z
components stabilizes initially after 1400 iterations, one continuity and Tke equations
stabilizes initially after 1200 iterations and Sdr equation stabilizes after 1000 iterations.
In Figure 3.8(b) both torque and thrust coefficients stabilizes before 1000 iterations and
stabilizes after 1600 iterations. The simulations took up to an average of 72 hours for
the solution to converge.
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(a) Residuals Plot for Steady Simulation at J=0.1

(b) 10KQ, and KT Plot for Steady Simulation at J=0.1
Figure 3.8: Convergence Study for Steady Simulation at J=0.1
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CHAPTER FOUR
RESULTS AND DISCUSSION

4.1 Introduction

This chapter presents the results obtained from modeling the behavior of outboard
engine propeller using CFD. The influence of blade number, pitch to diameter ratio and
rotational speed on propeller performance are also discussed and presented. Simulation
results were compared to existing data obtained from literature. The fluid flow fields
(velocity and pressure flow field around the propeller blade) were also studied. A
mobile workstation with 16 GB RAM, Dual Core - 2.7 GHz CPU and 500 GB HDD
and 258 GB SCD was used. Each of the simulations took up to an average of 72 hours
for the solution to converge.

4.2 Effect of Meshes on Marine Propeller Performance

The investigated mesh types were trimmer and polyhedral. The effect of base sizes of
the trimmer mesh were also studied.

4.2.1 Effect of Types of Meshes

In this section, the comparison of the results for the trimmer (prismatic) mesh and a
polyhedral mesh with respect to open water propeller performance is presented. The
Figure 4.1 shows results of open water propeller performance based on trimmer and
polyhedral mesh types. In Figure 4.1 (a) and 4.1 (b), the highest thrust and torque coef-
ficient of 17.6% and 4.7% respectively were observed at the lowest advance coefficient
(J) of 0.1 and reduced to 1.8 % and 0.18% respectively at high advance coefficient (J)
of 1.3 for trimmer mesh. Also the highest thrust and torque coefficient of 7.3% and
1.5% respectively were obtained at the lowest advance coefficient (J) of 0.1 and re-
duced to -2.4% and 0.017% respectively at high advance coefficient (J) of 1.3 for
polyhedral mesh. These was attributed to the required high load for propeller to start
(H. Kutty & Rajendran, 2017).
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(a) Torque Coefficient (b) Thrust Coefficient

(c) Efficiency
Figure 4.1: Performance Comparison of Mesh Types

In Figure 4.1 (c) each type of mesh had a maximum (peak) efficiency with respect
to advance coefficient. It was observed from the Figure 4.1 (c) that in the range of
low-speed boats i.e, (J=0.1, 0.3, 0.5, 0.7 and 0.9), the polyhedral meshes had high
peak efficiency of 39.6% compared to trimmer meshes. The trimmer mesh had the
maximum efficiency of 35.7% at J= 0.7. It was also found that in the range of J=1.1
and 1.3, trimmer mesh had the peak efficiency of 41%. These observations are in
agreement with the findings of Hai-long et al. (Hai-Long et al., 2016) who investi-
gated the scale effects for rudder bulb and rudder thrust fin on propulsive efficiency
based on computational fluid dynamics and Kutty et al. (H. Kutty & Rajendran, 2017)
in the investigation of small scale propeller performance. Therefore, Trimmer mesh
was selected to investigate the propeller performance improvement of high-speed boat
running on an outboard engine, since it had a better convergence than the polyhedral
meshes.

53



4.2.2 Effect of Base Sizes of Trimmer Mesh

After selecting trimmer mesh, this study investigated the effect of base size of 9 mm, 15
mm and 20 mm to get the proper mesh setups in STAR-CCM+. Figure 4.2 shows the
propeller performance characteristic under difference mesh size. In Figure 4.2(a), the
highest torque coefficient increased by 0.004% as base sizes increased at the advance
coefficient (J) of 0.1. In Figure 4.2(b), the highest thrust coefficient reduced by 0.3%
with base size at the advance coefficient (J) of 0.1. It was also observed that the peak
efficiency was 69% at base size of 9 mm.

(a) Torque Coefficient (10KQ) (b) Thrust Coefficient (KT )

(c) Open water efficiency (η0)
Figure 4.2: Performance Comparison of Base Sizes for J= 0.1 to 1.3

In Figure 4.2(c), efficiency η0 decreased by 5.8% with base size at the advance coef-
ficient (J) of 1.1. This was attributed to numerical set up and solver selections. This
agreed with the results of numerical simulation of the flow around marine propeller
series done by Boucetta et al. (Boucetta & Imine, 2016). The simulation results show
little difference on the open water characteristics as shown in Figure 4.2. There is only
a marginal difference between the results for a specific advance coefficient (J) as stated
above. However, the required time of the simulation for the case with the base size of 9
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mm, 15 mm and 20 mm was about 72, 60 and 40 hours, respectively. This observation
agrees with the findings of Zhao (Zhao Yaning, 2015) who studied the scale effects on
propellers with different magnitude of skew by CFD Methods. Similar agreement was
observed in the work of Boucetta et al. (Boucetta & Imine, 2016). It is important to
conclude that the fined mesh gives more reliable results compared to the two others.
Therefore, the base size of 9 mm was applied to all the simulations.

4.3 Effect of Geometrical Parameters on Marine Propeller Performance

4.3.1 Effect of Number of Blades

The open water characteristics of propellers (thrust coefficient, torque coefficient and
efficiency) with different advance coefficients (J= 0.1, 0.3, 0.5, 0.7, 0.9, 1.1, and 1.3)
were obtained. Figure 4.3 shows the propeller performance characteristics (thrust co-
efficient, torque coefficient and efficiency). Using the linear regression from Excel

(a) Torque Coefficient (b) Thrust Coefficient

(c) Efficiency
Figure 4.3: Performance Comparison of Blade Numbers for J=0.1 to 1.3
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spreadsheet, it was found that the torque coefficient decreased by 76%, 72% and 66%
as the number of blades decreased from five to three blades, respectively. This can be
attributed to the frictional component and sensitivity of viscous stresses exerted on the
propeller blades. Similar agreement was reported in the results of Baquero et al. (A.
Baquero and A.Haimov, 1999) in experimental validation of marine propeller perfor-
mance. It was also observed that thrust coefficient decreased by 71%, 65% and 57%
for propeller with five, four and three blades, respectively. It is due to propeller parts
geometry such as rotational speed and propeller diameter. This agrees with the find-
ings made by Mashud et al. (Mashud, 2002) who investigated the effect of geometrical
parameters on open water propeller performance.

Figure 4.3 (c) shows the propeller efficiency behavior with the advance coefficient.
The maximum propeller efficiencies of 64.9%, 65.9% and 70.8% were observed for the
propeller with five, four and three blades, respectively. This was observed at advance
coefficient (J) of 0.9. The results showed that a decrease in blade number increased
the propeller efficiency by 6%. This could be attributed to numerical set up and solver
selections. This agreed with the experimental data of marine propeller performance
presented by Baquero et al. (A. Baquero and A.Haimov, 1999) but disagreed with
numerical results found by Boucetta et al. (Boucetta & Imine, 2016) while optimizing
the marine propeller based on number of blades, skew magnitude, and blade thickness.
He found an efficiency of 60% and 58% for the propeller with four and three blades
respectively. The discrepancy in results can be attributed to the computational code
and polyhedral grids used.

4.3.2 Effect of Rotational Speed

The effects rotational speed on open water performance of propellers were analyzed.
The performance characteristics of thrust coefficient and torque coefficient with differ-
ent rotational speed of 900, 1200, 1500, 1800, and 2100 rpm were presented. Figure
4.4 shows the variation of propeller performance characteristics with varying rotational
speed. The minimum torque and thrust coefficient reduction of 66% and 57% respec-
tively were found with rotational speed of 900 rpm as shown in Figure 4.4 (a) and
4.4 (b). This led to high propeller efficiency (71%). This was attributed to the fric-
tional component and sensitivities of viscous stresses exerted on the propeller blades
as rotational speed increased. According to Omweri et al. (Omweri et al., 2017),
the turbulent transition at the highest load (J from 0.7 to 1.3 ) results to difficulties
in numerical simulation. Mashud et al. (Mashud, 2002) also found that the increase

56



(a) Torque Coefficient (b) Thrust Coefficient

(c) Efficiency
Figure 4.4: Propeller Performance of Various RPM for J= 0.1 to 1.3

in rotational speed increased the horsepower which in turn reduced the propeller per-
formance characteristics. Figure 4.4 (c) shows the propeller efficiency behavior with
the advance coefficient. The maximum propeller efficiencies of 71%, 59.2%, 52%,
46% and 39.2% were observed for 900, 1200, 1500, 1800, and 2100 rpm, respectively.
This was observed at advance coefficient (J) of 1.1. Using linear regression, the re-
sults showed that an increase in rotational speed reduced the propeller efficiency by
8.1%. This could be attributed to the appropriate assumption that the flow around pro-
peller was fully turbulent. This agreed with the experimental data of marine propeller
performance presented by Mashud et al.(Mashud, 2002).

4.3.3 Effect of Pitch-to-Diameter Ratio (P/D)

Numerical simulation was performed to study the effect of the pitch-to-diameter ratio
(P/D) on the open water performance. Based on results from sections 4.3.1 and 4.3.2,
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three-blade propeller was rotated at 900rpm. P/D ratio range from 0.6 to 1.6 for a pro-
peller was studied. Figure 4.5 shows the propeller performance characteristics of thrust
coefficient, torque coefficient and efficiency for various pitch-to-diameter ratios.

(a) Thrust Coefficient (b) Torque Coefficient

(c) Efficiency
Figure 4.5: Propeller Performance Comparison for Different Values of P/D

In the Figure 4.5 (a), it was found that the thrust coefficient decreased by 94%, 90%,
80.6%, 70%, 60% and 55.8% for propeller with pitch-to diameter ratios of 0.6, 0.8, 1.0,
1.2, 1.4, 1.6 respectively. Figure 4.5 (b) shows the torque coefficient for CFD results.
The torque coefficient showed the largest values at P/D= 1.6 for all the advance ratios
while the values at P/D = 0.6 represents the smallest values. It was found that the
torque coefficient decreased by 67%, 77%, 84%, 89%, 94% and 98% for propeller
with pitch-to diameter ratios respectively. This could be attributed to the sensitivity of
viscous stresses exerted on the propeller blades.

In Figure 4.5 (c) the trend of results of the P/D ratio values were similar for all pitch-to-
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diameter ratio and the propeller efficiency profiles had different maximum efficiency
with respect to the advance coefficient (J) values. In the Figure 4.5 (c), the efficiency
increased by approximately 15% when the pitch-to-diameter ratio increased. It was
observed that the maximum efficiency of 73.3% with P/D of 1.6 at advance coefficient
of 1.5. This could be attributed to the appropriate assumption that the flow around
propeller was fully turbulent. The results showed a small difference of 1% compared to
the experimental results of Gawn series (M.Faltinsen, 2006) and Newton-Rader series
(Carlton John, 2012). This also strongly agreed with Wageningen-B series marine
propeller performance characterization made by M.Bernitsas et al. (M.Bernitsas, Ray,
1981). The same conclusion of increase in efficiency with P/D ratio was also made by
Young-Zehr Kehr (Kehr, 1994) while designing the new series propeller for high-speed
boats.

4.4 CFD Validation

This section presents the validation of the results obtained in this study. Figure 4.6
compares the results of this study with the experimental results done by Ekinci et al.
(Ekinci, 2010). The experiment was done on a conventional DTMB4148-propeller
with three blades at the following operating condition, rotational speed of 900rpm and
advance coefficient of 0.1 to 0.9. For the DTMB4148 propeller, the available data
showed the maximum efficiency of 57.8% took place at J= 0.7 after it declined up to
53.1% at J= 0.9. The numerical results also showed the maximum efficiency of 70%
which took place at J = 1.1 after it declines up to 53.9% at J= 1.3. At J= 0.7 the
maximum efficiency was 61.9%.

Figure 4.6: Comparison of Experimental and CFD Results For Propeller with
Blades
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The efficiency had a strong agreement with the experimental results. For the DTMB4148
propeller, the maximum efficiency of 57.8% was obtained at J= 0.7 while 61.9% was
obtained at the advance coefficient of 0.7 for simulation results. The numerical results
presented an increase of 7.1% as shown in Table 4.1. This could be attributed to the
selected fluid domain.

Table 4.1: Comparison of Experimental and CFD Results for Propeller with
Three Blades

Z J CFD Results Experimental Data % Difference
3 0.1 0.09433 0.07761 -2.1
3 0.3 0.33198 0.244028 -3.6
3 0.5 0.50271 0.50055 -4.3
3 0.7 0.61577 0.57811 -7.1
3 0.9 0.67772 0.53167 -2.3
3 1.1 0.68492 - -
3 1.3 0.53874 - -

Table 4.2 compares the obtained maximum open water efficiencies to the experimen-
tal results of Gawn-series (M.Faltinsen, 2006). The experiment investigated the effect
of P/D ratio on propeller performance with three blades. The results obtained from

Table 4.2: Comparison of Experimental and CFD Results for Different P/D

P/D J Experimental Data CFD Results % Difference
0.6 0.5 0.552 0.565 -2.35
0.8 0.7 0.62 0.652 -5.2
1 0.9 0.65 0.7 -7.7

1.2 1.1 0.651 0.712 -9.4
1.4 1.3 0.706 0.723 -2.3
1.6 1.5 0.74 0.732 1.081

simulation were in good agreement with experimental results. From the Table 4.2, the
highest error of 9.4% was obtained at P/D =1.2. The observed error could be attributed
to the mesh quality and selected fluid domain.

4.5 Flow Field Analysis on Outboard Propeller

This section presents a flow flied analysis around a marine propeller blade. Velocity
and pressure fields around propeller blade were presented following the direction of
the fluid flow. The inlet flow was located on the stern to the bow, facing surface (blade
front) which is known as pressure side when the boat is advancing forward, the back
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of blade is known as the suction side. The velocity and pressure distribution on the
propeller blade were also studied.

4.5.1 Velocity Flow Field Around the Blade

Figure 4.7 (a) shows the velocity field of a blade section at advance coefficients (J) of
0.1 and 1.3.

(a) (b)
Figure 4.7: Velocity Flow Fields for Advance coefficient (J) of (a) 0.1 and (b) 1.3

For lower advance coefficient (J) of 0.1 shown in Figure 4.7 (a), the water was moving
toward the propeller then it was accelerated by the propeller backward as seen near the
tip edge of blade. On suction side, velocity fields was symmetric while on pressure
side was disturbed.

Figure 4.7(b) shows the velocity field at an advance coefficient of 1.3, high velocity
was concentrated at the tip of blade because of the blade rotation. It was also ob-
served that the velocity fields increased by 3.4 m/s from the blade root to the blade
tip. The maximum velocity of 17.224 m/s was obtained at the tip at all advance coeffi-
cient condition. This was attributed to high loading near the propeller and momentum
conservation. This agreed with the findings of Husaini et al. (Husaini et al., 2004)
and Wan et al. (Wan, 2014) in propeller design, modeling simulation for an electrical
outboard.

4.5.2 Pressure Flow Field Around Blade Section

According to the principle of momentum conservation, when the velocity is high, the
pressure drops and vice versa (Johnson, 2011b) . As result, in Figure 4.8 the pressure
fields surrounding the blade were created between the pressure and suction sides of the
blade at advance coefficient (J) of 0.1 and 1.3, respectively.
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(a) (b)
Figure 4.8: Pressure Flow Fields for Advance coefficient (J) of (a) 0.1 and (b) 1.3

In Figure 4.8 (a) (J=0.1), the maximum pressure of 5544.0 Pa was obtained at the tip
of the blade of the suction side. The minimum pressure of -62365 Pa was observed at
the leading edge of the pressure side of the blade. This could be attributed to the small
cross-section that is normal to the flow. This has a good agreement with the findings
of Husaini et al. (Husaini et al., 2004) that the pressure increased from root to the tip
edge. Shown in Figure 4.8(b) (J=1.3), the maximum pressure of 7588 Pa was found
at the tip of the blade of the pressure side. The minimum pressure of -82575 Pa was
observed at the tip edge of the suction side. This could be attributed to high loading
of the blade near the hub. This agrees with the findings of Martin et al. (Martínez-
Calle, Julián González-Pérez & Balbona-Calvo, 2016) while analyzing an open water
numerical model for a marine propeller using RANS simulation. The other views are
shown in the Appendix B and C.
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CHAPTER FIVE
CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

In this study, an outboard marine propeller performance was modeled using computa-
tional fluid dynamics method. The effects of number of blade, pitch-to-diameter ratio
and rotational speed on an open water propeller performance were investigated. The
accuracy of numerical method used in simulation was also evaluated through a com-
parison of effeciency at different P/D ratios and blade numbers and rotational speed
against historical experimental investigations. Based on the outcome of this research,
the following conclusions were made:

(a) The decrease in number of the blades increased the propeller efficiency by almost
6%. The maximum efficiency of 70.8% was obtained for a propeller with three
blades. It was concluded that a propeller with three blade is suitable as the outboard
propulsion system of high-speed boat.

(b) The increase in P/D ratio has an effect on the propeller performance. It increased
the propeller efficiency by approximately 15%. The maximum efficiency of 73.3%
was obtained for a propeller blade with P/D of 1.6 at the advance coefficient (J) of
1.5. It was concluded that a pitch-to-diameter ratio of 1.6 is suitable in the design
of propeller for small high-speed boat running on an outboard engine.

(c) The increase in rotational speeds reduced the propeller thrust coefficient by 57%.
The maximum thrust coefficient of 84.8% was obtained for propeller with 900rpm.
It was concluded that a propeller with 900rpm is efficient for an outboard propul-
sion system of high-speed boat.

(d) The maximum velocity and pressure magnitude of 17.224 m/s and 7588 Pa were
obtained on the tip edge of propeller blades. At this point flow starts to move in
the reverse direction at lower advance coefficient hence different layers region are
formed. The layer changed from the pressure to suction side as the propeller loads
(advance coefficient) increased. This implies that there is reduction in velocity at
the suction side of a propeller blade than the pressure side. It was concluded that
the momentum was conserved.

5.2 Recommendations

From this study, the following recommendations were outlined for further study:
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(a) For simplicity of the simulation, the propeller performance was done in still water.
It is therefore recommended that further work should be done to investigate the
propeller performance in moving water.

(b) For high-speed boats, the rotational speed was studied to investigate its impacts on
open water characteristics. For further work the parameter affecting the propeller
blade cavitation should be investigated to reduce the propeller blade cavitation in
outboard propulsion system of high-speed boats.

(c) The effect of the number of blades and pitch to diameter ratio were only studied.
It is therefore recommended that for further work, a study should be carried out on
the effects of propeller blade specifications such as rake angle, skew angle, blade
thickness and blade area ratio in predicting the marine propeller performance.
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APPENDICES

Appendix A: Open Water Propeller Performance Characteristics

The forces and moments produced by the propeller are expressed based on non-dimensional
characteristics. These non-dimensional terms that captures the general performance
characteristics are established using dimensional analysis (Rawson & Tupper, 2010;
Chittaranjan Kumar Reddy, 2015). Thrust (T ) and Torque (Q) can be represented by
the following functions depending upon the physical quantities involved;

T = f1(ρ,D,Va,N,µ, po− e) (A.1)

Therefore, the thrust (T) can be assumed to be proportional to these values;

T = kρ
aDbV c

a Nd
µ

e(po− e) f (A.2)

where k is proportional coefficient, and a, b, c, d, e, f are the unknown indices. Since
the above equation must be dimensionally consistent, the parameters involved can be
replaced by equivalent dimensional terms as shown in Equation A.3

ML
T 2 = k(

M
L3 )

aLb(
L
T
)c(

1
T
)d(

M
LT

)e(
M

LT 2 )
f (A.3)

From the equation A.3; 
For M: 1=a+e+f

For L: 1= -3a+b+c-e-f
For T: -2= -c-d-e-2f

Hence, 
a=1-e-f

b=4-c-2e-f
d=2-c-e-2f

The equation A.2 becomes;

T = kρ
1−e− f D4−c−2e− fV c

a N2−c−e−2 f
µ

e(po− e) f (A.4)

From which;
T = ρN2D4(

Va

ND
)c(

µ

ρND2 )
e(

po− e
ρN2D

) f (A.5)
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These non-dimensional groups are known by the following;
Thrust coefficient,

KT =
T

ρN2D4 (A.6)

Advance coefficient,
J =

Va

ND
(A.7)

Reynolds number,

Rn =
ρND2

µ
(A.8)

Cavitation number,
σo =

po− e
1
2ρN2D2

(A.9)

when a marine propeller is working sufficiently and submerged deeply enough, the
open water characteristics depend upon advance coefficient (J), Reynolds number (Re),
and cavitation number (σ ). The derivation for propeller torque coefficient (KQ) is an
analogous problem to that of the thrust coefficient just discussed above. The same
dependencies in this case can be considered and hence the torque (Q) of the propeller
can be considered by writing it as a function of the following terms;

Q = f2(ρ,D,Va,N,µ, po− e). (A.10)

This can be written as;
Q = kρ

aDbV c
a Nd

µ
e(po− e) f (A.11)

And hence by equating indices the torque coefficient was reduced to;

Q = ρN2D5(
Va

ND
)c(

µ

ρND2 )
e(

po− e
ρN2D2 )

f (A.12)

Torque coefficient,

KQ =
Q

ρN2D5 (A.13)

The open water efficiency of the propeller is the ratio of useful power produced by
the propeller, the thrust horsepower (THP), to the input shaft power, the delivered
horsepower (DHP):

ηo =
T HP
DHP

=
TVa

2πNQ
=

KT ρN2D4Va

2πNKQρN2D5 =
KT

KQ
.

Va

2πND
=

KT

KQ
.

J
2π

(A.14)
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where,
D is the propeller diameter, N is the rotational speed, Va is the speed advance, ρ is the
density of the fluid, µ is the dynamic viscosity of the fluid and g is the gravity.

77



Appendix B: Mesh Models in STAR-CCM+
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Appendix C: Velocity Vector Field for Different Advance Coefficients

(a) J=0.1 (b) J=0.3

(c) J=0.5 (d) J= 0.7

(e) J=0.9 (f) J=1.1

(g) J=1.3
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Appendix D: Pressure Flow Field for Different Advance Coefficients

(h) J=0.1 (i) J=0.3

(j) J=0.5 (k) J= 0.7

(l) J=0.9 (m) J=1.1

(n) J=1.3

80


	DECLARATION
	DEDICATION
	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	LIST OF APPENDICES
	LIST OF ABBREVIATIONS
	LIST OF SYMBOLS
	ABSTRACT
	CHAPTER ONE
	INTRODUCTION
	Background
	Outboard Marine Propulsion System
	Problem Statement
	Objectives
	Justification
	Organization of the Thesis

	CHAPTER TWO
	LITERATURE REVIEW
	Overview
	Marine High-Speed Craft
	Marine Propeller System
	Propeller Selection Criteria 
	Geometrical Parts of Outboard Propeller
	Marine Propeller Materials

	Marine Propeller Performance Characteristics
	Open Water Propeller Characteristic

	Parameters that Affect the Marine Propeller Performance
	Effect of Pitch to Diameter Ratio (P/D)
	Effect of Number of Blades
	Effect of Propeller Rotational Speed

	Effect of Flow Field Around the Propeller Blade
	Propeller Performance Evaluation Methods 
	Experimental Methods
	Numerical Methods

	Summary of the Gaps in the Literature

	CHAPTER THREE
	METHODOLOGY
	Introduction
	Geometric Modeling
	Background
	Design Model Set Up

	Set Up Parameters
	Computational Domain Set Up
	Mesh Generation
	Mesh Model Selection

	Simulation Study
	Flow Simulation
	Flow Governing Equations
	Boundary Conditions
	Physical Models Selection
	Turbulent Models

	Open Water Propeller Performance Characteristics
	Definition and Export of the Output Results
	Convergence Study

	CHAPTER FOUR
	RESULTS AND DISCUSSION
	Introduction
	Effect of Meshes on Marine Propeller Performance
	Effect of Types of Meshes
	Effect of Base Sizes of Trimmer Mesh 

	Effect of Geometrical Parameters on Marine Propeller Performance
	Effect of Number of Blades
	Effect of Rotational Speed
	Effect of Pitch-to-Diameter Ratio (P/D)

	CFD Validation
	Flow Field Analysis on Outboard Propeller
	Velocity Flow Field Around the Blade
	Pressure Flow Field Around Blade Section


	CHAPTER FIVE
	CONCLUSIONS AND RECOMMENDATIONS
	Conclusions
	Recommendations

	References
	APPENDICES



