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Abstract

The influence of propeller hub taper angle and mode of operation on open
water baseline and podded propeller performance have been experimentally
evaluated for push and pull mode propellers with 15° and 20° hub taper angles.
Results from two series of experiments considering performance with and without
the presence of the pod and strut geometry are presented.

Discussions of the testing methods used for ‘propeller only’ tests and
‘podded propeller unit’ tests have been provided. Limitations of these methods
are included and test procedures to evaluate the influence of fairing adapters on
‘propeller only’ results are suggested.

The effect of hub taper angle on both ‘propeller only’ and ‘podded propeller
unit’ performance are provided along with suggestions of how these findings may
be used to better adapt propeller designs to the operational profile of the vessel.

Variation in performance as a function of mode of operation is described,
along with discussion of potential causes of observed differences.
Recommendations are provided to guide future research in this area.

Experimental uncertainty analysis methods and results are detailed for
both ‘propeller only’ tests and for ‘podded propeller unit’ tests. Approaches to

reduce uncertainty levels in future experiments are suggested.
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Chapter 1 - Introduction

1.1 Aim

The focus of this thesis is the experimental characterization of the
performance of model scale, single screw, push mode and pull mode podded
propellers operating at zero pitch, roll and yaw angles in steady, open water
conditions. The aim is to fill in knowledge gaps within the research community
regarding experimental procedures for testing podded propellers and to extend
the boundaries of scientific knowledge surrounding the present understanding of
the performance of podded propulsors and the conical hub propellers they utilize.
To this end, a series of experiments have been conducted to investigate the
baseline, open-water performance of a set of four conical hub propellers used
with podded propulsors, without the presence of the pod and strut geometry. In
addition, a series of tests which considered the performance of the same set of
propellers operating as integral components of podded propeller units have been
included. The results of these experiments serve to provide a guide for future
work in the characterization of podded propeller performance for both push-mode

and pull-mode podded propellers.

1.2 Scope

The primary objective of this chapter is to provide background information
on podded propeller technology, to identify some of the common variations of the
technology and to draw focus on the need for the research work considered in
this study. Furthermore, this chapter discusses many issues considered during
the planning phase of this project and as such provides the rationale for the

specific test program that was implemented. Consideration of the development



and selection of appropriate data reduction equations has been given, in addition
to a brief summary of current literature on experimental studies of podded

propulsor hydrodynamics.

1.3 Background

As with many advanced technological developments, the concept of
podded propellers has military roots. Research in this field began in the mid
1970s when the US Navy conducted intermittent project specific investigations of
the hydrodynamics of podded propulsion. As described by Karafiath (1998),
initial work in this area focused primarily on applications with destroyer type
surface combatants.

It was Rains et al. (1979) who published the first paper describing podded
propellers as a general propulsion concept for applications on U.S. naval
destroyers. Two years later, the first published results of an experimental
investigation of podded propulsor hydrodynamics were published by Rains et al.
(1981). This series of tests examined the performance of a set of first generation
conceptual podded drives. The geometry of these conceptual designs was
based on the use of compact, high power-density superconducting electric
motors mounted in watertight shells fixed to the hull of the vessel. The lack of
sufficiently developed superconducting motor technology or viable alternatives
posed problems for early pod developments, as it was not possible to build full
scale versions of the model propulsors being tested. In addition, the initial
variations of podded drives lacked many of the modern design features which
make this propulsion alternative so attractive. For these reasons, pod research
was limited for several years.

Nearly a decade after the publication of the first description of podded
propellers, the concept of podded propeller technology resurfaced. This time,

however, podded propulsors were considered in a commercial context as a

-2-



propulsion alternative for icebreaking vessels. Interestingly, advances in the
development of alternating current (AC) electric motors during the 1980s played a
crucial role in making podded propellers technically feasible. While these newer
motor designs were not as compact as the proposed superconducting motors,
they offered sufficient power-to-weight ratios to serve as a viable alternative. The
development of the first electric-drive podded propeller was also assisted by
advances in control system electronics during the same time period.

The first commercial azimuthing electric-drive podded propeller, the
Azipod®, was the product of a joint project between Kvaerner Masa-Yards Inc.
and Asea-Brown-Boveri (ABB) Industry Oy of Finland in 1988. According to Niini
(1997), the original focus of this project was the development of a new, efficient
propulsion system for ice transiting ships and icebreakers. As was quickly
discovered, other types of vessels, particularly large cruise ships, could take
advantage of the benefits offered by this concept.

Once the ABB pods had successfully broken into the conventional
propulsion market, other vendors recognized the potential of this technology and
began working on their own podded drives. Presently there are three major
vendors supplying podded propulsion technology: ABB, Rolls-Royce and
Seimens-Schottel. Much of the commercial research work supporting these
products is proprietary and as such, very little has been published.

Since the late 1990s it has been recognized that additional information
about podded propeller performance and about the performance of ships with
podded drives is needed to allow for the proliferation of this technology. Through
the assistance of technical organizations such as the International Towing Tank
Conference (ITTC) and others, researchers and engineers have collaborated with

industry partners to study podded propulsion in an effort to increase the
availability of such technical information. Through these efforts, it is hoped that a
greater understanding of this technology may be attained.



1.4 Overview of Podded Propellers

As with any commercial technology, there are different variations of the
basic podded propeller design. When trying to systematically study specific
elements of any type of system, it is necessary to establish a benchmark for
comparison. This benchmark should consist of a generic form, without any
additional features. Taking such an approach allows for rapid assessment of the
influence of any design modifications against the established benchmark.
Examining the wide variety of commercial podded propellers presently available,
one can quickly determine that the factors which may influence the hydrodynamic
performance of the pod unit vary significantly from those of a traditional screw
propeller and rudder configuration. For this reason, it was necessary to assess
current podded propeller technology and identify the most common features.

As illustrated in Figure 1.1, the concept of podded propulsion represents a
significant departure from conventional screw propulsion configurations. By
using electric motors, podded propellers offer flexibility in machinery arrangement
and many of the other benefits afforded by electric propulsion. The absence of
the rudder, shafting and supporting appendages in the podded propeller
arrangement helps reduce hull drag, which in turn helps to increase the overall
efficiency of the vessel. Furthermore, pods may be arranged such that they allow
greater flexibility in hull form design than is presently possible with a traditional

screw propeller system.

Podded Propulsion Conventional Propulsion

Transmission & Generator
Steering Module

.
-
-

Prime Mover

Rudder & Steering
System

T
/ Power Lines

Gearbox

Slewing Bearing

Electric Motor & Propeller, Shafting  prime Mover
Propelier & Supports

Figure 1.1: Podded Propulsion Concept vs. Conventional Screw Propulsion
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The most common form of podded propulsion has been identified as
having a single, fixed-pitch propeller directly coupled to the shaft of an electric
propulsion motor, much like the one in the above diagram. The electric motor is
encapsulated in a streamlined pod that is strut-mounted to a slewing bearing
module. These slewing bearings transfer the propulsion loads to the hull
structure, while allowing the unit to rotate about its vertical axis. Slip-rings permit
the pod unit to azimuth, or rotate 360° about its vertical axis, without twisting and
stressing the electrical connections, and are housed in a transmission and
steering module. This module also contains the hydraulic actuators, which
provide directional control of the podded propeller unit.

Podded propellers also offer an additional level of operational flexibility in
that they may be designed to operate such that the propeller is located in front of
the pod body and strut (pull mode) or with the propeller located aft of the pod
body and strut (push mode), as illustrated in Figure 1.2 below.

Puli Mode Configuration Push Mode Configuration

Thrust Direction

Figure 1.2: Pull Mode Configuration vs. Push Mode Configuration

For the purpose of this study, the generic terms ‘podded propulsion’,
‘podded propellers’, ‘podded drives’, ‘pod units’, ‘pods’ or any other adaptation of
these terms are used to refer strictly to single screw, fixed pitch propeller,

azimuthing, electric-drive propulsion units as described above unless otherwise

specified.



1.5 Why Pods Have Become So Popular

For any propulsion technology to gain the widespread application and
implementation that podded propellers have seen in recent years, it must clearly
exhibit technical and economic advantages over other propulsion alternatives.
The advantages of podded propellers are widely known and published. Ninni
(1997), Trouwborst (1998), Brown (2003), and Tinsley (2004), amongst others,
have examined the pros and cons of this propulsion concept in a variety of
applications. Podded propellers combine the benefits of a conventional diesel-
electric system with a number of hydrodynamic advantages specific to a podded

configuration. The most common advantages cited by the above authors include:

¢ enhanced maneuverability characteristics

e increased hydrodynamic efficiency and fuel efficiency

e reduced cavitation, noise and vibration

e improved flexibility locating machinery/prime mover within vessel
e wider selection of prime movers possible due to location flexibility
e electric motors provide simple, reliable reversing capability

¢ high power density and small component sizes

o electric motors operate efficiently over entire RPM range

o well suited to ships with highly variable loads

e can use fixed pitch propellers instead of controllable pitch propellers
e can place propulsor in optimal position relative to ship wake

¢ well suited to ships with a large number of electrical auxiliaries

e propulsion arrangement offers more flexibility in hull form design
e propulsion unit can be built at a separate facility

e pod unit can be delivered later in the ship building schedule

o well suited to modular ship building; saves fabrication time and costs



Despite the many advantages offered by this technology, the development
of podded propellers has had to face some significant technical challenges.
Kontes and Kontes (2004) discuss a number of the mechanical and electrical
failures encountered during the operation of Festival cruise liners fitted with pods,
in addition to the methods used to resolve these problems.

Many of these problems have been of a mechanical nature. Due to the
high magnitude and variability of the hydrodynamic loads acting on the pod units,
according to Kontes and Kontes (2004), the most commonly reported problem
areas are failed seals and bearings. In some instances failure of the lubricating
oil system was found to be responsible for insufficient cooling of radial and thrust
bearings. Additional problems with electrical components, such as
electromagnetic interference, failed slip-rings and transformers, as well as some
control issues have also been reported by Kontes and Kontes (2004).

Such problems are generally regarded as design specific issues and are
typically addressed by the pod vendors and ship owners, rather than the naval
architects and researchers designing the ships which use podded propulsion.
One of the major challenges for these vendors is characterizing the
hydrodynamic loading on the pod unit. Despite improvements, significant
knowledge gaps still exist within the research community regarding pod-related

hydrodynamics issues.

1.6 Current Problems within the Research Community

The majority of the current problems within the research community stem
from the lack of scientific understanding about the behavior of podded propellers.
They are innately more complex than conventional screw propellers because of
fluid-structure interactions that occur between the propeller and the body of the
pod unit. The overall propulsion efficiency of the pod unit must not only account



for the efficiency of the propeller, but should also factor in the influence of the pod
body and strut on the propeller flow field, as well as the parasitic drag on the pod.
The development of appropriate methods to deal with these additional
factors has presented challenges for members of the research community, and
there is still some debate about what is the best approach to use. Unlike
conventional screw propulsion, which has well established standards for
instrumentation, testing procedures, and numerical modeling tools, only
provisional standards exist for evaluating the performance of podded propellers.
It is not feasible for committees such as the ITTC to develop standard
methods for every novel propulsor type and due to the low number of units in
service in the early days of podded propellers, from a model-testing point of view,
they were initially treated as unconventional propulsors. It was not until pods had
gained more widespread application that it became necessary to develop testing
standards specifically for podded propulsion. In an attempt to develop a standard
approach, a provisional procedure, ITTC 7.5-02-03-01.3 (2002) has been
published. These guidelines combine the testing methods developed for
conventional screw propulsion with the advice of leading researchers in this field.
This knowledge gap has been identified by other researchers as well. The
review of issues relevant to the design and application of podded propellers by
Terwisga et al. (2001) concluded that while the concept of podded propellers and
its design attributes are well known, there are “a number of pitfalls for the
designer” as ‘“relatively little empirical knowledge has yet been accumulated”.
Terwisga et al. (2001) continue by suggesting that this knowledge may be
accumulated through comprehensive model testing, supplemented with CFD
computations and full-scale measurement campaigns. Some of the specific
hydrodynamic issues that require further investigation include questions
regarding the effects of hub taper angle, pod-strut interactions, and pod-strut
geometry on podded propeller performance, as well as several other

instrumentation and testing related questions.
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As illustrated in Figure 1.3, the geometry of the body and strut of a podded
propulsor necessitates that the propeller have a conically tapered hub to allow for
a smooth transition between subsequent sections of the propulsor. Since
conventional screw propellers typically do not have tapered hubs, the influence of
the taper angle on the performance of the conical hub propellers used with
podded drives, in both push and pull configuration, have not been studied in great
detail.

Podded Propulsion Conventional Propulsion

Hub Taper Angle

COK L \\
Conventional Propeller Hub

Figure 1.3: Conical Hub Propeller for Podded Drives vs. Conventional Propeller

Conical Propeller Hub

In addition, there is presently some debate about the value of considering
the open water efficiency of the propeller operating without the presence of the
pod body and strut, much in the same manner as is presently done with a
conventional screw propeller. While testing the propeller by itself is much simpler
than testing as a podded propeller unit, this approach does not correctly model
the true arrangement. The rationale provided by ITTC 7.5-02-03-01.3 (2002) for
the ‘propeller only’ tests is that these tests allow one to determine the open water
characteristics that may be used in propulsion tests and predictions.

In addition, it is indicated that these tests provide data that is useful for
propeller design and as an estimation of the characteristics of the final design of

the propellers. It may be argued that such results do not reflect the true
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performance of the propellers in operation and so it is not valid to make such
predictions. Without supporting evidence, however, it is difficult to justify such an
argument. As such, additional research is necessary to assess the validity of

such rationale and to address the knowledge gaps.

1.7 Addressing These Problems

To address some of the present questions arising within the podded
propeller research community, a project has been undertaken at Memorial
University of Newfoundland to systematically investigate many aspects of podded
propeller performance. The importance of this project to the scientific and
engineering community has been recognized through funding support from the
Natural Sciences and Engineering Research Council (NSERC) and the National
Research Council (NRC), along with industry partners Oceanic Consulting
Corporation and Thordon Bearings.

As illustrated in Figure 1.4, this project consists of two parallel streams of
research: experimental and numerical. The rationale behind the parallel
development of both streams was to allow for the comparison and validation of
results. As identified in the figure below, the focus of the research work
considered in this study falls under the experimental branch of the project. One
of the major challenges for the experimental team was the development of the
specialized equipment necessary to study all of the desired elements of
performance. The foundation of the entire experimental research program has
been built on a custom-made instrumentation platform more commonly known as
a propeller boat. This piece of equipment was required to evaluate the
performance of podded drives and consists of a series of sensors and force

transducers designed to measure the loads acting on the model-scale propulsor.

-10 -



Systematic Investigation of Azimuthing
Podded Propeller Performance

Experimental Branch Numerical Branch

Validation of Instrumentation; Focus of this Development and Validation of CFD
Investigation of Gap Phenomena Code - PROPELLA

Study
1I / X

Investigation of Hub Taper Angle Effects; Expansion of CFD to Include

Comparison of Testing Approaches Conical Hub Propellers

1§ 1

Systematic Hi-Lo Investigation Expansion of CFD to Include

of Pod Geometry Pod-Strut Geometry

I 1

Pod/Propeller Interaction, Wake Impingement, Geometry

Optimization, Oblique Flows Optimization, Oblique Flows

Figure 1.4: Overview of Project — Systematic Investigation of Azimuthing Podded Propeller Performance

In addition to investigating of the performance of model podded propellers,
it was further decided that testing should be conducted in a manner that provides
a basis for comparing the two testing approaches described in the provisional
testing procedures recommended by the ITTC. For this reason, two series of
experiments were conducted to allow for comparison of the results. The first
series of tests consisted of a set of ‘baseline’ propeller tests, which considered
the performance of the conical hub propellers using the same techniques utilized
for conventional screw propellers without the pod body and strut present. The
second group of experiments utilized the custom-made instrumentation to
measure the forces and moments acting on the propellers with the pod and strut

present, as well as the overall loads present on the entire podded propeller unit.
For the remainder of this thesis, the term ‘baseline’ has been used to

describe this first series of experiments since the propellers were operating in the

open water condition without the presence of the pod and strut. This condition
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has been used as a ‘baseline’ for comparison with the results of the second
series of tests.

When conducting commercial research, the main reason for measuring the
forces and moments on the model-scale podded propeller units is that the results
obtained simulate the loads that would be transferred from a full-scale podded
propeller to the hull of the ship as it is propelled through the water. The
magnitudes of the measured forces and torques on the model-scale propulsion
unit are only a fraction of the full-scale loads. While the extrapolation of the data
from model-scale to full-scale is beyond the scope of this study, the implications
of non-dimensionalizing the results are still very relevant. Non-dimensionalization
of the measured loads is vital in allowing for direct comparison of the results of
each set of data. Therefore, further discussion of dimensional analysis and
appropriate methods for data reduction are warranted to ensure the results

obtained are presented in a relevant manner.

1.8 Data Reduction Equations

Prior to the development of a test plan it was decided that general
consideration of the desired performance outcomes should be examined in
further detail. The standard form of the data reduction equations identified in
ITTC 7.5-02-03-02.1 (2002) for propeller open water tests for conventional screw
propellers are outlined below in Table 1.1. These non-dimensional coefficients
are typically plotted in the form of Ky, 10Kq, no vs. J charts, which is the most

frequently used method of displaying propeller performance curves.
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Performance Chararcteristic Data Reduction Equation

Ky (Thrust Coefficient) T/(pn*D*%)

Kq (Torque Coefficient) (Q-Q,)/(pn°D")

J (Advance Coefficient) V/(nD)

1o (Open Water Efficiency) (K+JY(2nKg)

Where:
T = thrust n = shaft speed
Q = torque D = propeller diameter
Q, = frictional torque V = advance speed
p = density

Table 1.1: Standard Non-dimensionalized Coefficients for Conventional Screw Propellers

Given the additional level of complexity of the podded propeller
experiments, it was decided that a complete dimensional analysis of a
generalized podded propeller should be conducted. The details of this
generalized dimensional analysis are given in Appendix A. The forms of the
equations used in this analysis were purposely generalized to allow for
investigation of non-dimensional forms other than the standard set of coefficients.
This was useful in confirming that the forms of the non-dimensional expressions
shown in Table 1.1 are in fact the most appropriate alternatives available for the
required performance results.

Using this analysis as a guide, it was then possible to adapt the
generalized equations to the forms required for each of the measured parameters

for both series of experiments as shown in Table 1.2.
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Baseline Propeller Open Water Tests

Performance Chararcteristic

Data Reduction Equation

Ky - Thrust Coefficient
Kq - Torque Coefficient

J - Advance Coefficient
1o - Baseline Efficiency

Where:

T = thrust

Q = torque

Q, = frictional torque
p = density

T/(pn*D*)
(Q-Qu)/(pn?D®)
VI(nD)
(K1) (2rKa)

n = shaft speed
D = propeller diameter
V = advance speed

Podded Propeller Open Water Tests

Performance Chararcteristic

Data Reduction Equation

Krprop - Propeller Thrust Coefficient
Krunit - Unit Thrust Coefficient
Kq - Torque Coefficient
J - Advance Coefficient
nerop - Propeller Efficiency (on Pod)
nunit = Unit Efficiency (on Pod)

Where:

Trrop = propeller thrust
Tunit = unit thrust

Q = torque

p = density

Teror/ (pn°D*)
Tunit/ (y:)ﬁ2 D4)
Q/(pn?D%)
VI(nD)
Krprop) (2 Kq)
(Krunitd)/ 2rKa)

n = shatft speed
D = propeller diameter
V = advance speed

Table 1.2: Final Forms of Data Reduction Equations

As shown above, the measurement variables of interest for the baseline
experiments were identified as thrust, torque and advance speed. All remaining
experimental parameters were held constant for these tests. For the podded
propeller experiments the variables of interest were the propeller thrust, torque,
advance speed and the overall thrust of the pod unit (unit thrust).

clarification, the definitions of all non-dimensional coefficients and terms shown

above are explained in further detail in Table 1.3.
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Baseline Test Definitions

Ky (Thrust Coefficient): Non-dimensional form of the baseline propeller thrust

Kq (Torque Coefficient): Non-dimensional form of the baseline propeller torque

J (Advance Coefficient): Non-dimensional ratio of the advance speed to the shaft speed

1. (Baseline Efficiency): Open water efiiciency of the propeller without pod and strut present
T (Thrust) : The axial component of force generated by the rotating propeller blades

Q (Torque): The axial moment required to rotate the propeller at the desired shaft speed

Q, (Frictional Torque): The additional torque component due to friction in bearings and seals

Podded Propeller Test Definitions

Krprop (Propeller Thrust Coefficient): Non-dimensional form of the thrust of the propeller installed on the pod

Krunit (Unit Thrust Coefficient): Non-dimensional form of the unit thrust of the podded propeiler

Kq (Torque Coefficient): Non-dimensional form of the torque on the propeller shaft

J (Advance Coefficient): Non-dimensional ratio of the advance speed to the shaft speed

nrrop (Propeller Efficiency): Open water efficiency of the propeller operating on the pod unit

nunit (Unit Efficiency): Owerall efficiency of the entire pod unit, which factors in the drag of the pod and strut

Trror (Propeller Thrust): Axial component of force generated by the propeller when installed on the pod unit

Tunit (Unit Thrust): Net axial thrust generated by the pod unit; Includes the drag of the pod and its influence on the prop
Q (Torque): The axial moment required to rotate the propeller at the desired shaft speed

General Definitions

p (Density): The calculated density of fresh water at the test temperature

n (Shaft Speed): The rotational speed of the propeller shaft

D (Propeller Diameter): The diameter of a circle which circumscribes the tips of the propeller blades
V (Advance Speed): The speed at which the tow carriage advances the propeller down the tank

Table 1.3: Definition of Data Reduction Terms

The final selected forms of the equations also had to factor in some of the

practical considerations of the equipment and procedures used. As explained in

Chapter 6, differences in the data collection and analysis procedures for each

series of experiments had implications for the uncertainty analysis. Based on this

knowledge, further discussion of the reasoning behind the forms of the equations

is warranted here.

As observed in Table 1.2, the torque coefficient for the podded propeller

tests was modified such that it does not require the subtraction of a frictional

torque term. This data set was not influenced by friction, as this custom built

instrumentation was designed such that there were no bearings or seals located

between the propeller and the strain gauges. Correspondingly, no friction term is
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included in the data reduction equation for torque for the results of the podded
propeller tests.

The propeller shaft of the instrumentation used in the baseline series of
tests has bearings and seals between the strain gauges and the propeller, and as
such the frictional influence of these components must be subtracted from the
measured torque value. Because this is a post-processing subtraction and not
merely part of the data collection process, the frictional toque must be treated as
a separate variable.

As can be seen, all of the thrust coefficient equations are of the same
basic form as the generalized equation shown in Table 1.1. For this
measurement, additional consideration of the data collection and analysis is also
beneficial to clarify the difference in treatment between tare thrust and frictional
torque. As discussed in Chapter 3, a piece of instrumentation is typically
calibrated and zeroed, so that it outputs zero voltage when there is no load
applied. Sealed thrust measurement equipment offers a slight variation to this
concept since a non-zero voltage reading may be present even after calibrating
and zeroing the equipment. This observation may be explained by static friction
in the seals and bearings, which causes these components to retain small
amounts of residual loading that prevents the propeller shaft from completely
moving back into its rest position.

To eliminate the influence static friction on the shaft has on the thrust
reading, the zero thrust value is taken by measuring tare thrust while the
propeller turns at a very slow shaft speed, as is described in more detail in
Chapter 3. The main premise behind this approach is that at such a slow speed
the propeller is not generating any thrust, but the rotation serves to break the
static friction between the shaft and its bearings and seals. This releases any
residual axial loading that may have been in these components and in doing so,

ensures that the load cell is in the true no-load condition.

-16 -



The tare thrust is measured at the beginning of each individual test run
and is contained within the same data file as the actual thrust reading for that
particular run. This is much different than frictional torque, which is determined
from a separate set of tests specifically designed to characterize the dynamic
frictional behavior of the instrumentation. The tare thrust is, in effect, the zero-
thrust point within a particular data file and this subtraction is an internal part of
the data analysis process. This is not a post-processing calculation using a
separate data stream, as is this case with the torque reading. For this reason,
the data reduction equations do not include a separate term for the tare thrust

values.
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Chapter 2 — Literature Survey

2.1 Scope

The primary focus of this section is to provide a snapshot of the current
state of experimental research in the field of podded propulsion through a review
of the published literature. Given the relatively small time lag between the
development of podded propellers and their commercialization, there is little non-
proprietary performance research available on this topic. Much of the information
that is available in this area is general and qualitative in nature. Furthermore,
many of the available publications are written by representatives of commercial
pod vendors and have inherent biases in the information they present. Given the
focus of this thesis, the literature review has been written to provide both a
technical review and contextual overview of podded propeller research. The first
two sections of this chapter summarize the technical aspects of hydrodynamics
and related experimental publications, while the latter two sections attempt to
present a summary of research in the context of both commercial and military

applications.

2.2 Hydrodynamic Considerations

In the early days of podded propeller research, experiments were sporadic
and topics covered by researchers varied widely, as initial interests were focused
on acquiring a broad understanding of the propulsion system and assessing if
pods were a viable propulsion alternative.

Rains et al. (1979) published the first description of the podded propeller
concept for naval applications. The first published results of model tests

conducted specifically to investigate podded propulsor hydrodynamics were
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published by Rains et al. (1981). The results of Rains et al. (1981) examined the
total drag of the pod unit and discussed powering predictions for vessels fitted
with pods. This study only considered non-azimuthing pods (fixed to the hull)
and used hull forms that were not modified to take advantage of the flexibility
offered by podded drives. The main conclusion of this initial study was that
without removing appendages or modifying the hull form to take advantage of
this flexibility, the podded propulsors studied did not show hydrodynamic
advantages over a conventional propulsion érrangement.

Hydrodynamic investigations focused specifically on the performance of
podded propulsors did not come into the mainstream research community until
the 1990s, when the use of commercial podded propulsion began to gain
momentum. Kurimo et al. (1997) presented the results of a comprehensive
series of model tests conducted during the development of the ABB Azipod®. It
was concluded that pull type podded propellers offered clear hydrodynamic
advantages over push type pods. Furthermore, for the same hull it was
concluded that podded propellers could provide a 3-4% savings in the measured
delivered power when compared to a conventional twin screw arrangement.

Holtrop (2001) presented a discussion of methods used for extrapolating
model scale results to full scale for powering predictions. This work identified the
need for enhanced knowledge of the drag present on the pod housing and strut.
Furthermore it provided a discussion of blade thrust and shaft thrust in podded
propeller instrumentation and the differences between these measurements. It
was noted that the size and shape of the hub, along with other pod particulars
caused the blade thrust to depart from the shaft thrust by several percent. Holtrop
(2001) defined experimentally the drag of the pod housing and strut as the

difference between the propeller thrust and the unit thrust.
Mewis (2001) has presented the results of a series of open water tests for

a number of test configurations. Included is a discussion of the influence of the

width of the gap between the back face of the propeller hub and the front face of
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the pod body on the measurement of the thrust generated by the propeller. The
pressure in this gap was investigated as a function of the gap width. Based on
these results, it was concluded that the unit thrust is not influenced by the width
of this gap, but the propeller thrust is highly dependant on gap spacing.
Recommendations were made to use only the unit thrust for comparison of
propulsion efficiency. This work also included a discussion of instrumentation and
testing issues, and examined the influence of Reynolds number on thrust
readings.

In addition, Mewis (2001) provided a comparison of the efficiency of a
podded propulsion system with that of a conventional propeller and rudder
configuration. For these tests, the conventional propeller and rudder were
observed to have an efficiency 5% higher than the pod unit at the design advance
ratio.

Szantyr (2001) presented measurements of lift forces, drag forces and
moments for a variety of propulsor configurations tested at different yaw angles
and advance coefficients. Included in these are a pod/strut model without a
propeller, a push mode pod unit (with propeller) and a pull mode unit (with
propeller). He concluded that the axial force is higher for small non-zero angles,
than for a zero yaw angle.

Others have considered the effects of the geometry of pod body and strut
on the performance of the propulsion unit. Halstehsen and Leivdal (1990)
concluded that the choice of the strut profile is one of the most important design
aspects of pull mode pod units designed for high speed applications. Included in
this discussion was a description of the impact of strut cavitation on the
resistance of the pod and the overall efficiency of the unit. By using an
appropriate strut profile which allowed for the recovery of some of the rotational
energy in the propeller slipstream, Halstensen and Leivdal (1990) indicated that it

was possible to reduce the overall resistance of the strut and pod.
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The paper by Heinke and Heinke (2003), as well as Karafiath and Lyons
(1999) provide a discussion of the influence of various geometric particulars,
such as the length and diameter of the pod body and the propeller arrangement,
on the open water performance of podded propellers. In these papers, the
authors distinguish between the unit thrust and the propeller thrust.

Bertaglia et al. (2004) examined a variety of aspects of design and
optimization of hull forms for podded propellers with four, five and six blades.
This paper considered the systematic investigation of the influence of the number
of blades on the performance of the propeller from a powering and cavitation
point of view.

Goubault and Perree (2004) discussed parametric investigations of pod
geometry aimed at focusing pod technology developments, based on optimizing
various characteristic ratios, including the ratio of propeller diameter to pod
diameter.

Heinke (2004) presented results of model tests carried out with four and
five bladed model podded propellers in both push and pull mode. This study
included an investigation of the interaction between the propelier and the pod
body, as well as the influence of the propeller hub geometry. Only two propeller
hub arrangements were considered, the pull hub and the push hub, for both four
and five bladed propeller models. These two hubs had nearly the same hub
ratios, and the influence of the taper angle was not varied or considered. The
effect of steering angle on the forces and moments acting on push and pull mode
podded propellers has also been presented.

This study showed that the ‘propeller only’ performance was the same for
the four and five bladed propellers. For the podded drives, the five bladed
versions had higher total efficiencies than the four bladed podded drives.
Furthermore, Heinke (2004) concluded that cavitation only has a small influence
on the moments and forces for propellers with a low number of revolutions and

for blocked propellers.
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In addition to focusing on the hydrodynamics of the pod units themselves,
a number of researchers have presented results of studies focused on the overall
performance of model-scale vessels fitted with pods. Cheng et al. (1989) present
an evaluation of various hull forms with podded propellers using computational
methods for use in conjunction with experimental methods to design pods for
naval vessels. Lavini (2000) discussed twin screw ships with podded drives and
provided a description of design considerations for exisiting hull forms, slightly
modified hull forms and completely redesigned stern geometry for new vessels.
In addition, Lavini (2000) proposed a new blade design approach for designing
propellers for pods. Lepeix (2001) also considered hydrodynamic issues related
to hull form design, with a particular focus on large cruise ships with pods.
Topics discussed in this paper include an overview of changes in the hull lines
due to the flexibility offered by pods, in addition to the effect this has on the ship’s
wake, the resistance of the hull and the building process. Nakatake et al. (2004)
considered the propulsive performance of a small bulk-carrier model fitted with
twin podded propellers, while Ball (2004) examined hull motion responses,
together with propeller shaft and pod strut loads during calm water, free
maneuvering experiments.

A number of researchers haves focused specifically on cavitation, noise
and vibration aspects of podded propeller hydrodynamics. Chen and Tseng
(1995) published a paper on pull mode pods in applications with high-speed
vessels, in which they discussed the cavitation performance of the propulsor, as
well as some powering issues. Heinke (2001) presents model test results for pull
mode pods fitted to a corvette and examines power requirements, wake field,
cavitation and maneuverability behavior. Based on the effects of the cavitation,
he concludes that the strut should be asymmetrical.

Pustoshny and Kaprantsev (2001) described observations of full-scale
cavitation behavior made during maneuvering and speed trials, while Friesh

(2001) has presented the results of cavitation observations and wake field
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measurements combined with noise and pressure fluctuation measurements for
different model-scale pod arrangements. Friesh (2001) showed that for twin
screw vessels, pull mode pod drives display advantages in terms of cavitation
and noise behavior when compared to conventional propuision. Further work in
this area, by Friesh (2004), considered cavitation, noise and vibration aspects of
both stationary and moving podded drives in several different configurations.

Others have examined more specialized cavitation conditions, such as
those presented by Atlar et al. (2003), which described the specialized test set up
and preliminary results for cavitation observations on ice-class propellers during
ice milling operations. Hamalainen and Heerd (2003) provided a discussion of
the influence of a wave damping after body on improving hull efficiency, as well
as the wake field and the implications this has on the cavitation pattern and
propeller induced pressure puises.

As one of the main advantages of podded propulsion, maneuverability
aspects of vessel performance have also received considerable attention.
Toxopeus and Leoff (2002) considered maneuverability aspects of fast ship
applications for conventional and podded propulsion systems, highlighting many
of the benefits of pods.

Kurimo et al. (2003) present the results of full-scale maneuvering trials for
the cruise s