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Abstract

ABSTRACT

Over the past few years, Dynamic Positioning (DP) sy have seen i g

use in the offshore oil and gas industry. As operations move into more hostile and deeper

waters, the need for DP sy has b almost datory. Thrusters working at low

advance ratios are employed in a wide range of offshore and marine applications on
Floating, Production, Storage and Offloading (FPSO) systems, shuttle tankers, tug boats,
and mobile offshore units. Therefore, an understanding of the flow around a DP thruster
is of great practical interest.

Despite this interest, there is lack of knowledge on the description of the
hydrodynamic characteristics of a DP thruster’s wake under varied operating conditions
and regarding a description of the effects of the current wash produced from DP thrusters
when they are in operation. The large number of parameters involved in these particular
problems does not allow an experimental and systematic coverage of the various
phenomena of the DP thruster’s wake. Therefore instead, recourse must be taken to a
combination of experiments and calculations, which together eventually will yield a
prediction tool that can be used to further improve the analysis of a DP thrusters wake.
With the increasing importance and applications of DP thrusters in the offshore oil and
gas industry, the designer as well as the operator must have more information about the

perati propulsive istics. Future develop and the success in such

approaches depend greatly upon our understanding of the flow around a DP thruster.

Different ph iated with the propeller wake can be d by the

ion of laser techni Laser Doppler Velocimetry (LDV) and Particle Imagine



Abstract

Velocimetry (PIV), as propeller flow velocity-measuring tools. Moreover, with
Computational Fluid Dynamics (CFD) codes finding their way into practical applications,

Aeott K : faasibl

a combined analysis is ly g i Experiments are then used to

lidate and 1 e

The aim of this study is to provide a comprehensive and systematic analysis of the
flow produced from the operation of a DP thruster with and without a nozzle, under
varied operating conditions. Furthermore, this study aims to quantify the interaction
effects between the DP thruster wake and any structures placed in the working region of
the DP thruster up to 15 diameters. This study is the first such approach to the particular
problems associated with DP thruster operation.

In this research, a DP thruster’s performance characteristics and wake velocities
were analyzed experimentally, and the DP thruster near and far wake profile was
simulated computationally. The DP thruster performance characteristics were
investigated at different propeller speeds, with and without a nozzle, and over a range of
advance ratios including the bollard pull condition. The DP thruster wake velocities were
measured using two different laser techniques in two different facilities: a LDV system at
the National Research Council of Canada (NRC) Institute for Ocean Technology (IOT)
cavitation tunnel; and a Stereoscopic PIV system at the Italian Ship Model Basin
(INSEAN), Rome, Italy, large circulating tunnel. The numerical simulation of the DP
thruster wake profile was performed using CFD software FLUENT 6.0. The experimental
results of the DP thruster near wake velocity were used as input to the CFD numerical

simulation.



Abstract

The results of the experimental work of this study show the advantages of using
ducted thrusters rather than open thrusters in low speed and DP applications. Also, these
results provide valuable data about the safest distance, which should be between the DP
thrusters and any submerged structure in the slipstream. The evaluation of the DP thruster
near and far wake characteristics under a variety of working conditions provide designers
of structures in the slipstream of the DP thruster with reliable and accurate data of the DP
thruster wake momentum, thrust and energy propagation. These data are fundamental in
calculating the load increases on these structures due to the operation of the DP thruster.
Therefore, reliable and sound design of these structures can be achieved.

A number of DP thruster near and far wake simulations under a variety of
working conditions were performed using FLUENT 6.0. The simulation of the DP
thruster wake was simplified and was considered to be similar to a turbulent jet flow, in
which the flow of the propeller was simulated without using the detailed propeller
geometry. The results from the CFD simulations showed the capability of this method in
simulating the DP thruster wake propagation and dissipation under a variety of working
conditions.

The results of this research provide detailed data about DP thrusters’ performance

characteristics, near and far wake hydrodynamic f¢ , wake

PP

and far wake momentum effects under a variety of working conditions. Moreover, the
results of this study provide reliable and accurate data about the DP thruster wake to be
used for numerical and CFD simulation and validation work. These can be used as an
important tool for evaluating the performance of DP thrusters and for predicting DP

thrusters wake effect on structures in the slipstream.
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O " angular coordinate angle
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Abbreviations
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Chapter 1. Introduction

CHAPTER 1

INTRODUCTION

‘When a freely floating body is placed in the marine environment, different forces
and moments act on the body, tending to cause it to translate and rotate. Wind, waves and
currents create forces and moments. If a vessel is to remain within a given distance of a
reference point on the bottom, or follow a predetermined path, the capability to generate
counter forces and moments must be included on the vessel. There are many ways used to
provide counter forces, but Dynamic Positioning (DP) systems and mooring lines systems
are the only practically effective tools for keeping a vessel on point (Brothers, 1999).

The dynamic positioning system can be defined as a process involving the action
of commanded thrusters that are capable to generate counter forces in any direction,
because the environmental forces are able to come from any direction. The position is

known at all times from the data itted by a positi e system. Thrusters

represent the actuating element in the DP control system. There are different types of
thrusters used in DP systems. The majority are steerable over 360° and mounted below

the hull, or placed in tunnels crossing the hull from one side to the other.
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The concept of DP has been available since the early 1960°s (Fay, 1990), but it is
constantly being improved and developed to meet the changing needs of the offshore
industry. In the offshore industry activities have shifted toward increased water depths,
which in some cases prohibit the use of conventional passive mooring systems. The
flexibility and mobility of DP systems led to their application for the exploration of
marginal oil fields, with the added advantage that assistance of anchor handling vessels is
no longer necessary. This advantage is also beneficial for cable or pipe laying activities.
Indeed it seems to be a trend for oil companies to require the use of actively controlled
ships in the vicinity of sub sea pipe lines to avoid the risk that these may be damaged by
the use of anchors.

A combination between a DP system and mooring system is used in some cases to
improve the economy and safety of the offshore project (Morgan, 1978). This can be the
case for mooring systems where the DP system is used only for reducing the maximum
loads by increasing the damping of the system in severe weathers. In such cases the size
of the single point mooring system may be reduced.

DP thrusters are also used to improve maneuverability and operation in many
applications in shipping industries. They are used in dredging vessels, naval ships,
tankers, container ships, tugs boats and ferries. Future development and the success in
such approaches depend greatly upon our understanding of the flow phenomena around a
DP thruster.

DP, tracking and low speed maneuvering have for a long time defied attempts to
properly analyze and predict their performance (Nienhuis, 1992). This is undoubtedly due

to the complexity of this dynamic problem where not only the hydrodynamic aspects are
2
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important but also control aspects form an integral part of the system. The traditional way
of solving this problem was by splitting the problem into smaller parts. Each part was
considered separately and no full coverage of the problem was undertaken. With the
development of time domain simulation programs more integral analyses has been
undertaken (Nienhuis, 1992).

Despite this interest, there is lack of knowledge in the description of the
hydrodynamic characteristics of a DP thruster’s wake. This is due to the complexity of
the DP thruster wake, which does not allow a complete experimental and systematic
coverage of the various phenomena. The flow in the wake of a DP thruster involves
several complex features: transition zones, turbulence, presence of vortical structures,
deformation, effects of waves and currents, vortex rollup and break down, shear layers,
etc. These do not easily allow a complete evaluation of the flow features. Furthermore,
the operation of DP thrusters in the bollard pull condition adds additional complexity to
the DP thrusters’ wake, where the propeller is heavily loaded with very high propeller
induced velocities. The blade sections are at a high angle of attack, with large radial flow,
large section drag coefficient and very strong tip and hub vortices (Jessup et al. 2004).
Moreover, the vessel hull boundary and the vessel motion as well as waves and currents
will affect the wake from the DP thrusters. The location of the DP thrusters, below the
hull or placed in tunnels crossing the hull from one side to the other, affects any
structures behind and downstream their region of operation. When DP thrusters are in
operation, they create a water jet current behind and downstream of the thruster. Any
production pipelines, moorings and other structures downstream are subjected to this

current wash or momentum impacts. These impacts create fluid loading on these
3
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structures. Any damage that may occur in these structures will affect the environment, the
productivity, and the reliability of the offshore projects. There is a lack of knowledge in
describing and evaluating DP thrusters wake induced load. The knowledge of the wake
force loading and characteristics of DP thrusters are fundamental in designing of
structures placed in the slipstream and is of primary importance for the reliable operation
of these members. Therefore, it is important to obtain experimental information on the

flow field around these thrusters.

1-1:  Objectives

The objectives of this thesis are to provide detailed descriptive data of the DP
thruster’s wake hydrodynamic characteristics and to quantify the effects of the DP
thruster wake force loading on structures placed in the working region up to 15 diameters
downstream from the thruster under varied operating conditions. The approach was to
perform performance and wake measurements tests on a DP thruster model with and
without a nozzle at different low advance coefficient values, including the bollard pull
condition. This was to simulate as closely as possible the actual operating conditions of

DP thrusters in order to obtain P ion and evaluation of their performance,

wake characteristics, and wake induced-load effects. Emphasis was placed on obtaining

accurate prediction of the DP thruster duct and strut geometry effects and of the far wake

and energy propagation. It is expected that such information will improve the
prediction of the DP thrusters far wake momentum impacts on any structures behind and

downstream of their operation.
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The present work is thought to constitute the first known published attempt to

perform an in-depth analysis of DP thruster wake characteristics and induced load effects.

1-2:  Previous Research

A historical review of the application and different types of DP systems is
provided by Morgan (1978). A DP thruster is a type of unconventional propulsor system,
known as ducted propulsor. The idea of a shroud around a propeller is almost as old as
the invention of the propeller itself (Geissler, 1918). The ducted propeller came into
practical use when Luigi Stipa and later L. Kort experimentally proved the special
advantages connected with this type of propulsion device (Sacks et al, 1962). The
experiments clearly showed that the presence of the duct led to a considerable increase in
thrust performance in static operation and at low forward speed. The gain in performance
was particularly large when the propeller was heavily loaded, which makes the ducted
propeller suitable for propulsion of tugs and trawlers (Dyne, 1970). The ducted
propulsion system was applied in the early 1970s to large ships with heavily loaded

propellers such as tankers and bulk carriers (Narita et al., 1981). DP systems have been

available since the early 1960’s, but they did not attract ion until the exploration and

development of offshore oil and gas fields moved into deep waters. Hydrodynamic
characteristics of these thrusters are still in the research stage. More studies are required
in order to improve the reliability of such systems.

In the 22™ ITTC (1999), the report of the Specialist Committee on
Unconventional Propulsors reviewed the problem of the extrapolation of powering

performance of vessels fitted with ducted propellers. The three methods presented by
5
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Stierman (1984) were discussed. In the first one the nozzle is considered as an appendage
of the hull, in the second one as a part of the propulsion system, and in the third one the
interaction between ship, nozzle and propeller is considered. Abdel-Maksoud et al.
(2002) shows the drawback of each method presented by Stierman (1984). The
investigation of the hull fitted with a nozzle alone as considered in Stierman’s first and
third methods, leads to limited results due to the weak consideration of the interaction
between the nozzle and the propeller. The flow around the nozzle is strongly dependent
on the thrust coefficient of the propeller and that explains the drawback of the second
method of Stierman, where, the thrust of the nozzle and of the propeller are scaled
separately.

The study of the wake characteristics of a ducted propeller is by no means new. A
summary of such studies is represented by Nienhuis (1992). The majority of the studies
were done to evaluate the performance of thrusters under varied operating conditions of
inflow angles, advance coefficient and ship speed (Shields 1965, Harvald 1967,
Oosterveld et al. 1970, Ridely 1971, Dyne 1973, van Leest et al. 1976, and Moberg et al.
1983).

Oosterveld (1973) undertook a number of experiments using different nozzle’
shapes and geometry in order to determine the optimum nozzle shape to be used with
ducted propellers from efficiency viewpoint. Moreover, he performed a number of
experiments to obtain data for analyzing the maneuvers of vessels fitted with ducted
propellers.

One of the most interesting points of research for DP thrusters is the evaluation of

the interaction effect between DP thrusters and a ship hull. The arrangements of thrusters

v
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in groups below the keel lead to thruster—thruster and thruster-hull interactions. The
thrusters may operate in each other’s slipstream with a consequent loss of thrust (Wise et
al. 1975, English 1975, English et al. 1975, Van der Made et al. 1976, Lehn 1980, Van
den Boom et al. 1983, Moberg 1983, Nienhuis 1986, Lehn 1990, Nienhuis 1992, and
‘Webster et al. 1999).

Lehn (1980) performed a number of experimental tests to study the interaction of
two-azimuthing thrusters in each other’s vicinity at different thruster positions and angles
in open water at the bollard pull condition. From these tests Lehn established that the
forward propeller is not affected by the rear one if the mutual distance exceeds

Neor di Nienhi

approximately two prop Iy (1992) blished a method for

calculating the interaction effect between two thrusters as a function of distance between
the two thrusters and of azimuth angle of the thrusters. This is by calculating the flow
induced by one of the two thrusters and assuming that the second one is not present. Once
the flow field is determined, the thrust and torque of the second thruster is calculated by
taking the average axial inflow speed to the second thruster and using the open water
diagram. This method was validated assuming that the operation of the first thruster is not
affected by that of the second thruster.

The influence of the hull on the effective inflow speed and direction of the DP
thrusters when mounted on the hull were studied by Yumuro (1975), Inoue (1981), Kose
(1982), and Nienhuis (1992).

The first detailed thruster slipstream measurements were made with 2D LDV
equipment in the MARIN towing tank (1986 — 1987) by Nienhuis. These measurements

were done on a thruster mounted under a simple shaped barge in conditions similar to
7
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open water conditions. The results of the flow measurements show that the flow behind
the ducted propeller behaves similarly to a turbulent jet issuing from an orifice, where the
velocity profile behind the propeller may be divided into two zones: the initial developed
zone and the fully developed zone. In the initial developed zone the flow is contracted
due to the accelerating effect of the propeller and duct. A core flow with lower axial

velocity is surrounded by a progressively thickening turbulent shear layer. In this zone,

the velocity profile is infl d by propeller g y, propeller loading and blade
loading distributions. In the fully developed zone the flow starts to expand, roll up and
vortex break down occurs.

A Health and Safety Executive (HSE) report (2000) studied the effects of DP
thruster slipstream on the hull of an FPSO and its influences on the performance of
another adjacent thruster. The research, which was done to study and evaluate the far
wake of a DP thruster, was mainly based on panel methods in which the flow was
considered to be a potential flow and to have a regular vortex sheet in which the effect of
viscosity was ignored. Also, the effects of a DP thruster’s far wake on structures in the
slipstream were mentioned by Liu ef al. (2001) in their numerical work to investigate the
near and far wake, up to five diameters downstream. The analysis was done using the
propeller panel code PROPELLA (PROPELLA user manual 1999-2003). Practically, the
application of panel methods does not giv;e a complete description of the slipstream flow
due to the important roles played by fluid viscosity in determining the rollup, vortex
breakdown and dissipation. CFD methods, which include some of the effects of viscosity
through Reynolds’s number averaging can play a partial role in describing and evaluating

this flow type. Experimental work is required to validate such methods.
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1-3:  Approaches and Methodologies

DP thrusters are used in highly loaded propeller conditions (bollard pull and near
bollard pull). Therefore, experimental tests should be performed at such conditions using
adequate experimental facilities and techniques. Normally, the limitations of cavitation
tunnels do not enable measurements to be performed at a true bollard pull condition.

This research consists of experimental and theoretical studies described here in
two phases. The approach was aimed at improving our understanding and knowledge
about a DP thruster’s wake characteristics and effects. This will provide offshore
designers with accurate data to be taken into consideration in the early design stage of the
structures in the slipstream of DP thrusters. The intent is to improve the safety, reliability,

productivity and envirc | safety of the

pE ion of the DP systems.

The first phase aimed at providing information about the performance behavior of
the DP thruster under varied operating conditions. This was done by evaluating the
performance characteristics of the DP thruster under varied propeller speeds, with and
without the nozzle, and at propeller geometric pitch ratio of 1.2. This phase was
performed at the IOT towing tank.

The second phase was aimed to evaluate the hydrodynamic features of the DP
thruster wake under varied operating conditions. This phase was executed in two parts.
The first part was carried out in the IOT cavitation tunnel using a Laser Doppler
Velocimetry system. In this part, near wake measurements (up to 1.5 diameters
downstream) were performed at near bollard pull operating conditions (J=0.4 and
J=0.45), and at three different propeller geometric pitch ratios (1.096, 1.2 and 1.835).

The second part was performed at the INSEAN (the Italian Ship Model Basin, Rome,
9
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Italy) large cavitation tunnel using a Stereo Particle Image Velocimetry system. In this

part, the far wake (up to 15 di downstream) were performed with

and without a nozzle, at bollard pull and near bollard pull operating conditions (J=0,
J=0.4 and J=0.45), and at propeller geometric pitch ratio of 1.2. The size and
characteristics of the INSEAN large cavitation tunnel allowed the investigation to include

the bollard pull condition.

1-4:  Organization of the Thesis

This thesis consists of a total of six chapters. The first chapter forms the
introductory study to the thesis. Chapter 1 discusses the issues addressed in this work.
The relevant background, literature review, which focuses on previous studies,
approaches and methodologies are briefly described. The specifications and descriptions
of experimental facilities and measuring techniques are illustrated in chapter 2. The
evaluation and analysis of the DP thruster performance tests' results under varied
operating conditions are given in chapter 3. Chapter 4 forms the body of this thesis. The
experimental and theoretical analysis and evaluation of the DP thruster near and far

wakes hydrodynamic istics; and energy propagation; and energy

decay is given in chapter 4. An introduction to the CFD concept and examples of a DP
thruster far wake simulation at different advance coefficient values including bollard pull
condition using FLUENT 6.0 is giving in chapter 5. Finally, the conclusions arising out
of this study are given in chapter 6. Three Appendices (A, B, and C) are also given. The
specifications and figures of the DP thruster model and the experiment work test facilities

are given in Appendix A. The results of the LDV measurements of the DP thruster near
10
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wake at thruster geometric pitch ratio of 1.096 and 1.835 are given in Appendix B.
Finally, the results of the DP thruster whole wake measurements using SPIV are given in
Appendix C.
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CHAPTER 2
EXPERIMENTAL FACILITIES AND MEASURING

TECHNIQUES

Experimental work was performed on a DP thruster model in two research
institutes using different experimental facilities and techniques.

The DP thruster performance tests were carried out in the IOT towing tank. In
these tests, both the propeller and the duct thrust were measured at propeller geometric
pitch ratio of 1.2 and at different propeller speeds (10 rps, 15 rps, 20 rps and 30 rps).

The DP thruster wake velocities were analyzed experimentally using a 2D Laser
Doppler Velocimetry (LDV) system in the IOT cavitation tunnel and a Stereoscopic
Particle Image Velocimetry (SPIV) in the INSEAN cavitation tunnel. The 10T wake
velocity measurements were performed at three propeller geometric pitch ratios (1.096,
1.2 and 1.835), and at different test advance coefficient values (0.4 and 0.45).

In this chapter, the specifications of the experimental facilities and measuring

techniques as well as the set up of the experiments are given.
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2-1:  DP Thruster Model

The propeller used was a 200 mm diameter model of a ducted controllable pitch
propeller. Fig. (2-1) shows the elevation and side view of the propeller model. The
principal dimensions and particulars of the propeller, the model and the nozzle are given
in Table (2-1) (Doucet, 1996). Moreover, detailed information about the propeller model

is given in Appendix (A-1).

Elevation Side View
Figure 2-1: Elevation and side view of the DP thruster model

Main Particulars Propeller | Model
Diameter 3.0m 02m
Number of blades 4
Hub to propeller diameter ratio 0.367
Expanded area ratio (EAR) 0.604

Nozzle Model Particulars
Length 0.100 m
Inside diameter 0.202m
Nozzle contraction ratio’ 1.2223

Table 2-1: Ducted propeller model and model nozzle particulars (Doucet, 1996)

! Nozzle contraction ratio is the ratio between the nozzle entrance diameters to the exit diameter.
It is (>1) in the case of accelerating nozzle and (< 1) in the case of decelerating nozzle.
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2-2:  Experimental Facilities
2-2-1: 10T Cavitation Tunnel

The IOT cavitation tunnel is a vertical plane closed re-circulation tunnel.
Principal details and description of the tunnel’s test section are presented in Table (2-2).
The schematic diagram of the 10T cavitation tunnel is shown in Fig. (2-2). More detailed

data about the IOT cavitation tunnel are presented in Appendix (B-1).

Test section dimensions 05m X 05m X 22m

Water speed 0-12.0m/s

Test section pressures 0.1 - 1.0 atm.

Drive system Four-blade axial flow impeller with digital control
Impeller motor power 56 kW, 1500 ippm

Table 2-2: 10T Cavitation tunnel test section particulars
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Figure 2-2: Schematic diagram of the IOT cavitation tunnel
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2-2-2: 10T Towing Tank

The 10T towing tank is a rectangular tank of 200m in length, 12m in width and
7m in depth. The towing tank carriage driver consists of 8-wheel synchronous motor
drive of 746 kW power and of speed range 001 m/s - 10.0 m/s.

The cross sectional view of the IOT towing tank is shown in Fig. (2-3). Models
are towed through still water or waves by a carriage spanning the width of the tank.

Model rigging is facilitated by two trim docks and a moveable overhead crane (4000 kg).
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a: 10T towing tank cross-sectional view
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b: IOT towing tank plan view

Figure 2-3: 10T towing tank cross-sectional views
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2-2-3: INSEAN Cavitation Tunnel

INSEAN has a free-surface large circulating water channel that can be
depressurized. The test section is 10 m long, 3.6 m wide with a depth of 2.25 m. The
cross-sectional view of the INSEAN large cavitation tunnel is shown in Fig. (2-4). The
maximum water speed is 5.2 m/s. The pressure in the test section can be reduced up to a
minimum of 30 mbar (0.03 atm). The schematic diagram of the INSEAN cavitation

tunnel is shown in Appendix (B-II).

R TR —— e

Figure 2-4: INSEAN cavitation tunnel cross-sectional view

2-3:  Experimental Measuring Techniques

Wake velocity measurement techniques require adequate performance due to the
features of DP thrusters wake, such as marked velocity gradients, strong turbulent
fluctuations, three-dimensional boundary layers and hub effects. These do not easily

allow a complete evaluation of the flow features.
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The techniques for determining flow velocity vectors have traditionally been

1 el

based on intrusive experi logies. The flow is quantified using sensors,
which are placed in, and thus have some effect on, the flow being examined. This
approach will inherently introduce some errors into the final results. Even if such errors
can be explicitly accounted for, and the results corrected accordingly, there remain
practical limitations due to finite size of the sensors. This consideration becomes more
critical in situations where the physical size of the model itself is very small. Intrusive
techniques can also be difficult to implement in situations where access to the test region
is limited by the experimental facility.

Early methods, such as vane wheels and resistance rings, provided only global

(van 1 et al., 1948). These techniques were simple to implement,

but the price for experimental simplicity was limited information on the flow field. Both
techniques provided only a single mean axial flow velocity over the diameter of the
transducer. Modern electronic transducers and recording technology could be used to
improve the experimental efficiency of these procedures. However, regardless of the
extent of any such improvements, the simplicity of data collected severely limits their
usefulness.

The fact that flow velocities can be measured directly by using light beams and
without the introduction of a transducer into the flow has opened up new areas of
measurement previously considered impossible. This represents an obvious advantage
over intrusive techniques. Nearly all such techniques are optically based, and although
termed “non-intrusive™ some modification to the fluid is usually required in order for the

techniques to function properly. This is usually the addition of light reflective particulate
17
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Tioihl

matter into the flow. The presence of these seed particles is d to have a negligi

v

effect on flow properties, while the particles Ives are d to

Faithfisll

ly follow
the fluid motion. Laser Doppler Velocimetry (LDV) and Particle Image Velocimetry
(PIV) are two methods of the non-intrusive measuring techniques. The introduction of the
laser has been a key element in the development of both, but the function of the laser is
considerably different. Rapid advances in computer and optical techniques have
permitted the development of many possible variations of these basic methods.

In this section, the principle of operation of the LDV and PIV techniques, the

study LDV and SPIV systems and test specifications and set up are given.

2-3-1: Laser Doppler Velocimetry (LDV)

Laser Doppler Velocimetry (LDV), also called Laser Doppler Anemometry
(LDA), is the most commonly encountered non-intrusive technique. It is fast becoming
one of the most common tools in flow measurement. The LDV technique allows an
efficient data acquisition at a point in time, and hence provides an easy reconstruction of
the flow field in a cross section.

The following advantages of LDV indicate the potential capabilities.

- Noninvasive technique, no probes are introduced into the flow, and thus it retains
all the flow field characteristics.

- No calibration is required.

- Flow velocity is measured directly and is not strongly dependent on the

temperature, density, or composition of the flow medium.



Chapter 2. Experimental Facilities and Measuring Techniques

- Ability to measure any desired velocity components directly in any complex flow,
without having to measure the other components.
- Measuring any type of velocity (flows, moving or vibrating surfaces, etc.)
The LDV system, as shown in Fig. (2-5), consists of laser light source,
transmitting optics to focus the light beams into the measurement region, receiving optics
to collect light scattered by the particles in the flow, a photo detector to convert the light

into an electrical signal, and a signal processor, which gives the velocity of the flow.

Measurement

Collection
Volume F

Angle

Signal Output
Wire

Receiver

Photo
lenses

Detector

Focusing lens

Beam Splitter Prism

Laser —p»

Figure 2-5: LDV system main components

An LDV measures velocity by measuring the Doppler shift in the frequency of
laser light from incident and reflected light from microscopic particles within the flow.
A dual beam LDV system consists of two equal intensity beams, which are

focused on the same point in the flow field by the focusing lens. The region where the
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two beams cross becomes the measurement region, which is called the fringe volume.
When a particle goes through the measurement region, light is scattered from each beam.
The heterodyning of the scattered light from the two beams provides the shift frequency.
The component of velocity measured is always normal to the bisector of the beams and
hence is independent of the positioning of the scattered light collection setup. In general,
this allows large collection apertures and results in good signal quality (Menon, 1982).
To measure two velocity components, two extra beams can be added to the transmitting
optics in a plane perpendicular to the first beams. In order to measure the three velocity
components two separate probes are required. Also, the 3D flow field in a transversal
plane can be casily reconstructed by sweeping the measurement volume of a three
component LDV system over a long radius (Chesnakas et al., 1998), or along two
orthogonal radial directions using a two components LDV system (Cenedese et al. 1985,
Jessup 1989, Stella e al. 1998A, Stella e al. 1998B).

Since the introduction of the LDV technique in 1964 the basic technique has been
modified to take advantage of developments both in optical and in electronic processing
technology (Durrani ef al., 1977). The development of laser Doppler velocimetry allows
suitable investigation of complex fluid dynamic fields, like propeller wakes where strong
vortex structures, turbulent fluctuations, three-dimensional boundary layers and marked
velocity gradients occur (Min 1978, Kobayashi 1982, Hoshino ez al. 1987).

The first introduction of the LDV to the water tunnel to study the flow
characteristics around marine propeller blades was in 1976 in the Marine Hydrodynamics
Laboratory of MIT (Kobayashi, 1982). Kobayashi (1982) presented the application of

LDV in a propeller wake survey. Hoshino (1993) used a 3D LDV technique to measure
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flow around a propeller in a cavitation tunnel to improve his surface panel methods for
hydrodynamic analysis of propeller by using a new wake model of the trailing vortices.
Cenedese ez al. (1985) used the LDV phase sampling technique in evaluating a
propeller wake. They concluded that the flow field in the near wake of a marine propeller
can be quantitatively analyzed only by means of the LDV which ensures a high spatial
resolution and a suitable time resolution without perturbing the field. Felli er al. (2001)

used a 3D LDV phase sampling technique for the analysis of the flow upstream and

behind a four bladed, highly sk d propeller in a large circulation water ch 1. Stella
et al. (1998B) used the same LDV technique to analyze the geometrical and
hydrodynamic features of a propeller downstream wake in the cavitation tunnel.

The density of particle concentration or seeding is a critical factor for LDV
operation and effectively determines the data-sampling rate. In some instances the natural
presence of dirt particles will be sufficient, while in other cases artificial seed particles
are introduced to the flow. Another factor affecting the operation of the LDV is the size
of the particles. Particles that are too small will contribute to background noise levels.

However, too large particles will be detected but may not be properly following the flow.

2-3-2: Particle Image Velocimetry (PIV)

PIV is a whole flow field technique providing i us velocity vector

measurements over a plane in a flow. It is aa robust optically based measurement
technique, which since its introduction has received extensive attention and utilization. It
is a quantitative technique that relies on the basic principle of distance over time to yield

velocity, typically along a two-dimensional slice within a particular flow.
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In this technique, the flow is seeded with small particles and illuminated by a thin
sheet of pulsed laser light. Particles moving within the light sheet are recorded
photographically by a camera placed at right angles to the light sheet as shown in Fig. (2-

6).

Flow

Sheet Optics

Double Pulsed
Laser

CCD Camera

m Seeding
Light Sheet

Figure 2-6: PIV system main components

The light sheet is pulsed twice (switched on and off very quickly) at a known
interval time. The first pulse of the laser freezes images of the initial positions of seeding
particles onto the first frame of the camera. The camera frame is advanced and the second
frame of the camera is exposed to the light scattered by the particles from the second
pulse of laser light. There are thus two camera images, the first showing the initial
positions of the seeding particles and the second their final positions due to movement of
the flow field. The two camera frames are then processed to find the velocity vector map
of the flow field. This involves dividing the camera frames into small areas called

interrogation regions. In each interrogation region, the displacement of groups of
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particles between the two camera frames is measured using correlation techniques, and
hence the velocity vectors in the flow can be calculated.

The classical PIV technique is just a two-dimensional measuring technique, which
is only capable of obtaining two components of flow velocity vectors in the plane of
illuminating laser sheet. The out-of-plane component of velocity vector is lost. Recent
advances in PIV technique have been directed towards obtaining all three-components of
fluid velocity vectors in a plane or in a volume simultaneously to allow the application of
PIV technique to more complex flow phenomena. Several three-dimensional PIV
methods or techniques have been developed successfully. The Sterecoscopic PIV
technique is a most straightforward and easily accomplished method for three-component
velocity measurement in the illuminating laser sheet plane. It always uses two cameras at
different view axes or offset distance to do stereoscopic image recording. By doing the
view reconciliation, the corresponding image segments in the two views are matched to
get three components of the flow velocity vectors. Development of a Dual-plane
Stereoscopic PIV System for simultancous measurements of all three components of
velocity and vorticity vectors in fluid flows could help to improve our understanding of
complex flow phenomena. Obviously, it is desirable to obtain all three components of the
vorticity field simultaneously in order to gain a complete understanding of the
instantaneous vorticity fields. Fig. (2-7) shows the Stereo technique in investigating the

real 3D displacement of seeding particle.
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Figure 2-7: Stereo real 3D particle displacement investigation

PIV differs from the LDV technique, in that with PIV the simultaneous velocity at
many points in the flow is determined. In contrast, when using LDV velocity
measurement at only one point in the flow is determined. Hence the PIV technique has
the ability to obtain full velocity field information instantaneously. That is why it is
considered to be the obvious choice to capture the flow structures far downstream in a
propeller wake. For propulsors operating in highly complex flows this may be the only
way to fully capture the structural details of the vortices (Stella er al., 1998B). Felice et
al. (2000) used PIV to investigate the spatial and temporal evolution of a four bladed
marine propeller placed in a uniform flow in a circulating water tunnel. Judge et al.
(2001) used both a 3D LDV and a 3D PIV system in the David Taylor water tunnel to
study the tip leakage vortex occurring on a ducted rotor in order to examine the

variability in the vortical flow. Lee er al. (2004) used a Stereoscopic PIV technique to
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identify the structure of a five bladed propeller wake up to one diameter downstream at

three different advance coefficient values of 0.59, 0.72 and 0.88.

2-4:  Study Measuring Techniques and Test Descriptions
2-4-1: 10T Laser Doppler Velocimetry Tests
2-4-1-1: System Specifications

The schematic diagram of the LDV experimental test is shown in Fig. (2-8). A 2D
DANTEC fiber optics single probe LDV system was used at the IOT cavitation tunnel for
the DP thruster near wake velocity measurements. The 2D LDV system consisted of: 60X
FiberFlow optics; a particle Dynamic Analyzer processor; PC based data acquisition and
analysis software; and a three axis traverse system. A six-watt argon-ion laser is normally
operated at approximately 1.5 watts, which results in laser power of 50 to 100 mW out
the final lens. The green laser line 514.5 nm in wavelength is usually used for stream
wise velocity and the blue line 488 nm wavelengths for vertical or transverse velocity.
The optics are configured in backscatter mode and consist of a two color fiber optic
probe.

Data was collected and analyzed using the cavitation tunnel computer. DANTEC
software was used for data acquisition, initial analysis and the positioning of the probe
measurement volume with the three-axis traversing system. DANTEC hardware and
software systems are briefly described in the DANTEC operational manual.

The IOT cavitation tunnel has a good accessibility for the LDV because of its

square test section with relatively wide viewing windows.
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Figure 2-8: Schematic diagram of the LDV experiment

2-4-1-2: System Setup and Measuring Technique

The LDV system was arranged to measure simultaneously the axial and vertical
components of the velocity in the test section fixed frame. A special arm was used to
enable the 2D LDV system to measure the third flow velocity component. This arm was
used to change the location of the measuring volume by radial movements of the probe.
When the probe was located on the vertical radius, along the z-axis as shown in Fig. (2-
9), position (A), the axial component of the velocity (#) and the lateral velocity (v) were
measured. When the probe was located on the horizontal radius, along the y-axis as
shown in Fig. (2-9), position (B), the axial and vertical components of the velocity («, w)
were measured.
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Position B: Measuring (u & w)
velocity components

Position A: Measuring (u & v)
velocity components

Figure 2-9: The arrangement of the LDV probe positions

The LDV measurement map was limited within the near wake propeller region
due to the limitation of the IOT cavitation tunnel window length, which restricted the
measurements to 1.5D downstream of the thruster. Measurements were done at three
downstream transverse planes; the first one was set at 0.5D from the propeller blades’
centerline, the others at 1.0D and 1.5D.

Each transverse plane was divided into seven radial locations (circles) with
diameter equal to 0.2D, 0.4D, 0.6D, 0.8D, 1.0D, 1.1D and 1.15D respectively as shown in
Fig. (2-10). The location of the last radial plane was limited by the width of the IOT
cavitation tunnel test window (240 mm).

In each plane, there were 220 circumferential points, varying in number from 18
points at the first circle to 45 points at the largest diameter. At each point, the three

components of the velocity were recorded as average values over time.
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Figure 2-10: Radial measurements planes

The LDV measurements were performed at a constant propeller angular speed of
30 rps and at near bollard conditions. A true bollard condition could not be obtained due

to water tunnel circulation.

2-4-2: INSEAN Stereoscopic Particle Image Velocimetry Tests
2-4-2-1: System Specifications

The schematic diagram of the SPIV experimental test is shown in Fig. (2-11).
Measurements at the INSEAN cavitation tunnel were performed using an underwater
SPIV probe. Fig. (2-12) shows the probe and the thruster installed in the test section.
When completely assembled, the probe forms a streamlined torpedo-like tube with an
external diameter of 150 mm. The tube was rigidly linked to a bench through two
hydrodynamically optimized struts. The whole system could be traversed by a

mechanism controlled by a PC to sweep the measurement plane up to X/D = 15. The
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ster

pic system sisted of two 2048 X 2048 pixels CCD cameras, with 12-bit
resolution. The aperture, the focus and the Scheimpflug angle of the camera lenses were
remotely controlled (TSUSPIV manual, 2000). The laser light was delivered to the
underwater sheet optics through the struts and inside an articulated arm. Mirrors within
the arm allowed the beam to be correctly aligned with the output optics. The laser optics
consisted of a set of cylindrical and spherical lenses, which respectively expanded the
beam into a sheet and focused it onto the measurement plane. The laser subsystem
consisted of a doubled pulse 15 Hz 200 mJ Nd-YAG laser rigidly attached to the probe
support bench. The camera mirror sections were open to the water to avoid multimedia
refractions and to minimize the optical aberrations through one single orthogonal water-

air interface.

Laser Batteries

SPIV Probe

Phase Measurement
evice

caa

Figure 2-11: Schematic diagram of the SPIV experiment
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Figure 2-12: DP thruster model and the SPIV probe in the INSEAN large cavitation

tunnel

The calibration process of the Stereo PIV system was done in two stages in order
to achieve the best overlap imaged area of the two cameras. The first calibration stage
was performed outside the test section and the second stage inside the test section using a
2D calibration plate as shown in Fig. (2-13). The overlapped imaged areas of the two
cameras created a 3D velocity field area of about 328 mm X 265 mm. The measurement
errors for the adopted optical configuration have been previously assessed on a test bench
and are about 3% for the light sheet in plane components and about 2% for the out of

plane components (Felli, 2003).
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Figure 2-13: Calibration process of the SPIV system outside and inside the test section

2-4-2-2: System Setup and Measuring Technique

A cross-sectional view of the SPIV experiment setup is shown in Fig. (2-14). The
PIV measurement map covered the measurements of the near wake and the far wake of
the DP thruster at different test conditions. Measurements were done at a propeller pitch
ratio of 1.2, with and without the nozzle at three different advance coefficient values (J=
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0, J=0.4 and J=0.45). The at the ad coefficient of 0.45 were limited

to the near wake region (up to 1.5 di d of the ller), while the

PP

measurements at J=0 and J=0.4 were performed up to 15 diameters downstream of the
propeller. Table (2-3) shows the angular speed of the propeller and the tunnel water speed

at each advance coefficient value.

Encoder
Traverse system 1209

2000 0

0.4 15 1.2
0.45 15 1.35

Table 2-3: Operating parameters of the SPIV experimental work.

Measurements were divided into two regions: near wake region and far wake

region. The near wake were obtained up to 1.5 diameters downstream of
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the propeller at eight different downstream axial planes. The first measuring axial plane
was set at X/D = 0.1from the propeller blades” centerline, the others at X/D = 0.2, 0.3, 0.4,
0.5, 0.75, 1.0 and 1.5. The near wake measurements of the ducted propeller at X/D = 0.1
and 0.2 could not be obtained due to the presence of the nozzle. Far wake measurements
were obtained at six downstream axial planes. The first one was set at X/D = 3.0 from the

propeller blades’ centerline and the others at X/D = 5.0, 7.5, 10.0, 12.5 and 15.0.

2-4-3: Coordinate System

A Cartesian (x, y, z) and a cylindrical coordinate system (O-x, r, f) were used. As
shown in Fig. (2-15), the x-axis is along the propeller shaft centerline and points
downstream, the y-axis is horizontal, the z-axis is vertical pointing upwards; r is in the
radial direction from the x-axis and the angular coordinate # is measured from the vertical

z-axis in the propeller rotation direction that is clockwise when viewed from aft.

Flow (V)

Figure 2-15: Experiment coordinate system
The mesh of the propeller and the nozzle were generated using PROPELLA (Liu 2002)
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The analysis of wake velocity was done first by converting the Cartesian velocity
components (Vy, Vyand V7) into cylindrical velocity components [axial (V,), radial (V)

and tangential (V) velocity] where:

1A AR O U T S I 2 v RN | N0t S 0L [0 Eq. (2-1)

Vo = Ky SO 17 GOS0 o isrsssnsnmviaiie sossaih s ey on s i Eq. (2-2)

Vi=Vy. cos(0) - Vz. SIN(O) ..coveennirnenncenacenarioeincaninaseesaonen Eq. (2-3)
where:

- V4 is the tunnel flow velocity (velocity of advance).

- Vxis the measured axial velocity downstream of the propeller. It can be defined as
the total axial velocity, which includes the propeller-induced velocity in addition to
the tunnel flow.

- V. is the propeller induced axial velocity.

The SPIV wake velocity was initially analyzed by constructing the instantaneous
3D velocity vector field for each image (129 images/plane) from the combination of the

2D encoded velocity vector fields of the left and right camera. Then the mean 3D velocity

field was constructed for each plane by averaging the ion of the i us 3D
vector files for each plane over 129. The SPIV sampling time was varied from 0.1- 0.6
sec per image. On the other hand, the time averaged LDV velocity components were

recorded by averaging the individual LDV measurements over a period of 5 seconds.
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2-4-4: Measurement Accuracy and Uncertainty
2-4-4-1: Accuracy of the LDV Measurements

The acquisition time of the LDV records must be long enough to provide a
sufficient number of samples to make possible statistical data post-processing (Espositio
et al. 1998). In this work, the acquisition time was set to be constant (around 5 sec) at all
the measurement points. The results indicate fluctuation in the number of validated
velocity samples from point to point ranging between 9000 samples and 600 samples.
This fluctuation in sampling rate was shown to be a function of the distribution of the
particles in the water. This uncertainty was due to low particle concentration and
variation of fluid velocity across the measured volume. These two main factors caused
poor signal/noise ratio, reduced the accuracy of velocity flow measurements in the blade
and blade tip wakes regions, and caused a high fluctuation in the measured velocity flow
components. Also, the results indicated uncertainties in LDV measurements when the

laser passed near to the edge of the cavitation test window (+/R = 1.15).

2-4-4-2: Accuracy of the SPIV Measurements

The technique used for the stereo reconstruction was the method described by
Solof (1997) and a detailed analysis of the errors was presented by Prasad (2000).

The uncertainty of velocity measurements from each single camera is mainly due
to the error in the particle displacement evaluation, which can be normally considered to
be around 1/10 to 1/20 of a pixel for the image analysis and subpixel interpolation
algorithms (Raffel er al. 1998). This was equivalent to approximately 3 cm/s in terms of

velocity for the flow speeds considered here. This error is present in the measurement of
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the instantancous flow field seen by each camera, but with the stereo reconstruction the

error increases and is up to 10 cm/s for the longitudinal velocity p

This relatively large error is a typical value for a SPIV measurement and depends

on many factors such as the optical fi ion (angle b the ), optical
aberrations, number of dots in the calibration target, number of planes used in the
calibration, etc. The errors due to light reflections from the hub and from the blade edges
and the nozzle were also important in flow field regions mapped in proximity to
reflection spots.

The moving propeller in the background of the measurement plane is another
source of error. To reduce these errors the images where preprocessed in order to remove
the background. However the effect of the moving background and of reflections could
not be completely eliminated. In fact the correlation peak is still locked at the propeller or
nozzle velocity in the regions where there is a lack of particle traces or where the
reflections are dominating the PIV images. This effect appears in the PIV images as
vectors of very high velocity values, which are called spurious vectors. These vectors

affect the quality of the SPIV images. This is clearly represented in Fig. (2-16).

Figure 2-16: SPIV images with spurious vectors (red and white regions)
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In the post-processing phase, the validation procedure is very effective to detect
such spurious vectors due to the large difference between the flow and the blade velocity.
Detected erroneous vectors are eliminated and replaced by interpolation. Nevertheless,
spurious vectors might also be validated biasing the statistics especially in the proximity
of the hub where the flow and propeller velocity become closer. This effect is relevant
especially for the evaluation of second order statistics.

The accuracy of the mean velocity field depends upon the number of acquired
samples and upon the shape of the velocity probability distribution function. By using the
Student t-distribution (for which the confidence interval for 97.5%, is +1.96*RMS /N(N -
1), with N’= 129), it is possible to estimate the uncertainty in a velocity component to be
about 1/6 of the measured RMS velocity.

The comparison between LDV and SPIV accuracies and measurement
uncertainties shows that LDV measurements are more accurate than the SPIV results.
This is due to the following:

- The nature of the SPIV technique, which is an instantancous measuring technique,
leads to gathering all spatial information of the flow at a certain time. Therefore,
there is a finite statistical probability that there are some regions where there is no
meaningful input.

- The light intensity of the LDV measurements is higher than for the SPIV
measurements. This is due to the difference between the ways of capturing the
scattered light from the seeding materials. LDV measurements are usually backward
(toward the light source) or possibly forward (away from the light source) scattered

light from the seeding particles. Whereas, PIV measurements are sideways scattered
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light from the seeding particles. Fig. (2-17) shows the different types of capturing
the scattered light from seeding particles. The scattered light has higher intensity in
the forward direction, somewhat less in the backward direction and very little in
sideways directions (DANTEC/LDV manual 2000). The IOT LDV system is of the
backward scattered type, while, the INSEAN SPIV system is a sideways type.
Therefore, the accuracy of the LDV measurements is higher for the same laser light

power.

Seeding
Particles

. i i Forward
Sideways 2 Type
Type

Figure 2-17: Methods of capturing the scattered light from seeding particles

In order to improve the accuracy of the SPIV measurements, the number of
samples (N": images per plane) has to be increased. For example, to obtain a
measurement error in the velocity of about 1/7 of the measured RMS velocity for the
same confidence interval (97.5%), the number of samples would be 189 images per
plane. This small improvement in the accuracy requires an increase in data storage and

time ing of the to around double the case for a measurement

p

uncertainty of 1/6 of the measured RMS velocity.
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CHAPTER 3
DYNAMIC POSITIONING THRUSTER

PERFORMANCE CHARACTERISTICS

In an effort to provide experimental data on the performance of Dynamic
Positioning (DP) thrusters under variable operating conditions, a series of experiments
were done on the DP thruster model, at the Institute for Ocean Technology (IOT) towing
tank. These experiments were carried out over a range of advance coefficients.

Through the 10T towing tank tests the performance characteristics of the DP
thruster model were investigated with and without the nozzle, at a propeller pitch ratio of
1.2, and at different propeller speeds (10, 15, 20 and 30 rps). The evaluation of the DP
thruster performance characteristics tests at the IOT towing tank were performed in order
to investigate the performance behavior of the DP thruster at bollard pull and higher
loading conditions. Therefore, tests were carried out at bollard pull and higher advance

coefficient values. Also, these tests were performed to investigate the contribution of the
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duct thrust to the whole performance of the ducted DP thruster under a variety of loading
conditions. Therefore, performance tests were performed with and without a nozzle. The
thrust of the nozzle was measured using the IOT nozzle thrust measuring arm shown in

Fig. (3-1).

Duct load measuring arm Calibration of the arm

Figure 3-1: The IOT duct load measuring arm

Performance tests with and without a nozzle were performed using the same DP
thruster model and at the same thruster geometric pitch ratio. Therefore, the results of
these tests do not represent a comparison between open thruster and its equivalent ducted
thruster’ but they represent two different operating conditions of the same thruster in

order to figure out the effect of the duct in the operation of the DP thruster.

*The equivalent ducted propeller to an open propeller is a ducted propeller generating the
same thrust or absorbing the same power of the open propeller at a given propeller speed.
Therefore, the equivalent ducted propeller has a smaller diameter and works at higher

propeller geometric pitch ratio than the open propeller. e
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The dynamometer used for these tests was a sealed strain gauged dynamometer
mounted between the propeller and the first shaft bearing. The range of thrust
measurement was (+ 900 N) and the range of torque measurement was (+ 45 Nm).

In this chapter, the results of the DP thruster performance tests at the IOT towing

tank are given.

3-1:  Performance Characteristics

Fig. (3-2) shows the results of the IOT towing tank performance tests of the DP
thruster model with and without a nozzle, at different propeller speeds, and at propeller
pitch ratio of 1.2. The performance curves of the ducted propeller shown in Fig. (3-2) are
represented by the total thrust and efficiency of the system. The total thrust (K77) is

summation of the propeller thrust and the nozzle thrust.
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a: Performance curves with and without a nozzle at N=15 rps and P/D = 1.2
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b: Performance curves with and without a nozzle at N=20 rps and P/D = 1.2
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c: Performance curves with and without a nozzle at N=30 and P/D = 1.2

Figure 3-2: Towing tank DP thruster performance curves with and without a nozzle

at thruster rotational speeds of 15, 20 and 30 rps and at P/D =1.2
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Fig, (3-2) shows that the thrust generated from the propeller without the nozzle is
higher than that generated with the nozzle working at the same advance coefficient and
propeller speed. This result implies that the loading of the propeller blades in the case of
the open propeller is higher than that in the ducted case.

Fig. (3-3) and Fig. (3-4) show the distribution of the thrust coefficient and torque
coefficient of the DP thruster with and without a nozzle at different propeller speeds. The
distribution of the ducted DP thruster thrust coefficient at different test speeds shown in
Fig. (3-3) is representing the total thrust of the system (K77). The results of these tests
indicate that the effect of propeller speed on the torque coefficient is much higher than on
the thrust coefficient.

Performance tests at different propeller speeds show a small increase in thrust
coefficient and decrease in torque coefficient as propeller speed increases. This can be
explained by the difference in Reynolds number at different shaft speeds. The friction
coefficient is a function of Reynolds number and as Reynolds number increases, the drag
coefficient drops. This causes a reduction in the drag force and an increase in lift, and
therefore an increase in thrust. This result implies that the friction forces have more
influence on the torque than on the thrust.

Moreover, Fig. (3-3) shows that the influence of the Reynolds number on the
torque of a ducted propeller is higher than on an open propeller. This result is also

presented by Abdel Maksoud er al. (2002).
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Figure 3-3: DP thruster thrust coefficient distribution with and without a nozzle, at

thruster rotational speeds of 15, 20 and 30 rps and at P/D =1.2
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Figure 3-4: DP thruster torque coefficient distribution with and without a nozzle, at

thruster rotational speeds of 15, 20 and 30 rps and at P/D =1.2
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3-2:  Duct Effect

The contribution of the duct to the performance of the DP thruster can be
investigated from the distribution of the thrust coefficient of the propeller alone (K7p),
duct (K7») and of the total thrust of a ducted DP thruster (K77 = K7p + K7n) as shown in
Fig. (3-5). Fig. (3-6) shows the contribution of the duct thrust to the total thrust produced
from the ducted DP thruster. These figures show that the duct contributes some 50% of
the ducted propeller total thrust at the bollard pull condition. This relative contribution of
the duct, however, reduces as advance coefficient is increased. Also, it can be shown that
the duct thrust has a negative contribution to the total thrust of the ducted thruster beyond
the advance coefficient value of 0.6.

DP thrusters work in very high loading conditions (bollard pull and near bollard
pull). Fig. (3-2) shows that the loading on the DP thruster blades is higher in the case of
the open thruster than the ducted thruster due to the effect of the duct in reducing the load
acting in the thruster blades. Moreover, Fig. (3-5) and Fig. (3-6) show that the duct has a
positive thrust contribution to the total thrust of the ducted thruster at bollard pull and
near bollard pull operating conditions. These results imply advantages of using ducted
thrusters instead of open thrusters in low speed offshore and marine applications. Also,

these results show why the majority of DP thrusters are ducted thrusters.
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CHAPTER 4
DYNAMIC POSITIONING THRUSTER WAKE

HYDRODYNAMIC CHARACTERISTICS

The flow field around a propeller has been of interest to many researchers who are

engaged in the hydrodynamics of both marine and ical llers (Nienhui:
1992). Since non-intrusive techniques (LDV & PIV) were introduced to measure the
velocity in the flow field, many surveys of propeller’s flow velocities were carried out
(Min 1978, Kobayashi 1982, Hoshino et al. 1987, Jessup 1989, Cenedese et al. 1985,
Nienhis 1992, Chesnakas et al. 1998, Stella et al. 1998B, Felice et al. 2000, Judge et al.
2001, Jessup et al. 2004, and Lee et al. 2004).

The purpose of some of these experiments is to verify accuracy and to refine

numerical models for lating propeller hydrod ics. Other experiments are aimed
at achieving a better understanding of propeller/hull interaction. Most of the
measurements were performed immediately behind or in front of the propeller. Limited

studies were performed on the far wake region of propellers, and the distance to the

propeller in previous experiments never exceeded approximately three diameters.
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Moreover, DP thrusters are used in heavily loaded propeller conditions.
Experiments should be carried out at bollard pull and low advance coefficient operating
conditions. The size limitations of the experimental facilities (cavitation tunnels) do not
enable measurements at a true bollard pull condition (/=0). Measurements at near bollard
pull condition do not provide a true representation of the bollard pull condition.

The tests described here were done to obtain experimental information on the
flow field in the wake of these thrusters. The main objective was to analyze the DP
thruster at the near and far wake experimentally when operating with and without a
nozzle at bollard pull and near bollard pull operating conditions. The size and
characteristics of the INSEAN large cavitation tunnel enabled the investigation of bollard

pull measurements.

In this chapter, the hydrodynamic ch istics and prop ion of
the flow in the near and far wake region will be represented. Also, the effect of the nozzle
on the hydrodynamic operation of the DP thrusters will be highlighted. Finally, the effect
of the change in the operating conditions of the DP thruster will be presented by
evaluating the wake features under varied advance coefficient values.

In order to make a comparison between the LDV and SPIV measurements, the DP
thruster near wake region is considered to be up to 1.5 diameters downstream of the
propeller. The region beyond 1.5 diameters up to 15 diameters downstream of the
propeller is considered to be the far wake region where only SPIV measurements were
performed.

All the SPIV results presented in the following were obtained by phase averaging

the measurements for a blade position having the trailing edge at the 12 o’clock position.
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4-1:  Velocity Field Characteristics Around the DP Thruster

In this section, the general flow features of the DP thruster, when operating with
and without a nozzle, will be presented for the propeller pitch ratio of 1.2 at different test
advance coefficient values (/= 0, J= 0.4 and J= 0.45).

In order to make a comparison between the results of the LDV and SPIV
measurements, each SPIV transverse plane was divided into eight radial locations
(circles) with diameters equal to 0.2D, 0.4D, 0.6D, 0.8D, 0.9D, 1.0D, 1.1D and 1.2D,
respectively using TECPLOT 8.0. TECPLOT software has a capability to extract velocity
components at any selected point in flow. Therefore, each radial location (360%) was
divided into 16 equally spaced circumferential points. At each point, the three
components of the velocity were extracted manually. In order to reduce the error due to
the uncertainty in the determination of the location of the extracting points at each radial
location for each transverse plane, the three components of the velocity were recorded as

average values for each radial location.

4-1-1: The Distribution of the Wake Velocity Components Around the DP Thruster

Fig. (4-1) and Fig. (4-2) show the LDV and SPIV distribution of the propeller

wake velocity p at 0.5 di d eam axial position, respectively.
Results are plotted for the DP thruster with and without the nozzle at different advance
coefficients.

The results of the SPIV and LDV indicate some common features between the
distributions of the flow velocity components with and without the nozzle. The

distribution of the axial velocity shows low values near the hub increasing radially
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outwards to reach a maximum value at a radial position around /R = 0.6-0.8 for the

measurements with the nozzle, and around 7/R = 0.6 for the measurements without the

nozzle.

The distribution of the tangential velocity indicates high values near the hub due

to the presence of the hub vortex. The hub vortex influence decreases at higher radii. At

the edge of the slipstream, the tangential velocity is close to zero, as would be expected.

The radial velocity generally has a small value. It has negative values, or an inward

direction towards the hub, resulting from the contraction of the slipstream and hub effect.
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Figure 4-1: Circumferential variation of velocity components around the DP thruster; at /<0.4 and
J=0.45; and at X/D = 0.5 using LDV
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Figure 4-2: Circumferential variation of velocity components around the DP thruster at J=0, J=0.4
and J=0.45; and at X/D = 0.5 using SPIV

Fig. (4-3) shows a comparison between the LDV and SPIV axial flow velocity

measurements around the open and ducted DP thruster at X/D = 0.5 and at advance
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coefficients of 0.4 and 0.45. By comparing the results of the LDV and the SPIV results

shown in Fig. (4-1), Fig. (4-2) and Fig. (4-3), the LDV measurements indicate higher

velocity components than the SPIV

Di

P

between the LDV and

SPIV results may be due to tunnel effects. Moreover, Fig. (4-3) shows that the SPIV and

LDV measurements show negative axial flow velocity in the thruster blade tip region.

This implies the circulatory behavior of the flow in this region, which is known as vortex

ring flow. The SPIV measurements indicate higher vortex ring flow than the LDV

measurements.
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Figure 4-3: Comparison between the LDV and SPIV circumferential variation of the axial velocity
component around the DP thruster; at /=0.4 and J=0.45; and at X/D = 0.5
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4-1-2: Duct Effect in the DP Thruster Wake Velocity Distribution

The effect of the nozzle can be investigated by comparing the results of the DP
thruster wake velocity measurements with and without the nozzle shown in Fig. (4-1) and
Fig. (4-2). Measurements without the nozzle indicate higher axial and cross-flow velocity
components than measurements with the nozzle.

The results of the measurements without the nozzle indicate a sharp reduction in
the axial velocity after the maximum value to reach the zero value, i.e. velocity of the
cavitation tunnel, at 7/R =1.0. Then the axial velocity has a negative value beyond this
range. The negative value of the axial velocity in this region indicates that the flow has an
opposite direction to the main flow of the propeller. This is mainly a result of the shear
layers produced around the propeller slipstream due to the vortex ring flow. However,
measurements with the nozzle indicate gradual reduction in the axial velocity after the
maximum value, and it has a negative value beyond »/R = 1.15. This result indicates that
the duct increased axial flow over larger diameter and therefore the shear layers around

31

the propeller slip are d by the p of the nozzle. These results imply

that the propeller with the nozzle is more lightly loaded than the propeller without the
nozzle. The accelerating effect of the nozzle reduces the thrust loading of the propeller
itself at a fixed advance coefficient; the inflow velocity to the propeller increases, causing
an effective increase in advance velocity at the propeller, and consequently a decrease in
the propeller blade’s local angle of attack.

As propeller load reduces the rotational losses from the propeller blades also

reduce. This causes a reduction in the downstream axial and tangential velocities. That is
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why measurements without the nozzle indicate higher axial and cross-flow velocity

p than with the nozzle.

4-1-3: Advance Coefficient Effect in the DP Thruster Wake Velocity Distribution

The advance coefficient is a measure of the propeller blade loading. As mentioned
before, the increase in the advance coefficient value reduces the propeller blade’s angle
of attack, thereby reducing the loads acting on the propeller.

The results of the LDV and SPIV indi a reduction in the

velocity components’ value as the propeller load is reduced, i.e. increasing advance

coefficient value, due to the reduction in the angle of attack.

4-1-4: Total Flow Turbulence Distribution Around the DP Thruster

When removing the nozzle, a contraction of the slipstream is observed. This is
due to the fact that only the inner part of the propeller blade is able to generate lift while
the outer blade regions are stalled. This is expected because the thruster is operating far
from its maximum efficiency, as shown in Fig. (3-2). This is demonstrated by the
distribution of the total flow turbulence of the DP thruster with and without the nozzle at
X/D = 0.5 as shown in Fig. (4-4). The total flow turbulence, as presented by Eq. (4-1), has
been defined as the non-dimensional standard deviation of the velocity distribution at a

given point by the propeller angular velocity.

Total Flow Turbul B L ) s
w.D
Where, o, o, and o, are the standard deviation of the axial velocity and the cross

Eq. [4-1]

velocities v and w respectively, and W is the thruster angular velocity.
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Fig. (4-4) indi that the turbul intensity is stronger near the propeller

blade tip and hub wake region than other wake regions. The result without the nozzle
indicates a higher turbulence level than the result with the nozzle. The thrusting region of
the propeller wake is the region of low turbulence intensity. The results without the
nozzle indicate that only the inner blades region (r/R <0.8) is thrusting and the blade tip
region is not thrusting (stall condition). This is a result of the extreme blade section angle
of attack due to the high thruster geometric pitch ratio.

It is clearly shown that the propeller blade working condition is improved by the
introduction of the nozzle. The nozzle effect in accelerating the flow toward the propeller

reduces the angle of attack. Subsequently, this reduces the total flow turbulence and

pi the working condition of the propeller blades.

{ i
Total Turbulence: 0.000 0.013 0.027 0.040 0.053 0.067 0.080 0.093

S Xmm

Figure 4-4: SPIV DP thruster wake total turbulence distribution at /= 0.4 and at X/D = 0.5
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4-1-5: Flow Vorticity Distribution Around the DP Thruster

The propeller blade wakes could not be recognized from the mean flow velocity
components shown in Figs. (4-1) and Fig. (4-2). However, the propeller blade wakes
could be recognized from the vorticity distribution as shown in Fig. (4-5).

The maximum values of vorticity are found at the hub and propeller blade tip
regions. The trailing vorticity, shed from the blade trailing edges, is easily identified and
consists of two circular layers of opposite sign which overlap at about /R = 0.7 at the
blade section of maximum loading. This result was also obtained by Felli er al. (2002). It
is difficult to identify the tip vortices in both the measurements with and without the

nozzle, due to the high loading condition of the test.

With Nozzle [ Without Nozzle

| __EHEEE EEEEN |

Verticity: 0.00  14.29 2857 4286 5714 7143 8571 16600
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4-2:  Characteristics of the DP Thruster Near Wake Region

The near wake region is the region up to the contraction of the propeller wake. It
is extended up to one diameter downstream of the propeller. In this study, the evaluation
of the characteristics of the DP thruster near wake region is considered to be up to 1.5
diameters downstream. In this section, the hydrodynamic characteristics and the
momentum and energy propagation of the DP thruster wake at different transverse
downstream axial planes (X/D = 0.3, 0.5, 1.0 and 1.5), under varied operating conditions,

are presented.

4-2-1: Characteristics of the DP Thruster Near Wake Velocity Distribution

Figs. (4-6) and (4-7) show the LDV and the SPIV near wake mean axial velocity
distribution of the DP thruster wake at different axial downstream planes and at different
advance coefficient values, respectively. The propagation of the DP thruster near wake
axial flow velocity at different radial and downstream axial plans is shown in Fig. (4-8).

The evolution along the longitudinal axis of the axial velocity component for both
measurements with and without the nozzle shows that the shape of the axial velocity
profiles and the maximum velocity vary with axial distance.

Fig. (4-7) and Fig (4-8) show that the wake contraction of the DP thruster at the
bollard pull operating condition take place at X/D =0.5. However, measurements at J=0.4
and J=0.45 show that the wake contraction between the first two LDV measurement
planes, which are very close to each other and to the propeller plane, causes some axial
acceleration, indicated by the higher axial velocity achieved in the second measurement

plane (X/D = 1.0). Also, the near wake evaluation of the mean axial flow velocity shows
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the itude of the

that as the advance coefficient d (propeller load i

axial velocity component is increased within the slipstream of the propeller. It is also
noted that the contraction of the propeller slipstream behind the propeller is higher at /=0
than J=0.4 and J=0.45. These results imply that the contraction of the DP thruster
slipstream occurs earlier in the case of bollard pull measurements than the measurements

at J=0.4 and J=0.45. Therefore, as the advance coefficient is reduced the contraction of

the slipstream occurs earlier.
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Figure 4-6: LDV near wake mean axial flow velocity evolution with and without the nozzle at
J=0.4 and J=0.45




Chapter 4. Dynamic Positioning Thruster Wake Hydrodynamic Characteristics

A reduction in the DP thruster wake axial velocity starts beyond the plane of
contraction (X/D = 0.5 for /=0, and X/D =1 for /=0.4 and J=0.45). Also, the beginning of
the slipstream broadening and expanding starts beyond the plane of contraction.
Moreover, the near wake axial velocity propagation indicates a reduction in the

longitudinal axial velocity as the advance coefficient increases.

Vax/VA: 0.00 0.20 0.40 0.60 6.80 1.00 1.20 140 1.60 1.830 2.00

03 0s 1.0 LS

J=0

J=0.4

J=0.45

a: Ducted DP thruster near wake mean axial flow velocity evolution using SPIV
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J=0.45

b: Open DP thruster near wake mean axial flow velocity evolution using SPIV

Figure 4-7: SPIV near wake mean axial flow velocity evolution with and without the nozzle at J=0,

J=0.4 and J=0.45

Fig. (4-6) and Fig. (4-7) show that measurements with the nozzle have lower
mean axial velocity values at similar radial and downstream axial positions than those
without the nozzle. This is because the ducted propeller is more lightly loaded than the
open propeller. It is also noted that the contraction of the propeller slipstream behind the
propeller is less with the propeller in the nozzle than with the open propeller. This is due
to the effect of the nozzle in reducing the displacement effect of the propeller wake, as

will be shown from the analysis of the DP thruster wake momentum later in this chapter.
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At the positions just do of the ller, the axial velocities are almost

Prop

zero at the inner propeller radii due to the influence of the propeller hub. This influence is

clearly represented in Fig. (4-7), where the hub influence is reduced by a reduction in the

advance coefficient value and an i in the di from the propeller. The open
propeller results show lower influence to the hub effect than the ducted results. This is
because of the higher contraction and load of the open propeller than the ducted
propeller.

It can be seen from Fig. (4-7) that the velocity field close behind the
axisymmetrical prop;eller is not axisymmetrical. This phenomenon occurs in both the
ducted and the open propeller wake. The reason for this phenomenon is probably related
to the influence of the propeller strut. The strut of the DP thruster model has a conical
shape with a diameter larger than the propeller blade width and with a fin from the
bottom side, as shown in Fig. (2-1). The large geometry of the strut affects the slipstream
wake, as well as the downstream wake of the DP thruster. It can be seen from Fig. (4-7)
that the strut influence region almost covers a section of 90° and that the angular position
of this region moves with an increase in the axial distance to the propeller. The strut
influence region changes its angular position and grows as the distance from the propeller
is increased. It appears that the wake produced by the strut resembles a helix with a
varying pitch. This phenomenon was also observed by Nienhuis (1992). The wake of the
nozzle and the strut is more apparent at higher advance coefficient due to the higher
advance velocity

Fig. (4-8) shows that the propagation of the open DP thruster axial flow velocity

at r/R =0.2 to »/R= 0.6 indicates a higher value than the ducted DP thruster at the bollard
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pull condition. A large drop in the open DP thruster axial velocity is noted at /R =0.8.
This result indicates that there is a high turbulent wake in this region, which decreases the
induced axial velocity of the open DP thruster at /R =0.8. It is clearly shown that the loss
of the induced axial flow velocity at »/R =0.8 is improved by the ducted propeller and by
the reduction in the advance coefficient value. This result is also shown in Fig. (4-9).

Up to 7/R = 0.8 the propagation of the DP thruster near wake axial velocity shows
a reduction in value as the X/D increases for the measurements at J=0. Measurements at
J=0.4 and J= 0.45 show increases in the axial velocity up to X/D = 1.0, then a reduction
in the axial velocity beyond this range up to /R = 0.8.

At 7/R =1.0, measurements of the open DP thruster indicate lower axial velocity
than the ducted DP thruster wake at X/D=0.5. This is due to the mixing between the open
DP thruster high turbulent flow and the viscous wake at the tip of the propeller blades.
The effect of the viscous wake is reduced as the distance from the propeller increases.
Therefore, there is an increase in the axial flow velocity at 7/R =1.0 as the X/D increases.

The rate of the increase in the axial flow velocity at 7/R 1.0 is higher in the case of
the measurements at the bollard pull condition than the measurements at J=0.4 and
J=0.45. Also, it is higher in the case of the open thruster than ducted thruster. These
results indicate that the rate of the near wake energy decay increases as the advance
coefficient decreases, and it is higher in the case of the open thruster than the ducted
thruster.

Fig. (4-7) shows that the wake of the DP thruster becomes more organized as the
advance coefficient increases. The blade wake at the inner radii and near the hub of the

open DP thruster at J=0.4 and J=0.45 could be recognized. Also, the presence of the tip
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vortex could be observed in the results of the open DP thruster at X/D=0.3 for /=0.4 and
J=0.45. The tip vortices are appeared as four blue spots at the tip of the open DP thruster

blades.
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Figure 4-8: DP thruster near wake axial flow velocity propagation with and without a nozzle; and

at J=0, J= 0.4 and J=0.45 (SPIV results)

63




Chapter 4. Dynamic Positioning Thruster Wake Hydrodynamic Characteristics

4-2-2: Characteristics of the DP Thruster Near Wake Vorticity Distribution
Fig. (4-9) shows the DP thruster near wake vorticity distribution with and without

anozzle at /=0, J= 0.4 and J=0.45.

Voricity: 0 18 36 54 71 89 107 125 143 161 179 196 214 232 250
57 03 05 X 5
J=0
J=04
J=0.45

a: Ducted DP thruster near wake vorticity distribution using SPIV
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J=0.45

b: Open DP thruster near wake vorticity distribution using SPIV

Figure 4-9: SPIV DP thruster near wake vorticity distribution with and without the nozzle at J=0, /= 0.4
and J=0.45

The propeller blade wakes can be recognized from the flow vorticity distribution
for both measurements with and without a nozzle up to X/D = 1.0 downstream of the
propeller. Fig. (4-9) shows that the vorticity of the propeller wake increases as the
propeller loading increases (lower advance coefficient) as expected, because it is strictly
related to the circulation and to the pressure distribution along the blade span. Also, this
indicates that the heavily loaded propeller loses more energy due to the formation of

vorticity than that of lightly loaded propeller. Also, Fig. (4-9) shows that there is a rapid
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reduction in the flow vorticity as the di from the propeller i This implies a
high rate of vorticity dissipation and diffusion in the near wake region.

In the all cases shown in Fig. (4-9), the hub vortex has the strongest vortex
structure of the propeller wake. This is due to the strong roll up process of the hub vortex

due to the strong acceleration of the radial velocity comp near the propeller hub.

Measurements with the nozzle show a weaker hub vortex with respect to the case without
the nozzle pointing out the unloading effect of the nozzle on the propeller. The distance
required for the vortex decay is proportional to the vortex intensity and occurs in the near
wake region for J/=0.4 and J=0.45 for the measurements with the nozzle, while the
measurements without the nozzle point out the long life of the hub vortex which is still

existing at the measurement plane X/D = 1.5.

4-2-3: Characteristics of the DP Thruster Near Wake Flow Turbulence Distribution

Fig. (4-10) shows the distribution of the DP thruster near wake total flow
turbulence. The red and white spots in the images are due to spurious vectors, which were
created due to light reflection. Measurements with and without a nozzle indicate a
reduction in the total flow turbulence as the advance coefficient value and the distance
from the propeller increase.

The ducted DP thruster results indicate a presence of an annular region of
turbulence. This is due to the interaction of the nozzle wake with the blade tip wake.
Also, there is no apparent trace of the tip vortices can be recognized from the ducted DP

thruster near wake total turbulence distribution.
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Fig. (4-10) indicates stronger turbulence intensity at the thruster tip and hub wake
regions, specially at J=0, than the other wake regions and it is higher in the case of the
open DP thruster results than the ducted thruster results. This implies that the outer blade
regions are most likely stalled. However, as soon the advance coefficient increases
coherent and organized flow structures are apparent showing the presence of the blade

wake and the tip vortices that are rapidly dissipated in the downstream evolution.

J=04

J=0.45

a: Ducted DP thruster near wake total turbulence distribution using SPIV
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J=0.45

b: Open DP thruster near wake total turbulence distribution using SPIV

Figure 4-10: SPIV DP thruster near wake total turbulence distribution with and without the nozzle at
J=0, J=0.4 and J=0.45

4-2-4: Evaluation of the DP Thruster Near Wake Circulation
Circulation can be calculated from the distribution of mean tangential velocity in
the wake of the propeller (Kerwin, 1982; Jessup, 1989) from:

e el
27RV, K R V, Eq.[4-2]

where, 7"is the calculated circulation, which is normalized by advance velocity (V) and
propeller radius (R). K is the number of propeller blades, #/R is the radius fraction and

V;/V, is the normalized tangential velocity. The distribution of the DP thruster near wake
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circulation with and without the nozzle is shown in Fig. (4-11) for the SPIV

measurements and in Fig. (4-12) for the LDV measurements.
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Figure 4-11: Near wake circulation distribution at different radial and downstream axial positions
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Figure 4-12: Near wake circulation distribution at different radial and downstream axial positions

The results indicate a similarity in circulation distribution behavior from the

different downstream positions. The near wake distribution of the circulation shows low

values near the hub; increasing radially outward to reach a maximum value at about r/R =

0.8-1.0 for the measurements with the nozzle and at about »/R = 0.7-0.9 for the SPIV

measurements without the nozzle. Fig. (4-12) shows that the maximum circulation of the

measurements without the nozzle is at about r/R=0.6. The near wake distribution of flow

circulation indicates a reduction in the flow circulation after the maximum value for both
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the measurements with and without the nozzle. Fig. (4-11) and Fig. (4-12) show that the
rate of reduction in the flow circulation is higher in the outer blade regions for the
measurements without the nozzle than those with the nozzle. This implies that the outer
blade regions of the open thruster are rapidly losing lift and are most likely stalled. Also,
Fig. (4-11) and Fig. (4-12) show that the flow circulation of the open thruster has higher
value than the ducted thruster, and the LDV measurements indicate higher flow
circulation that the SPIV measurements.

Moreover, Fig. (4-11) and Fig. (4-12) show that the circulation increases as J is

and red asX/Disi d. This latter could be due to viscous effects.

4-2-5: Evaluation of the DP Thruster Near Wake Flow Momentum

The propeller thrust and torque impart axial and swirl momentum to the propeller
slipstream immediately behind the propeller disk. These momentum fluxes can be
determined by integrating the measured mean velocity profile (Hyun and Patel 1991, Oh

and Kang 1992). Integral parameters for the mass and momentum deficits are defined as

follows:
s
m® =2 [(¥, -V, rdr (Kgls)——————Eq [43]
H
s
M'g =21 [Ve(V, -V rdr  (KN) Eq. [4-4]
s
M 'y =21 IV,V,rdr (kN) Eq. [4-5]

where, m” is the mass flow deficit, M xy is the momentum flux deficit in the x direction,

and Moy is the swirl (tangential) flux deficit in the x direction. The value & is the radial
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distance at which the axial velocity becomes equal to the free stream velocity. Eq. (4-6),

Egq. (4-7) and Eq. (4-8) represent the normalized form of these parameters.

)
Wiz 722’)—2](;/, -V )rdr Eq. [4-6]
P ,,zDz IV Vo=V )rdr Eq.[4-7]
M oox = V—D—IV v rdr Eq. [4-8]

where, ¥, and ¥, are normalized by the velocity of advance (¥4), p is normalized by p,

and r is normalized by the propeller di (D).

The calculation p of these p may include errors due to the

uncertainty in estimating &, and the axial and tangential velocity profile at each operating
condition. The estimated values of these parameters for the DP thruster near wake region
with and without the nozzle is shown in Fig. (4-13) for J= 0, /= 0.4 and J= 0.45.

The results indicate some common features between the distributions of the flow
mass deficit, the axial momentum flux deficit, and the swirl flux deficit of the
measurements with and without the nozzle. The distribution of these parameters shows
increasing values in the near wake region, reaching a maximum value at X/D = 1, then
remaining nearly constant beyond this position. Fig. (4-13) shows that there is a reduction
in these parameters as the advance coefficient increases. This can be explained due to an
increase in the DP thruster ambient flow velocity and a reduction in the level of which
DP thruster flow is displaced outward as the advance coefficient increases. Therefore, the

flow dissipation rate increases as the advance coefficient decreases.
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Figure 4-13: Distribution of the mass deficit, and axial and swirl momentum flux deficits with and
without the nozzle (SPIV results)

The mass flow deficit is a measure of the displacement effect of the viscous flow.

By comparing the distribution of the DP thruster mass flow deficit with and without the
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nozzle, it is clearly shown that the displacement effect of the propeller wake is reduced

by the presence of the nozzle. This indi that the ion of the propeller
lip behind the propeller is less with the propeller in the nozzle, than with the open
propeller.

The distribution of the axial momentum flux is related to the propeller thrust. Fig.
(4-14) shows the distribution of the propeller thrust at different downstream axial

positions with and without the nozzle. The flow thrust of the DP thruster is estimated

using Eq. (4-6):
3
- 2
Thrust = 2zp a[ Vx“rdr Eq. [4-9]
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Figure 4-14: DP thruster near wake flow thrust propagation with and without a nozzle at J=0, /=0.4
and J= 0.45 (SPIV results)

Fig. (4-14) shows that the thrust produced from the propeller without the nozzle is
higher than that with the nozzle and it has the same distribution features of the axial

momentum flux.
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4-2-6: Evaluation of the DP Thruster Near Wake Energy Propagation

The rate of energy dissipation can be investigated from the propagation of the
flow shape factor (H). The shape factor is defined as the ratio of the flow displacement
thickness (m®) to the flow momentum thickness (Myy). The value of the shape factor
gives an indication of how prone a boundary layer is to separation. The smaller value of
the shape factor implies higher transverse momentum exchange and more kinetic energy
in the flow.

Fig. (4-15) shows the distribution of the calculated flow shape factor of the DP
thruster near wake with and without a nozzle at the test advance coefficient values. The
results of the ducted and open thruster show that there is an increase in the DP thruster
near wake shape factor as the advance coefficient and distance from-the propeller both
increase. These results imply that there is a reduction in the DP thruster near wake total
flow energy and total flow turbulence as the advance coefficient and the distance from

the propeller increase.
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Figure 4-15: DP thruster near wake shape factor distribution with and without a nozzle at J=0,
J=0.4 and J=0.45 (SPIV results)
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The near wake evaluation of the DP thruster shape factor indicates that the open
DP thruster wake has higher energy than the ducted DP thruster wake with the same
advance coefficient, as shown in Fig. (4-16). It is clear from Fig. (4-16) that the DP near

wake energy decay rate is higher in the case of the open thruster than the ducted DP

thruster.
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Figure 4-16: Comparison DP thruster wake shape factor distribution with and without a nozzle at
J=0, J=0.4 and J=0.45 (SPIV results)

The evaluation of the DP thruster near wake characteristics shows that the rate of

change in the flow velocity, vorticity, total turbulence, momentum, thrust, and energy
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among the measuring planes when moving downstream the propeller, is higher in the
case of the open thruster than the ducted thruster. This result implies that the DP thruster
near wake region energy decay rate is higher in the case of the open thruster than the

ducted thruster.

4-3:  Characteristics of the DP Thruster Far Wake Region

The far wake region is the region where the variations in the wake are relatively
slow. In fact, the far wake can be thought of as that region where the wake decays slowly
and steadily. This can be seen in Fig. (4-17), which shows the propagation of the DP
thruster far wake mean axial flow velocity at »/R= 0.6 with and without the nozzle, up to
15 diameters downstream, and at J= 0 and J= 0.4. As shown, there is a high reduction in

the axial velocity value in the near wake region and this reduction is furthermore taking

place when moving downstream of the propeller.
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Figure 4-17: Propagation of the axial velocity for the DP thruster wake with and without a
nozzle at #/R = 0.6 (SPIV results)
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The DP thruster far wake velocity measurements were performed up to X/D = 15

using the SPIV system. In this section, the ducted and open DP thruster far wake

"

hydrodynamic istic: propagation, and energy evaluation at different

advance coefficient values (J= 0 and J= 0.4) and transverse downstream axial planes

(X/D=3.0, 5.0, 10.0 and 15.0) are presented.

4-3-1: Characteristics of the DP Thruster Far Wake Velocity Distribution
Fig. (4-18) shows the far wake distribution of the mean axial flow velocity
evolution for the DP thruster with and without the nozzle at J= 0 and J= 0.4. The

evolution along the longitudinal axis of the axial velocity component for both

measurements with and without the nozzle shows ble fl ion of the slip in

the dow region. M performed in phase with the propeller blade point

out that a strong deformation of the slipstream. The deformation already seen in the near
wake is amplified in the downstream evolution. This phenomena is more apparent for the
case without the nozzle and at J=0 indicating that a possible relation of the wake
deformation mechanism with the blade loading exist.

The propagation of the DP thruster far wake at different radial and downstream
axial planes is shown in Fig. (4-19). The distribution of the DP thruster axial flow
velocity at different radial location with and without the nozzle indicates a reduction in

P i due to the fact that the flow rate is

values as the di from the p

distributed on a large area. The rate of the axial velocity flow reduction rate is higher in

the case of the bollard pull than the at =04 b of the
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higher diffusion process due to the higher turbulence levels observed in such cases in the

near wake region.
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Figure 4-18: SPIV DP thruster far wake mean axial flow velocity evolution with and without the nozzle,
and at /=0 and /=0.4
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Figure 4-19: DP thruster far wake axial flow velocity propagation with and without a nozzle,
and at /=0 and J=0.4 (SPIV results)
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Fig. (4-18) shows that the wake of the ducted DP thruster has higher axial flow
velocity than the wake of the open DP thruster at the bollard pull operating condition.
However, the results at /=0.4 show the opposite. This is due to the effect of the duct
thrust contribution to the total thrust of the ducted DP thruster discussed in the last
chapter. At the bollard pull condition, the duct contributes about 50% of the total thrust of
the ducted DP thruster, and this contribution is decreased as the advance coefficient is
increased. This caused a reduction in the ducted DP thruster induced axial velocity as the
advance coefficient increases.

By comparing the results of the ducted and the open DP thruster wake axial
velocity value at X/D =15 shown in Fig. (4-19), the results show that the ducted DP
thruster has higher axial velocity than the open DP thruslér at J=0. Therefore, at the
bollard pull operating condition the wake of the ducted DP thruster persists further
downstream than the open DP thruster wake. Also, the far wake evaluation of the open
and ducted DP thruster axial flow velocity at X/D =15 show that the results at J=0.4 have
higher axial flow velocity than the results at the bollard pull operating condition.
Thereby, the wake of the ducted and open DP thruster persists further downstream as the
advance coefficient value increases.

Fig. (4-18) shows that the flow loses its identity when moving downstream from
the propeller. As the distance behind the propeller increases, the gravitational effect on
the displaced fluid becomes more dominant and results in a vertical collapse and a
horizontal growth in the wake region. As expected from the DP thruster near wake

momentum analysis, the width of the DP thruster wake increases as the distance from the
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propeller increases and the rate of increase is higher in the case of the bollard pull
condition than J=0.4.

Also, Fig. (4-18) indicates that the reduction and the fluctuation in the axial
velocity among the measured axial planes when moving downstream from the propeller
are reduced as the advance coefficient increases. Therefore, it is expected that the wake

of the DP thruster will persist further downstream as the advance coefficient increases.

4-3-2: Characteristics of the DP Thruster Far Wake Vorticity Distribution

The distribution of the DP thruster far wake flow vorticity is shown in Fig. (4-20).
The vorticity evaluation in the far wake region was performed at values lower than that in
the near wake region in order to capture the profile of the flow vorticity distribution,

which reduces rapidly when ing do of the propell

P

Fig. (4-20) shows that only the hub vortices of the DP thruster far wake vorticity
distribution could be captured at the X/D =3.0 and there is no substantial flow vorticity
beyond X/D =5.0. These results indicate that the flow become less rotational when
moving downstream from the propeller. This gives an indication of the level of the wake

energy decay.

82



Chapter 4. Dynamic Positioning Thruster Wake Hydrodynamic Characteristics

Vorticity: -10 -3 5 12 19 27 34 41 49 56 63 71 78 85 93 100

30 10.0 15.0

Ducted
J=0

Ducted
J=04

en
J=0

Open
J=0.4

Figure 4-20: SPIV DP thruster far wake vorticity evolution with and without the nozzle, and at /=0 and
J=0.4

4-3-3: Characteristics of the DP Thruster Far Wake Total Turbulence Distribution
The distribution of the DP thruster far wake total flow turbulence is shown in Fig.
(4-21). Measurements without the nozzle indicate higher turbulence intensity and

fluctuation than those with the nozzle.
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Figure 4-21: SPIV DP thruster far wake total flow turbulence evolution with and without the nozzle, and
atJ=0 and J=0.4

The propagation of the DP thruster far wake total turbulence indicates that
measurements at J=0.4 have a higher flow total turbulence beyond X/D =3.0 than

measurements at J=0. This result gives an indication that the flow of the DP thruster
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persists further downstream as the advance coefficient value increases. Also, the DP
thruster far wake total flow turbulence is reduced from about 7% at X/D = 3.0 to around
1.5% at X/D= 15. This gives an indication that the flow in the far wake region is almost

laminar.

4-3-4: Evaluation of the DP Thruster Far Wake Flow Circulation

The distributions of the DP thruster far wake circulation at different radial and

downstream axial planes were calculated using Eq. (4-2) and are shown in Fig. (4-22).
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Figure 4-22: DP thruster far wake circulation distribution at different radial and downstream axial
positions, and at /=0 and J=0.4 (SPIV results)
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The results shown in Fig. (4-22) indicate that measurements with the nozzle have
lower flow circulation at different radial and downstream axial positions than those
without the nozzle. This is because the ducted propeller is more lightly loaded than the

open propeller. Also, Fig. (4-22) shows that the flow circulation is decreased as the

di from the propeller is i d. The results at J=0 indicate lower (almost zero)
flow circulation than those at J=0.4 beyond X/D =5.0. This result implies that the rate of

decay in the DP thruster far wake ial velocity is i d as the ad

coefficient is reduced. Also, it indicates that the DP thruster far wake region is more or

less irrotational flow.

4-2-5: Evaluation of the DP Thruster Far Wake Flow Momentum

Fig. (4-23) shows tl;e estimated values of the DP thruster far wake distributions of
the flow mass deficit, the axial momentum flux deficit, and the swirl momentum flux
deficit of the measurements with and without the nozzle. These parameters were

estimated using Eq. (4-3), Eq.(4-4) and Eq. (4-5) respectively.
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Figure 4-23: Distribution of the DP thruster far wake mass deficit, and axial and swirl momentum
flux deficits with and without the nozzle, and at J=0 and J=0.4 (SPIV results)
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The DP thruster far wake distribution of these parameters shows reduction in

values as the di from the propeller is i d. As the di from the thruster

increases the rate of DP thruster wake diffusion increases, therefore, the flow mass deficit

reduces. Also, as the distance from the thruster i the rate of reduction in the

thrust and flow vorticity are increased. This is why the axial momentum flux deficit, and
the swirl flux deficit of the measurements with and without the nozzle decrease as the
distance from the thruster increases.

The distribution of the swirl momentum flux deficits at /=0 shown in Fig. (4-23)
indicates zero value at X/D =15 for the measurements with and without the nozzle. This
result implies that the flow has stopped rotating at and beyond X/D = 15. However,
measurements at J=0.4 indicate small positive swirl momentum at X/D=15 for the
measurements with and without the nozzle. This indicates that the flow is still rotational
flow and the rate of flow rotational is higher in the case of open thruster than the ducted
thruster.

Fig. (4-23) shows that the estimated values of these parameters at the bollard pull
condition indicate higher value in the case of the ducted DP thruster than the case of the
open thruster. This is because to the rate of energy dissipation of the DP thruster, which is

higher in the case of the open DP thruster than the ducted DP thruster at the bollard pull

perating condition. H , the distribution of these p at J=0.4 indi

higher value in the case of the open DP thruster than the case of the ducted DP thruster.
This is due to the difference between the total thrust produced from the ducted and open
DP thruster at J=0 and J=0.4, which can be figured out from the comparison between the

DP thruster far wake thrust propagation with and without a nozzle at J=0 and J = 0.4 as
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shown in Fig. (4-24). Fig. (4-24) shows that the thrust generated from the ducted DP
thruster at J= 0 is higher than the open DP thruster. While, the results of the DP thruster

thrust distribution at J=0.4 indicates the opposite.
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Figure 4-24: DP thruster far wake thrust propagation with and without a nozzle at J=0 and J= 0.4
(SPIV results)

Fig. (4-25) shows a comparison between the distribution of the flow mass deficit,
the axial momentum flux deficit, and the swirl momentum flux deficit of the
measurements with and without the nozzle at J=0 and J=0.4. Fig. (4-25) shows that the
rate of reduction of these parameters is higher in the case of J=0 than the case of J=0.4.
This gives an indication that the rate of the DP thruster far wake energy decay, diffusion
and dissipation increases as the advance coefficient is decreased.

Also, Fig. (4-25) shows that the rate of degradation of the mass deficit and the
axial momentum flux deficits is larger in the case of the bollard pull condition than the
case at J=0.4. This result can also be pointed out from the comparison between the DP
thruster far wake thrust propagation at /<0 and J=0.4 shown in Fig. (4-26). Fig. (4-26)

shows that the DP thruster far wake thrust at X/D =15 are higher in the case of the DP
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thruster at J=0.4 than in the bollard pull condition. This result ensures that as the advance

coefficient is increased the flow of propeller will persist to further distance downstream.
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Figure 4-25: Comparison between the distribution of the DP thruster far wake mass deficit, axial
and swirl momentum flux deficits with and without the nozzle at /=0 and J=0.4 (SPIV results)
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Figure 4-26: Comparison between the DP thruster far wake thrust propagation with and without a

nozzle at J=0 and J= 0.4 (SPIV results)

4-3-6: Evaluation of the DP Thruster Far Wake Energy Propagation
The estimated value of the DP thruster far wake shape factor with and without a
nozzle at J=0 and J=0.4 is shown in Fig. (4-27).

89



Chapter 4. Dynamic Positioning Thruster Wake Hydrodynamic Characteristics

i & Ducted Trruster L
14 —+—Open Thruster 07
12 o
1
X 05
08
o 04
04 03
XD XD|
=== —— T 02+
0 2 4 6 B 10 12 M 1 02 4 6 8 0 12 W 1
Figure 4-27: DP thruster far wake shape factor distribution with and without a nozzle, and at J<0
and J=0.4 (SPIV results)

The distribution of the DP thruster far wake shape factor at the bollard pull
condition indicates that the ducted DP thruster has a lower value than the open DP
thruster. This means that at the bollard pull operating condition the ducted DP thruster far
wake has higher energy than the open DP thruster wake. Therefore, the wake of the
ducted DP thruster will persist further downstream than the wake of the open DP thruster
at the bollard pull operating condition.

On the other hand, the distribution of the DP thruster shape factor at J=0.4
indicates that the wake of the ducted DP thruster has a lower value than the wake of the
open DP thruster. Therefore, the wake of the open DP thruster will persist further
downstream than the wake of the ducted DP thruster at advance ratio higher than J=0.
This is due to the contribution of the duct thrust to the total thrust of the ducted DP

thruster, which is reduced as the ad coefficient i

The comparison between the ducted and open DP thruster far wake shape factor

distribution at J=0 and J=0.4 shown in Fig. (4-28) indicates that an increase in the
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advance coefficient value results in a reduction in the rate of the wake energy decay and
dissipation rate. Also, the comparison between the shape factor value at the X/D =15
indicates that the result at J=0.4 has lower wake shape factor value than the result at J=0.
This result means that at X/D=15 the energy of the DP thruster wake at J=0.4 is higher

than at the bollard pull condition. Therefore, the DP thruster wake will persist further

downstream as the advance coefficient increases.
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Figure 4-28: Comparison between the DP thruster far wake shape factor distribution with and

without a nozzle at J= 0 and J = 0.4 (SPIV results)

These results could also be investigated from tracking the change in the axial flow
velocity downstream the propeller. Fig. (4-29) shows the distribution of the open and
ducted DP thruster wake axial flow velocity ratio at different downstream axial positions
and advance coefficient values (/=0 and J=0.4). The axial velocity ratio is the ratio of the
average axial velocity at any downstream axial plane to its value at X/D = 0.5 (V;). Fig.
(4-29) shows that the rate of reduction in the ducted DP thruster far wake axial flow
velocity is lower than the open DP thruster, and the rate of the DP thruster far wake axial

flow velocity reduces as the advance coefficient is increased.
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Figure 4-29: Propagation of the DP thruster wake axial velocity ratio at different
downstream axial plans, with and without a nozzle, and at J=0 and J=0.4 (SPIV results)

4-4:  Evaluation of the DP Thruster Wake Load on Structures in the Slipstream
The location of the DP thrusters, below the hull or placed in tunnels crossing the
hull from one side to the other, affects any structures behind and downstream of their
operation. When DP thrusters are in operation, they create a water jet current behind and
downstream of the thruster. Any structures downstream (production pipelines,

moorings,..etc) are subjected to this current wash or i These i

P P

create fluid loading on these structures. This fluid loading can be computed as a fluid
drag force as indicated in Eq. (4-7).

Drag Force=0.5.Cp. p. A. V¥ (N) eovevvereeeeiieeneeieeeeeeneanns Eq. [4-7]
where Cp is the drag coefficient, p is the water density, 4 is the structure cross-sectional

area, and ¥ is the flow velocity.
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This drag force increases the load acting on structures in the slipstream, and
hence, any damage that may occur to these structures will affect the environment, the
productivity, and the reliability of the offshore projects.

The propagation of the DP thruster wake loading force ratio at different
downstream axial planes, with and without a nozzle and at /=0 and J= 0.4 is shown in
Fig. (4-30). Fig. (4-30) shows the ratio between the drag force at any downstream axial
plane to the drag force at X/D=0.5 assuming constant drag coefficient, water density and
structure cross-sectional area. Therefore, the percentage of the drag force ratio at any
downstream location is equivalent to the percentage of the square of the DP thruster wake

velocity at this location to the square of the DP thruster wake velocity at X/D=0.5.
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Figure 4-30: Propagation of the DP thruster wake loading force ratio at different
downstream axial plans, with and without a nozzle, and at J=0 and J=0.4 (SPIV results)

Table (4-1) shows the rate of reduction in the DP thruster wake loading force at
different downstream axial planes as a percentage of the wake loading force at X/D=0.5.
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pen Thruster
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; Percetage rate of reduction in the DP thruster wake loading force as the

distance from the propeller increases

Fig. (4-30) shows that both the open and the ducted DP thruster results indicate
increasing in the wake loading force in the near wake region, then a reduction in the wake
loading force is indicated as moving downstream of the thruster. Table (4-1) shows that
the rate of degradation in the DP thruster wake loading force is higher in the case of the
open thruster than the ducted thruster, and this rate in increased as the advance coefficient
reduces. Therefore, if the thruster is used as a dynamic positioning device, any structure
placed in the near wake region will be subjected to a high level of dynamic forces.

In order to have a reliable, safe, productive and environmental friendly operation
of DP offshore projects, the DP thruster wake loading effect should be taken into
consideration in the early stage of design of structures in the slipstream of the DP
thrusters wake. For the existing DP offshore projects, more attention and monitoring of
the structures in the near wake region of DP thrusters should be taken to avoid any

unexpected damage to these structures.
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CHAPTER 5

COMPUTATIONAL FLUID DYNAMIC

SIMULATIONS

Simulation of the flow field around a DP thruster requires software that can solve

the discretized Navier-Stokes equations including the effect of turbul

Numerical simulation of the DP thruster far wake was performed using FLUENT-
6.0. FLUENT is a finite volume general-purpose code for modeling fluid flow, heat
transfer, and chemical reactions. It can perform calculations of the discretized Reynolds
Averaged Navier-Stokes (RANS) equations including viscous effects, turbulence
modeling, and free surface constraints on unstructured adaptive grids.

In this chapter, an introduction to the concept and the structure of CFD and the
structure of the FLUENT 6.0 solver are given. Examples simulation of the DP thruster far
wake with and without a nozzle at advance coefficient values of 0 and 0.4 using

FLUENT 6.0 are also given.
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5-1: The Concept of Computational Fluid Dynamics

CFD is a computational technology that enables the study of the hydrodynamics

of a flow. It is a sophisticated analysis technique which not only predicts fluid flow

behavior, but can also predict the transfer of heat, mass, phase change, chemical reaction,

ot s

and mo ing on the p code.

CFD is used to predict the fluid velocity distribution by solving the fundamental
equations of motion using numerical methods. Usually the fluid body is divided into cells
or elements forming a grid. Then equations for the unknown variables are solved for each
cell, which requires a substantial amount of computing resources. An advantage of this
approach is that it has the potential to remove the difficulties associated with

experimental hods. The fund 1 ions for fluid flow, which describe the

conservation of mass and momentum, are the equation of continuity and the Navier-
Stokes equations. In practice, it is impossible to solve these equations directly since the
fastest supercomputer with the largest memory available falls short of the required

performance by many orders of magnitude (Bull, 1996).

5-2: Numerical Considerations

CFD is a comprehensive field covering a broad range of related topics. This

section is intended to introduce the primary aspects of CFD.
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5-2-1: Grids
A basic concept of CFD is to divide the fluid geometry into elements or cells, and
then solve an equation for each cell. Meshing is an important step in any computational
method in which the accuracy of solution can be directly related to the size and shapes of
the mesh elements.
Grids can be classified according to several characteristics:
1- Shape: the shape of the cells is usually triangular or quadrilateral as shown in
Fig.(5-1).
2- Orthogonality: the orthogonality of the grid is determined by the angle between
the crossing grid lines. If the angle is 90°, the grid is orthogonal. If it is different

from 90°, the grid is non- orthogonal.

Triangular Cell Quadrilateral Cell

Figure 5-1: Triangular and Quadrilateral Cell Shapes

3- Structure: grids can be structured or non-structured.
The structure of the grid is the most important feature of the grid. Structured grids
are currently the most common in CFD applications. This type of mesh requires a
systematic scheme of node and element numbering related to the generation of the grid.
The structured meshes do not require high computer memory because a map of the grid
structure does not need to be stored. Also, the structured meshes allow the use of more

efficient solution methods, which can reduce computer-processing time.
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In spite of these advantages, it can be difficult to create complex geometries using
structured meshes. Therefore, unstructured meshes are used for complex geometries
instead of structured meshes. Unstructured grids are flexible, useful for complex

geometries, and can be constructed with any type of el or with binations of

different element types. The combination of orthogonal and non-orthogonal elements is
called a hybrid mesh. The application of unstructured hybrid meshes can greatly
accelerate the meshing process of a CFD simulation. The disadvantages of this method

q i

are the i p required, and the fact that solvers have to be

designed specially to handle unstructured meshes (Thornhill, 2002).

5-2-2: Solution Techniques

The concept of any CFD program is to solve the fundamental equations of motion
using numerical methods. The equations of motion here are the Navier-Stokes equations,
and CFD uses different numerical techniques or approaches to solve these equations. The
Navier-Stokes equations governing the conservation of mass and momentum of fluid are
a set of coupled, non-linear, mixed elliptic-parabolic partial differential equations
(Versteeg et al., 1995).

Exact solution cannot be determined for practical flows. Therefore it is necessary
to employ numerical methods to develop approximate solutions to these equations. The
solution process of the Navier-Stokes equations can be done in various ways. Well-
known methods are: Finite Difference Methods (FDM), Finite Element Methods (FEM),
Finite Volume Methods (FVM), and Spectral Element Methods (SEM). The basic steps

for each of these methods can be summarized as:
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- Use of a simple function to approximate unknown flow variables.
- Discretizing the governing flow equations with substitutions of the approximate

functions followed by matt ical ipulati

p

- Solving the resulting algebraic equations.

5-2-3: Turbulence Modeling

Turbulent flows are characterized by fluctuating velocity fields, and these
fluctuations mix transported quantities and cause the transported quantities to fluctuate as
well. Since these fluctuations can be of high frequency and small scale, they are too
computationally expensive to be modeled directly in practical engineering calculations.
The equations are practically impossible to be solved analytically, and require numerical
methods to be formulated to solve for particular states within the flow. The concept of
these methods assumes that the components of the flow velocity, and the pressure, consist

of a mean value with superimposed fl i These fl i are bounded to

remain within a spectrum of values in terms of frequency and amplitude. This spectrum
of the turbulent kinetic energy can be analyzed and operated on using statistical tools,
from which a variety of formulations for the mass and momentum conservation can then
be derived. The most well known method is known as Reynolds averaging and forms the

basis of the Reynolds-Averaged Navier Stokes Equations (RANS). RANS equations are

developed from the time-dependent three-di ional Navier-Stokes equations which are

averaged in such a manner that unsteady structures of small size in space and time are

Timi 1

and t exp! d by their mean effects on the flow through the so-called

Reynolds or turbulent stresses.
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The Navier Stokes Equation for linear is given as:

Ou, Ou, oP 2
et Bt B R o, [Eq. 5-1]
ot ox; ox, g

Velocity is decomposed into mean, @i, and fluctuating, Ui', components as follows:

UL=GIEURY | sissasmsisatsmrsammas e ime e [Eq. 5-2]
Similarly for pressure,

; e 0 R SGRRIS SN Pl DU W BT o) N [Eq. 5-3]

Substituting the decomposed velocity and p into the q

[D-1] and taking an ensemble mean leads to the RANS equation:

A p _ 2
Bl e BRI G mpin R e, [Eq. 5-4]
ot ox; ox; ox;

Where, {t;=1ij } is the Reynolds — stress tensor.

Ton]

these These must be

The problem then arises of how to
interpreted in terms of calculated time-averaged variables in order to close the system of
equations thereby rendering them solvable. This requires the construction of a
mathematical model known as a turbulence model, involving additional correlations for
the unknown quantities. There are many ways in which this can be achieved, all relying

to greater or lesser extents on further ptions and simplificati Due to the nature

of approximations made in turbulent models, a universal accurate turbulence model is
probably unattainable. This is still an area, which needs significant improvement (Stern et

al. 1999).
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5-3: CFD Solver FLUENT 6.0

The FLUENT v 6.0 CFD packag ists basically of two

1. GAMBIT, the pre-processor and

2. FLUENT, the solver.

The pre-processor GAMBIT is used to create the model of the actual fluid-laden
geometry in two (2D) or three dimensions (3D). After that, the created geometry is
subdivided in a grid (or mesh) consisting of so-called cells, which form the calculation
domain for the subsequent flow analysis. The cells may have a quadrilateral or triangular
shape for 2D-meshes. 3D-meshes consist of hexahedral, tetrahedral, wedge-shape
elements or pyramids or combinations of these. The grids can either be structured — in
this case each cell is part of a rectangular block structure and has a unique Cartesian
coordinate — or unstructured. Furthermore, GAMBIT allows examination of the quality of

the completed mesh by assessing the cell quality (e.g. the aspect ratio of a quadrilateral

cell). In general, to obtain a mesh-ind d lution, the mesh resolution must be

P

chosen to be fine enough. For the 2D-calculations, the mesh is simply refined until the

solution becomes h-independent. On pletion of the pre-p ing, the grid is
exported to the solver FLUENT 6.0. The solver is applied to select the appropriate
physical models specifying the current problem such as:

- The flow regime: laminar or turbulent

- The problem type: steady state or transient

- The fluid properties: incompressible or compressible

- The detailed problem specification: boundary conditions and materials.
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In addition to this, a solver formulation and solution parameters have to be
chosen. Finally, an initial solution for all cell values must be provided. The underlying
governing equations are solved in an iterative process for each individual cell of the
calculation domain. The post-processing (i.e. the graphical illustration) of the results is

also done using FLUENT 6.0.

5-4:  Simulation of a DP Thruster Far Wake

A study was performed in order to simulate the DP thruster far wake profile using
FLUENT 6.0. In this study, the simulation of the DP thruster far wake was simplified and
was considered to be similar to a jet flow, in which the flow of the propeller was
simulated without using the detailed propeller geometry. FLUENT 6.0 was used to
simulate the DP thruster far wake flow pattern based on the experimental data from the
DP thruster SPIV near wake measurements.

The two-equation models are the simplest approximate models of turbulence,
allowing the turbulent velocity and length scales to be independently determined. The

standard k-€is one of these models and has become the workhorse in practical

engineering flow calculations since the time it was proposed by Jones and Launder
(1972). Economy, robustness, and reasonable accuracy for a wide range of turbulent
flows have made this model popular in industrial flow and heat transfer simulations. It is
a semi-empirical model, and the derivation of the model equations is based on
phenomenological considerations and empiricism. In this study, the standard k-€ model

was employed to simulate the DP thruster far wake profile with and without a nozzle at
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J=0 and at J= 0.4 in the INSEAN large cavitation tunnel. Comparisons of the simulation

results with experimental results were also carried out.

5-4-1: Simulation Set-up and Description

The 2D numerical model consisted of a meshed fluid volume of water with
boundaries defining the outer limits of the domain. The domain of the problem was
defined to simulate the experimental condition of the DP thruster in the INSEAN large
cavitation tunnel. The scale size of the DP thruster diameter to the test condition at the
INSEAN cavitation tunnel was 1:18 to the width and 1:15 to the length of the tunnel.
Therefore, a box of 18 diameters wide and 15 diameters long defined the model domain.
The flow field was symmetrical about the x-y plane, and the propeller jet was centered at
the x- axis. A symmetric boundary condition was applied. The domain of the DP thruster

jet simulation is shown in Fig. (5-2).

I S
L] \— Sidewall
i i Tunnel Inlet
I 9D Condition
| Outflow
X % > DP Thruster Jet
18 D X I% } Inlet Condition
i 9D Tunnel Inlet
; Condition
Sidewall
v v ¥

[|< 15D >{

Figure 5-2: 2D domain of the simulated flow
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Once the mesh was defined, it was discretized into a mesh of Structured
Quad/Map type elements using the meshing software Gambit. Boundary conditions were
also defined in Gambit by naming element faces located on the domain plane, inlet area,
outlet area and sidewall areas. The inlet area was divided into three parts as shown in Fig.
(5-2) to enable simulation of the DP thruster jet at different working conditions of
advance coefficient values. A FLUENT- ready file was then generated for the given
cases.

The next step in developing a CFD simulation is to choose the appropriate solver
settings including which governing equations are to be solved, and how they should be
discretized. FLUENT was used to set the model parameters. The FLUENT server has
several options for adjusting the numerical technique used, in order to reduce error and

imp: per The ion of the solver parameters for the DP thruster jet

simulation was made partly from recommendations in the FLUENT literature, and partly
from trial and error evaluations of various solver-setting combinations.

The experimental results of the DP thruster at /=0 and at J=0.4 in the INSEAN
large cavitation tunnel with and without a nozzle were selected for examples. Many
simulation trials were performed in order to reach the best combinations of the solver
parameters that to a converged and an acceptable simulation of the DP thruster jet flow
for each simulation case. The final setting of the FLUENT solver parameters for each

simulation example is shown in Table (5-1).
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" | Ducted Thruster | O

pen Thruster |
Time step size ] 01
Number of time steps 2000
Simulation time (min) 333
Max. Iterations Per Time Step 20

Solver 2D, Segregated- Implicit, Unsteady

Unsteady Formulation 1¥Order | 2™ Order I 1% Order | 2™ Order
Operating Pressure 101,325 Pa

Viscous Standard k-epsilon turbulence model

‘Wall Treatment Standard Wall Functions

Heat Transfer Yes

Type of Fluid Liquid, Water

Water Density 998.2 kg/m®

‘Water Viscosity

0.00116 kg/m.s

Momentum QK
Pressure PRESTO
Pressure-velocity coupling PISO
Turbulence Kinetic Energy QUICK
Turbulence Dissipation Rate QUICK
Energy QUICK

Table 5-1: Solver parameters of the jet flow simulation examples
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CFD simulation needs initial values for all of the flow variables to be assigned
before the solution can be computed. This is called initialization. A CFD solver creates a

large set of equations based on the discretization sch and the fund | flow

equations to be satisfied for a solution. This system of equations is most efficiently
solved using an iterative approach wherein a trial solution is continuously improved until
successive changes are within a predefined tolerance. In many cases, this approach will
not be successful if a poor initial trial solution was used to begin the process. The system
may diverge (successive iterations cause the trial solutions to get worse), or the system
may converge to a solution that is clearly incorrect in term of the physical phenomena
being investigated. Therefore, a proper initialization of the flow variables is an important
step for a successful CFD analysis.

In the simulation process of the DP thruster far wake profile, the flow of the DP
thruster was considered to be similar to a turbulent jet issuing from an orifice of the same
diameter of the thruster. The initial velocity of the jet for each simulation case was
considered to be the velocity of the DP thruster at X/D=0.3. The jet inlet profile was
defined by assigning the value of the total flow velocity for each face-centroids of the
inlet boundary mesh. This process was performed for all simulation cases by writing and
defining a FLUENT profile file for each case. The results of the jet flow simulation using

the second method show an acceptable simulation of the DP thruster far wake region.
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5-4-2: Results of DP Thruster Far Wake Simulation
5-4-2-1: Ducted DP Thruster Far Wake Simulation Results

Fig. (5-3) shows the longitudinal profile of the FLUENT jet flow simulation of
the ducted DP thruster at /=0 and J=0.4. Fig. (5-4) and Fig. (5-5) show comparison
between the CFD simulation and the experimental results of the distribution of the total
flow velocity at different downstream axial positions for the ducted DP thruster at J=0

and J=0.4 respectively.
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Figure 5-3: Jet flow simulation of the ducted DP thruster far wake total velocity at /=0 and J=0.4
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Simulation Results

= - =T —

—e— D03

5 e A —a— D05
et | R NN 177 W e

—e— D=3

(mis)

— ||\
owe HD=30 S S Bens: iy
e | | (g7 i St s
o g N oyl
—— ND=10.0 v 1

—s— w125

o D50 | o e i et 010 i S

XD=150
XD =125
XD =100

A
I xp=10
p=a3— mD=05

V total (m's): 0.000.210.430.640.851.061.281.491701.912.132.342552.762 983.19

Figure 5-4: Comparison between the jet simulation results and the experimental results
of the ducted DP thruster far wake total flow velocity distribution at J=0
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Figure 5-5: Comparison between the jet simulation results and the experimental results
of the ducted DP thruster far wake total flow velocity distribution at /=0.4
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The comparison between the CFD jet flow simulation and the experimental result
of the ducted DP thruster far wake total flow velocity at each downstream axial plane at

J=0 and J=0.4 respectively is shown in Fig. (5-6) and Fig. (5-7).
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Figure 5-6: Comparison between the CFD simulation and the experimental results of the
propagation of the ducted DP thruster wake total velocity at each downstream axial plane (/=0)
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Figure 5-7: Comparison between the CFD simulation and the experimental results of the
propagation of the ducted DP thruster wake total velocity at each downstream axial plane (J=0.4)
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5-4-2-2: Open DP Thruster Far Wake Simulation Results

Fig. (5-8) shows the longitudinal profile of the FLUENT jet flow simulation of
the open DP thruster at /=0 and J=0.4. Fig. (5-9) and Fig. (5-10) show comparison
between the CFD simulation and the experimental results of the distribution of the total
flow velocity at different downstream axial positions for the open DP thruster at J=0 and
J=0.4 respectively.

The comparison between the CFD jet flow simulation and the experimental result
of the open DP thruster far wake total flow velocity at each downstream axial plane at

J=0 and J=0.4 respectively is shown in Fig. (5-11) and Fig. (5-12).

J=0 : J=0.4

Figure 5-8: Jet flow simulation of open DP thruster far wake total velocity at /=0 and J=0.4
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Figure 5-9: Comparison between the jet simulation results and the experimental results
of the open DP thruster far wake total flow velocity distribution at J=0
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Figure 5-10: Comparison between the jet simulation results and the experimental results

of the open DP thruster far wake total flow velocity distribution at J=0.4
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Figure 5-11: Comparison between the CFD simulation and the experimental results of the

propagation of the open DP thruster wake total velocity at each downstream axial plane (J=0)
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Figure 5-12: Comparison between the CFD simulation and the experimental results of the
propagation of the open DP thruster wake total velocity at each downstream axial plane (/=0.4)
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5-4-3: Discussion

The results of the jet simulation indicate a reduction in the total flow velocity as
the distance from the orifice increases. Also, the results of jet simulation of the open and
ducted DP thruster at J/=0.4 show a lower velocity value at the entrance of the orifice than
the results at J=0, however, the results of the total velocity propagation at X/D =15 show
the opposite. This gives indication that the rate of energy decay of the jet flow at J=0 is
higher than at J/=0.4, and the flow of the jet at /=0.4 persists further downstream than the
wake of the jet at J=0.

The comparison between the CFD simulation and the experimental results of the
propagation of the DP thruster wake total velocity at each downstream axial plane
indicates that the results of the CFD simulation have a good agreement with the
experimental results up to X/D=0.5. Beyond X/D=0.5, the CFD results indicate more
uniform and steady flow pattern than the experimental results. This may be improved by
increasing the setting time of the CFD simulation.

Full Navier Stokes flow modeling of the blade, hub, duct and wake flow will be

necessary to accurate represent of the detailed of the flow. This is a different long-term

study, which requires turbul to confirm the validity of the

predictions.
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CHAPTER 6

CONCLUSIONS

6-1: Summary and Significance of the Study
This is the first known attempt to evaluate Dynamic Positioning (DP) thruster

performance and wake hydrodynamic characteristics when operating with and without a

nozzle under varied operating diti including the bollard pull condition. The DP
thruster performance tests were performed at a propeller geometric pitch ratio of 1.2 and
different propeller speeds (10, 15, 20, and 30 rps) in the IOT towing tank. The DP
thruster wake velocity measurements were carried out at different downstream axial
transverse measuring planes up to 1.5 diameters downstream in the IOT cavitation tunnel
and up to 15 diameters downstream in the INSEAN large cavitation tunnel. The
experimental analysis of the DP thruster wake yields detailed flow information with and
without a nozzle, at different advance coefficient values (/=0, J=0.4 and J=0.45), and at

different propeller geometric pitch ratios (P/D=1.096, 1.2 and 1.835 using Laser Doppler

Velocimetry (LDV), and at P/D=1.2 using Stereoscopic Particle Image Velocimetry
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(SPIV). The application of a SPIV system in this study is the first known application of
this type of system for DP thrusters wake velocity measurements.

The present work has focused on providing detailed, accurate and reliable
experimental and analytical data on the performance and the hydrodynamic
characteristics of a DP thruster near and far wake under a variety of working conditions.
The hydrodynamic evaluation of the DP thruster near and far wake focused on evaluating
and analyzing the near and far wake velocity, vorticity, total flow turbulence, momentum,
thrust, flow energy, and force loading distribution and propagation.

There are few research studies that tackle the wake of DP thrusters. The detailed
analysis of a DP thruster wake expands our knowledge about the hydrodynamic
phenomena associated with a DP thruster wake, and provides accurate data to simulate
the characteristics of the DP wake and to predict its effects on any structures in the
slipstream.

The experiments and the analysis of this study were performed to increase the
understanding of a DP thruster near and far wake characteristics under varied operating
conditions of propeller geometric pitch ratios and advance coefficient values. The results
illustrated in this work provide quantitative data, which can be used in the operational
analysis of a DP thruster under a variety of operating conditions. Also, these data can be
used to investigate the interaction effect between the DP thruster near and far wake and
any structures that may exist in the slipstream (production lines, moorings and any

submerged structure bers). There is i ing d d for such information from

-

the offshore oil and gas, and marine industries, which came to realize the importance of

such information in increasing the reliability and safety of applying DP systems. Also,
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the results of this study provide sufficient and reliable data useful in the validation of
computational approaches to the simulation of the DP thruster near and far wake under a

variety of working conditions.

6-2:  Conclusions
The conclusions of the present work are split into five main parts:
¢ Conclusions related to the performance characteristic results of the DP thruster
+ Conclusions related to the wake survey results
+ Conclusions related to the measuring techniques used in this study
+ Conclusions related to the numerical simulation of the DP thruster wake

+ Conclusions related to practical considerations for DP thruster design

6-2-1: Conclusions Related to the Performance Characteristic Results of the DP

Thruster
The results of the DP thruster performance tests provide insight about the
performance behavior of the DP thruster under varied operating conditions. The
following can be concluded from the results of the DP thruster performance tests. These
results are originally well known from the relative performance of ducted and open

propellers.
> The propeller of the Ducted DP thruster is more lightly loaded than the open DP

thruster.
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> The duct adds positive thrust to the propeller at the bollard pull condition. This
thrust is reduced as the advance coefficient increases due to the increase in the

duct drag force.
Also, the DP thruster performance tests at different propeller speeds show that the
influence of change in flow Reynolds number is higher on the torque coefficient than the
thrust coefficient. This is due to the effect of friction forces, which have more influence

on the torque than on the thrust.

6-2-2: Conclusions Related to the DP Thruster Wake Survey Results
6-2-2-1: General Flow Features

The analysis of the DP thruster wake shows common features between the ducted
and the open DP thruster wake velocity components distribution around the DP thruster
under varied operating conditions of propeller geometric pitch ratios and advance
coefficient values. The analysis also shows that the propeller with the nozzle is more
lightly loaded than the propeller without the nozzle working at the same operating
condition.

The evaluation of the open and ducted DP thruster wake at different advance
coefficient values indicates increases in the magnitude of the flow velocity, vorticity,
turbulence, and thrust within the slipstream of the DP thruster as the propeller loading is
increased (advance coefficient is reduced). Also, the evaluation of the DP thruster wake
at different advance coefficient values indicates that the wake of the DP thruster persists
less distance downstream as the advance coefficient value is reduced. In the case of J=0

and J=0.4, this distance is about one to two diameters.
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The analysis of the DP thruster wake vorticity at different operating conditions
indicates increases in the flow vorticity as the propeller loading increases. Therefore, the
heavily loaded propeller loses more energy due to the generation of vorticity than that of
a lightly loaded propeller.

The comparison between the results of the ducted and the open DP thruster at the
same operating condition indicates that the decay and breakdown of the open DP thruster
wake takes place at a shorter distance downstream of the propeller. Also, the comparison
between the ducted and open DP thruster wake characteristics at different operating
conditions indicates the beneficial influence of the duct in reducing the load and

improving the working condition of the propeller blades.

6-2-2-2: Near Wake Region

The near wake region is the region with high fluctuation in turbulence and in flow
velocity components, contraction of the slipstream, and flow deformation due to roll up
of the blade wake sheets. In this study, the DP thruster near wake region is considered to
be up to 1.5 diameters downstream of the propeller.

The DP thruster near wake velocity evaluation shows that the contraction of the
propeller slipstream is a function of the propeller loading condition. As the propeller
loading increases the propeller slipstream contraction occurs earlier and closer to the
propeller disk. Measurements at the bollard pull operating condition indicates that the
contraction of the propeller slipstream takes place up to a downstream distance of 0.5
diameters from the propeller and it is about 0.8 — 0.85 of the propeller diameter, while the

contraction of the propeller slipstream takes place up to a downstream distance of 1.0
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diameter for the measurements at J=0.4 and J=0.45 and it is about 0.9 — 0.95 of the
propeller diameter. Moreover, the contraction of the open DP thruster slipstream is higher
than the ducted DP thruster.

The comparison between the ducted and the open DP thruster near wake
characteristics indicates that the rate of reduction in the open DP thruster flow axial
velocity, vorticity, total turbulence, momentum, thrust, and energy is higher in the near
wake region than that of the ducted DP thruster when moving downstream of the
propeller. Therefore, the rate of the near wake energy dissipation and decay is more rapid
with distance in the case of the open propeller than the ducted propeller.

The evaluation of the DP thruster near wake characteristics at different advance
coefficient values indicates that the rate of reduction in the DP thruster wake flow
velocity, vorticity and total turbulence increases as the advance coefficient value is
decreased. Therefore, the rate of the near wake energy decay increases as the advance

coefficient decreases.

6-2-2-3: Far Wake Region

The far wake region is the region where the variations in the wake are relatively
slow and where the wake decays slowly and steadily. In this study, the DP thruster far
wake region was analyzed up to 15 diameters downstream.

The analysis of the DP thruster far wake characteristics indicates that the DP
thruster wake becomes less rotational and more laminar as the distance downstream from
the propeller increases. Also, the evaluation of the DP thruster far wake velocity, total

turbulence and momentum indicates that the width of the DP thruster wake increases as
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the distance from the propeller increases. Therefore, the DP thruster wake diffusion
increases as the distance downstream from the propeller increases. Moreover, the
evaluation of the DP thruster far wake characteristics indicate small changes in the flow
characteristics (velocity, momentum, and energy) beyond a distance equal to 10
diameters downstream from the propeller.

The evaluation of the DP thruster far wake characteristics at different advance
coefficient values indicates that the rate of the DP thruster far wake energy decay,
diffusion and dissipation increases as the advance coefficient is decreased. Also, the
evaluation of the DP thruster wake velocity, momentum and energy at a distance of 15
diameters downstream the propeller indicates that the DP thruster wake will persist

further downstream as the advance coefficient increases.

6-2-3: Conclusions Related to the Study Measuring Techniques.

Two different measuring techniques were used in this study. A 2D LDV system
was used in the IOT cavitation tunnel tests, and a SPIV system was used in the INSEAN
large cavitation tunnel tests. The results of the LDV measurements indicate higher
velocity components than the SPIV measurements, which may be due to the tunnel
effects.

From the experimental point of view, stereo-PIV shows a number of advantages
compared with the well-assessed LDV technique. Considering the limited time usually
available for these tests combined with the management and technical difficulties typical
of operating a large testing facility, the PIV technique can provide results within a short

period. The LDV technique requires up to three to four times more testing time to obtain
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the same information, which consequently translates into additional costs of facility
occupancy. The measurement time is drastically reduced with the stereo-PIV method,
where the plane of measurement is mapped instantaneously and provides all three-
velocity components in one single step. The LDV technique requires multiple
measurements to scan the interrogation domain. In this sense, the PIV approach offers the
freedom of extending wake survey to a larger number of areas of interest, with very
limited setup changes. The major drawbacks of the PIV technique are a reduced accuracy
with respect to the LDV technique and the huge quantity of information gathered. One
must address the critical problem of storing, managing and processing this information

without compromising the testing costs by extended data processing time.

6-2-4: Conclusions Related to the Numerical Simulation of the DP Thruster Wake
The CFD simulations of the DP thruster wake for this research were performed
using FLUENT 6.0 and Gambit. The simulation of the DP thruster far wake was
simplified and was considered to be similar to a jet flow, in which the flow of the
propeller was simulated without using the detailed propeller geometry. Therefore, the
flow of the DP thruster was considered to be similar to a turbulent jet issuing from an
orifice of the same diameter of the thruster. The initial velocity of the jet simulation
examples was considered to be the velocity of the DP thruster experimental results at
X/D= 0.3. The FLUENT solver parameters for the DP thruster jet simulation were made

partly from recommendations in the FLUENT literature, and partly from trial and error
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evaluations of various solver-setting binations. The dard turbul, model (k-€)

was used to simulate the DP thruster far wake pattern.

The results of the FLUNET simulations show good agreements with the
experimental results in presenting the breakdown, diffusion and decay of the DP thruster
wake under a variety of working conditions. Moreover, the results of the FLUENT
simulations show the capability of CFD solvers in simulating the flow dissipation, which

could not be obtained using potential flow solvers.

6-2-5: Conclusions Related to Practical Considerations for the DP Thruster Design
From the near and far wake evaluation of the DP thruster wake hydrodynamic and
momentum characteristics, it is shown that the value and the change in the DP thruster
wake velocity, vorticity, total turbulence, momentum, thrust and energy is higher in the
near wake region than the far wake. Moreover, the analysis of the DP thruster wake
loading force shows increases in the wake loading force in the near wake region of the
thruster. Therefore, for the design application of using a DP system as a station

positioning keeping system, the recommended location of a thruster is to be away by

approximately three to five di from any sur ding structures.

Moreover, DP thrusters are used in highly loaded propeller conditions (bollard
pull and near bollard pull). At the bollard pull operating condition, the duct adds positive
thrust to the thruster and contributes about 50% of the total thrust of the ducted DP
thruster. Moreover, the duct contributes in reducing the load acting on the thruster blades

and improving the working conditions of the blades. Therefore, ducted DP thrusters are
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preferable for the bollard pull and near bollard pull applications than open DP thrusters.
However, the propagation of the DP thruster wake force loading as the distance from the
thruster increases indicates a higher rate of reduction in the case of the open thruster than
the ducted thruster. In order to reduce the load acting on any structures placed in the
working region of DP thrusters (thruster-structure interaction effect), a minimum distance
of about three diameters (in the case of open thrusters) or five diameters (in the case of
ducted thrusters) is recommended to be maintained between the thrusters and any
structures placed in their working region.

In this study, a DP thruster model of 200 mm in diameter was used to investigate
the hydrodynamic characteristics and load effects of DP thrusters near and far wake. The
real DP thruster’s diameter is about 10 to 18 times the diameter of the study DP thruster
model. There are differences in wake characteristics between the small diameter and
large diameter DP thrusters. These differences are mainly due to the change in flow
viscosity effects as the diameter of the propeller changes. As the diameter of the propeller
increases, the flow Reynolds number increases and the flow viscosity drag force reduces.
Therefore, it is expected there will be higher wake thrust, momentum, and energy as DP
thruster diameter increases. Moreover, DP thruster wake will persist further downstream
and the rate of decay in the wake thrust, energy and force loading will reduce as DP
thruster diameter increases.

This study provides detailed data about the DP thruster performance and wake
hydrodynamic characteristics under variety of working conditions: with and without a
nozzle, different propeller geometric pitch ratios and different advance coefficient values.

These data are useful and fundamental in analyzing the induced load and vibration of the
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DP thruster far wake on the slipstream-submerged structures and equipment associated
with offshore systems and harbor quays. Moreover, these data are essential for the
accurate assessment of the design loads on these structures, which helps in producing

sound and reliable designs and achieving reliable operation of these structures.
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APPENDIX A

Experimental Facilities

A-1:  DP Thruster Model

The propeller used was a 200 mm diameter controllable pitch propeller model.
This model was tested because of its availability and its similarity to DP thruster designs.
The model was constructed from brass using CNC machining and was milled to an
accuracy of = 0.05 mm in thickness.

A strut system and fin were designed and fabricated at Memorial University of
Newfoundland in order to support the DP thruster model in the INSEAN large cavitation
tunnel. Fig. (A-1) shows a schematic diagram of this system. Also, a support bracket was
designed and fabricated at the IOT workshop in order to support the arm, which was used
to measure the duct thrust during the DP thruster towing tank performance tests at the
10T towing tank. A schematic diagram to the duct load measurement arm at the support
bracket of this arm is shown in Fig. (A-2). Fig. (A-3) and Fig. (A-4) show the shows the
location of the DP thruster model in the IOT cavitation tunnel and INSEAN large

cavitation tunnel test section, respectively.
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Figure A-1: Schematic diagram of the DP thruster support, driving and strut systems.
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Figure A-2: Schematic diagram of the DP thruster duct support and load measuring arm
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Figure A-4: DP thruster model in the INSEAN cavitation tunnel.
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A-2: 10T Cavitation Tunnel
The 10T cavitation tunnel test sections are shown in Fig. (A-5) and the control
panels of the cavitation tunnel LDV system are shown in Fig. (A-6). Fig. (A-7) shows the

10T cavitation tunnel dynamometer.

LASER

OPERATING

Figure A-5: The 10T cavitation test windows
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Figure A-7: The IOT cavitation tunnel dynamometer
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A-3: INSEAN Cavitation Tunnel
The schematic diagram of the INSEAN cavitaion tunnel elevation and side view

are shown in Fig.(A-8).

a: Elevation View

c: Plan View

Figure A-8: INSEAN cavitation tunnel cross-sectional view
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APPENDIX B
Experimental Results and Analysis of the DP Thruster

LDV Measurements

An LDV system was used to measure the flow velocity of the DP thruster model
near wake region. Measurements were performed at propeller geometric pitch ratio of
1.096, 1.2 and 1.835; and at advance coefficient value of 0.4 and 0.45. These tests were
performed with and without a nozzle for the DP thruster at a geometric pitch ratio of
1.096 and 1.2. Only the ducted DP thruster near wake velocity measurements were
performed at pitch ratio of 1.835. This was due to the high level of cavitation and air
bubbles generated during the near wake velocity measurements of the open DP thruster.

The following figures, (B-1) to (B-4), show the near wake velocity distribution of
the DP thruster at propeller geometric pitch ratio of 1.096, with and without a nozzle; at
three different downstream axial transverse measuring plans (X/D = 0.5, 1.0, and 1.5);
and at advance coefficients of 0.4 and 0.45. Figures (B-5) to (B-9) show the same
distribution of the DP thruster near wake velocity components at propeller geometric

pitch ratio of 1.835 with the nozzle only.
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B-1: Results of the LDV Measurements at P/D=1.096
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Figure B-1: Circumferential variation of velocity components around the DP thruster at J/=0.4

and J=0.45; with and without a nozzle; at X/D = 0.5; and at P/D =1.096




Appendix B

‘With Nozzle ‘Without Nozzle

:i — ms0s et et 2% = e
12 ; J=04 18 g
1 16
08 E e
0% 12
] 1
0 08
0 e 08
02 u{ W 08 08 1 P12 04
04 ¢ 02 R
il 0 ———— L5
08 02 2040605t 12
14 18
e J=0.45 ks J=045
118 1448
08 3 1213

2 pa
06 o
; :
: 04

R n o

o2 n// 0 05 08 1 12 | B | S A
04 R t02 02 04 05 08 1 W2
los o4

Figure B-2: DP thruster near wake mean axial flow velocity evolution with and without the
nozzle at J/=0.4 and J=0.45; and at P/D =1.096
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Figure B-3: DP thruster near wake radial flow velocity evolution with and without the nozzle at
J=0.4 and J=0.45; and at P/D =1.096
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Figure B-4: DP thruster near wake tangential flow velocity evolution with and without the nozzle
at J=0.4 and J=0.45; and at P/D =1.096
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B-2: Results of the LDV Measurements at P/D=1.835
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Figure B-5: Circumferential variation of velocity components around the ducted DP thruster at
J=0.4 and J=0.45; at X/D =0.5; and at P/D =1.835
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Figure B-6: Ducted DP thruster near wake mean axial flow velocity evolution at J=0.4 and
J=0.45; and at P/D =1.835
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Figure B-7: Ducted DP thruster near wake radial flow velocity evolution at /=0.4 and J=0.45;

and at P/D =1.835
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Figure B-8: Ducted DP thruster near wake tangential flow velocity evolution at J=0.4 and
J=0.45; and at P/D =1.835
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APPENDIX C
Experimental Results and Analysis of the DP Thruster

SPIV Measurements

The SPIV system was used to measure the flow velocity of the DP thruster model
with and without a nozzle near and far wake regions. Measurements were performed at a
propeller geometric pitch ratio of 1.2; and at an advance coefficient value of 0.0, 0.4 and
0.45. Measurements were performed at downstream axial transverse measuring plans
(X/D) 0f 0.1, 0.2, 0.3, 0.5, 0.75, 1.0, 1.5, 3.0, 5.0, 7.5, 10.0, 12.5, and 15.0. Measurements
with the nozzle could not be performed at X/D =0.1 and 0.2 due to the presence of the
nozzle.

Figures (C-1) and (C-2) show the axial evolution of the near and far wake axial
flow velocity of the ducted and open DP thruster model, respectively. The near and far
wake flow vorticity distribution of the ducted and open DP thruster are shown in Figures
(C-3) and (C-4). Figures (C-5) and (C-6) show the propagation of the axial flow velocity
at different radial and downstream axial positions in the near and far wake regions,
respectively. Finally, the propagation of the ducted and open DP thruster axial velocity
ratio in the near and far wake regions at different radial and downstream axial positions

are shown in Figures (C-7) and (C-8).
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C-1:  Results of the DP Thruster wake Axial Flow Velocity Evolution
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Figure C-1: SPIV near wake mean axial flow velocity evolution with and without the nozzle at
J=0, J=0.4 and J=0.45
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Figure C-2: Far wake mean axial flow velocity evolution for the DP thruster with and without the

nozzle, and at /=0 and J=0.4
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C-2:  Results of the DP Thruster wake Vorticity Evolution
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Figure C-3: DP thruster near wake vorticity distribution with and without the nozzle at J=0,
J=0.4 and J=0.45
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Figure C-4: Far vorticity evolution for the DP thruster with and without the nozzle, and at /=0
and J=0.4
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C-3: Results of the Axial Flow Velocity Evolution at Different Radial and
Downstream Axial Positions
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Figure C-5: DP thruster near wake axial flow velocity propagation with and without a nozzle, at
different radial and downstream axial plans; and at J=0 and /=0.4




Appendix C

18 —e—Duct-7R=02
—a—Dut-oR=04

e Opn-1R=02
.- OpEN-UR=04

—e—Dut-7R=02
—a—Dt-7R=04

e Open-0R=02
oo OpEI-TR= 04

12 3 4 56 7 8 8 01 121 W15

89 10 1 12 13 1 15 1§

—s—Duct-mR=06
—a—Duct-mR=08

- Open- 1R=06
- On- R=08

X0

—e—Duct-1R=08
—a—Dut-1R=08

e Open-7R= 06
-4+ Open- 1R= 08

X0

183

TN =5 011213 W15

2.3 4 5 8 7 0 9 100 1213 151§

v o)

XD

—e—Dt-R= 10 ...o..Open-oR=10
<{ —a—Duct-7R= 1.15 ---ar-- Open- 1R= 1.15]

XD

01 23 4 5 6 7 8 8 101 1213 U 151§

[}

1

2 3 4 58 78 9 01 121314150

Figure C-6: DP thruster axial flow velocity propagation with and without a nozzle, at different
radial and downstream axial plans; and at /=0 and J/=0.4
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C-3: Results of the Axial Flow Velocity Decay Evaluation at Different Radial and

Axial Downstream Positions
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Figure C-7: Propagation of the DP thruster wake axial velocity ratio at different radial and
downstream axial plan, with and without a nozzle, and at J=0
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Figure C-8: Propagation of the DP thruster wake axial velocity ratio at different radial and

downstream axial plan, with and without a nozzle, and at /=0.4
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