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Using a design spiral philosophy, methods have been developed and employed to predict
rudder performance downstream of a propeller. The result of this work has been the
development of a proven methodology that accounts for the physical basis of the

interaction between the rudder and propeller of a ship.

The principal factors in rudder-propeller interaction have been assessed and a coherent
presentation system for quantifying rudder and propeller performance has been discussed.
Systematic experimental tests on a skeg-rudder and all-movable rudder downstream of a
propeller have been carried out in a 3.5m by 2.5m low speed wind tunnel and an open
laboratory. Results for the ship bollard pull condition and a further range of propeller thrust
loading have been presented and discussed. The data created in experimental work has
been harnessed with physical understanding through analytical interpretation to create an
interpolation and correction method for predicting rudder performance with the upstream
influence of a propeller in the form of a software program. A finding of the work has been
a method for accurately predicting performance data at any propeller thrust loading from
rudder free stream (2-D sectional lift coefficient) and bollard pull performance data. For
detailed analysis of the flow regime of rudder propeller interaction computational fluid
dynamics in the form of a surface panel method has been investigated as a tool to provide
detailed design information on a skeg-rudder operating downstream of a propeller. By way

of example several design investigations are presented using the aforementioned analysis

methods.
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NOMENCLATURE

A Rudder area (S.c)
AR Aspect ratio
c Rudder mean chord
Ca Drag coefficient (d/Y4pAU?)
Cq' Drag coefficient (d/YspAKn’D?)
Cp Pressure coefficient
CP. Centre of pressure chordwise, %c, measured from leading edge
CPg Centre of pressure spanwise, %S, measured from root
CL Lift coefficient (L/%pAU?)
c Lift coefficient (L/Y2pAKn’D?)
Cn Normal force coefficient
CR Rudder root chord
cr Rudder tip chord
d Drag force
D Propeller diameter
dCr/da Lift curve slope (the rate of change of lift with rudder angle at zero

rudder incidence)
F A generic force or moment

Propeller advance coefficient (U/nD)

K Force Scaling Parameter
Kr Thrust coefficient (T/pn’D*)
Kq Torque coefficient (Q/pn’D’)
L Lift force
n Propeller revolutions per second
M Moment
N Normal force
P/D Propeller pitch ratio
Q Propeller torque
Rn Reynolds number (pVc/p)
S Rudder span
t Section thickness
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T Propeller thrust
U Speed
\Y% Distance to rudder steering gear or dynamometer centre from rudder
root
W Wake Fraction
W Distance to rudder stock from rudder root leading edge
X Longitudinal distance, propeller plane to rudder leading edge in line
with propeller axis
Y Lateral distance between propeller axis and rudder stock
zZ Vertical distance between rudder root and propeller axis
o Net inflow angle
B Inflow angle, drift angle or yaw angle
v Flow straightening factor
o Rudder angle relative to body (ship) axis
E Coverage
n Propeller efficiency (%)
A Sweepback angle of rudder at quarter chord line
A Proportion of D impinging on rudder
i Dynamic Viscosity
p Mass density
W Propeller advance angle (tan™'[J/0.77])
® Propeller radians per second
Subscripts
0 At 0° or at a static value of 0
2-D Two-dimensional
3-D Three-dimensional
ACT Actual
D Dynamic
E Effective
G Geometric
i,j,k An integer value associated with an array of values (i.e. i=1,2,3 etc.)
J=0 At an advance ratio of zero
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FS

XY,z

Superscripts

n

2

Pressure or Propeller
Rudder

Required

Free stream

In the direction or about the x,y,z axis respectively

Raised to the power of n

A transformed parameter
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1 INTRODUCTION

1.1 Aims and Objectives

Manoeuvring devices be it for a yacht, ship or underwater vehicle, seldom operate in flow
without the upstream influence of an object altering the fluid motion on to the device.
When a manoeuvring device operates in this fluid motion its performance is altered to that
when it is operating in the undisturbed free stream. Examples of objects that can influence
the flow on to a manoeuvring device include a hull, a propeller, a keel or a duct. Each
upstream influence can alter the fluid velocity and the fluid vorticity downstream and

therefore the manoeuvring device coursekeeping performance.

A need for predicting coursekeeping at an early design stage in ship design is high. It is
therefore necessary to predict the forces generated by a manoeuvring device not only for

design of the device but also manoeuvring considerations.

By using the example of rudder design with an upstream influence of a propeller the work
in this thesis aims to assess the principal factors in rudder-propeller interaction and
examine methods by which one can systematically predict the performance of a
manoeuvring device with the physical interaction of a propeller upstream. A method of
predicting manoeuvring device forces can be implemented in a whole ship manoeuvring

model [1],[2],[3],[4], it is also the aim of this work to establish a calculation method that

can form this part of a manoeuvring model.

For a performance prediction method to be useful in design, it must be able to provide

accurate and usable results. A further aim of the work is to present coherent methods for

acquiring data for design.

To complete the aims and objectives the work is split into several distinct items, as

follows:

i) Assess the principal factors in rudder propeller interaction and the sources of

available data.
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ii) Use experimental techniques to create further data and obtain a greater
understanding of the mechanism of rudder-propeller interaction, particularly at zero

ship speed.

iii) Investigate methods to harness experimental data, empirical evidence, and physical
understanding to create a novel, widely applicable method for predicting rudder

forces downstream of a propeller.

iv) Using computational fluid dynamics, investigate enhanced methods of predicting

detailed rudder performance for design.

V) Demonstrate, by way of example, applications of the performance prediction

methods to rudder design.

1.2 Background

1.2.1 Experimental Work
Experimental measurements and theoretical prediction of rudder forces provide a wide
range of necessary data for use in analysing and predicting the manoeuvring performance

of a ship.

The systematic parametric variation of experimental variables is obtained from the
identified influential factors affecting performance. An in-depth knowledge of these factors
can create efficient testing schedules as primary parameters are investigated in more detail.
Identifying current sources of experimental data provides a knowledge base for further
work. The scope of parametric variation and the experimental methods employed are
useful in making decisions for future study. A review of the applicable experimental work

in predicting rudder performance follows.

In 1972 Kerwin et al [5] tested a series of flapped rudders in a water tunnel and in 1977

Molland [7] carried out tests on a semi-balanced ship skeg-rudder in a wind tunnel. These

tests were compared to previous results presented by Whicker and Fehlner [8]. This

culmination of this work is summarised in [9]. The skeg-rudder work carried out by

Molland concluded that ‘the overall characteristics of the all-movable rudder.....compare
14




favourably with existing published data.....its characteristics form a very satisfactory basis
with which to compare the skeg-rudder.” This work led to an extensive programme of
experimental and theoretical research into the effect on manoeuvring of the stern

arrangement of vessels and in particular the interaction between the ship hull, propeller and

rudder.

English [6], in 1972, was carrying out tests on a jet-flapped rudder for use in ship
manoeuvring at zero and low ship speed. A propeller and rudder were tested and the effect

of the interaction was summarised with scaling effects also mentioned.

In 1989 Kracht [14] and Stierman [12] were carrying out tests on rudder-propeller
combinations. Stierman’s work was principally involved in the propulsive performance of
a propeller with a rudder downstream, all tests were carried out at 0° rudder incidence and
only rudder drag was measured. Kracht’s work was principally involved in testing a rudder

propeller combination in a cavitation tunnel.

In 1991 Molland and Turnock [13] conducted tests to ascertain the performance of several
all-movable rudders with a propeller upstream and presented the principal parameters that
affect rudder-propeller interaction. This work led on to a series of experimental
programmes investigating a skeg-rudder behind a propeller [16] and investigations into

four quadrant and low and zero speed performance with a propeller upstream [21] and

[22].

With the increasing use of skeg-rudders in ships, sailing yachts and small motor vessels,
further investigation of the performance of a skeg-rudder in the wake of a propeller and/or
hull is considered necessary. The experimental work by Molland and Turnock led to a need
for skeg-rudder performance to be investigated in more detail particularly for longitudinal
separation, lateral separation and low and zero ship speed. The Author’s principal
experimental research area has been investigating the performance of the skeg-rudder

downstream of a propeller.
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1.2.2 Rudder Performance Prediction Methods

From vessel power prediction methods [19] to sailing yacht velocity prediction [20] many
methods to date rely on a parametric series of test data to derive curve fits of performance.
The prediction methods rely on physical understanding to derive the prediction formulae
and calculate the effect of altering design parameters have on the performance. The
performance prediction methods have a quoted range or envelope in which the results

remain reliable, based on the extent of variation within the experimental tests.

In addition to extensive experimental tests, Whicker and Fehlner [8] presented theoretical
and semi-empirical equations for estimating free-stream, low-aspect ratio, all-movable
rudder performance. This work has been used extensively in estimating rudder
performance on many craft. Molland [25] also presented several formulae for calculating
the performance of all-movable rudders and skeg-rudders in the free stream. None of these

calculation methods took into account the influence of a propeller upstream.

Manoeuvring simulations often have rudder performance prediction embedded within the
methods, but tend to simplify the rudder-propeller interaction mechanism. The effect of the
propeller on performance is often described as a mean inflow velocity proportional to
propeller thrust loading [1], [2], [4]. Although this does account for the most significant
influence on rudder performance, it does not allow for the balance of forces induced by the
relative propeller coverage and rudder geometry. Although practical predictions of rudder-
propeller performance can be achieved using these models the fundamental physical

behaviour is not correctly simulated.

In 1992 Molland [26] presented a blade element-momentum theory and modified lifting
line theory for calculating rudder forces downstream of a propeller. This was a
complimentary theory to experimental work carried out previously and used the
experimental data to correct, based on aspect ratio, the theoretical results from the lifting
line calculation.

In 1993 the ITTC Manoeuvring Committee [24] recommended that ‘“More work is needed
especially with regard to theoretical prediction methods at both concept and detailed design

stages and standardisation of models’ in the context of predicting rudder performance.
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One of the results of the experimental work, described previously in this chapter, has been
the development of a large database. This relates the changes in propeller operating
condition and the geometric description of the rudder-propeller system to the resultant
performance of the rudder in terms of developed rudder forces and moments.
Experimentation is invaluable in this type of work for the process of validation and also in

general interpolation and extrapolation of data.

By making use of the experimental work, a combination of experimental data and physical
understanding of rudder-propeller interaction can be used to create a suitable method to
determine rudder performance with the upstream influence of a thrusting propeller. In 1996
Molland et al [3] produced an enhanced rudder performance prediction model using a

combination of physically based curve fitting and look-up tables based on experimental

the propeller upstream in a ship simulator. Using actual rudder test data and physically
based corrections is an accurate method of predicting rudder performance and is therefore

suitable for a rudder performance prediction method.

For practical purposes a preliminary rudder design tool that uses lower order geometric
definition to predict performance is advantageous. In interpreting experimental results the
physical modelling is limited by the availability of good experimental data and physical

knowledge.

1.2.3 Computational Fluid Dynamics (CFD)

For detailed analysis of rudder performance a CFD approach needs to be employed such
that it can produce meaningful results with a higher resolution than, for example, simply
total rudder forces and moments. In designing rudder scantlings it is useful to have an
understanding of the distribution of load over the rudder so local reinforcement can be

positioned where only necessary thus producing a more efficient design.

Although pressures and therefore local load distributions can be measured experimentally,
to apply a method that calculates local pressure in the same manner as the rudder
performance prediction methods described previously holds little physical basis as a

detailed analysis of the flow regime is required. Therefore a prediction method is needed
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that can predict the rudder performance in detail. A surface or domain based CFD method
has the capacity to predict local rudder pressure [27] and [31]. By correct validation the

CFD method can be used to obtain detailed local information of the flow for detailed

design.

CFD has been used extensively in acquiring appendage design data, particularly for yacht
keels [29] and [30]. The author has also used CFD to analyse the performance of sailing
yacht keel and rudder [36 and Appendix D]. The work has generally concluded that CFD is

a useful tool in measuring the performance of an appendage design.

The application of CFD on rudders and manoeuvring devices has employed several types
of numerical methods. Willis et al [34] used a vortex lattice theory for calculating the
hydrodynamic forces developed by a rudder with a non uniform flow. This theory
represents the flow by a distribution of vorticity over the rudder boundaries. With this
method the rudder is assumed to have zero thickness and is principally used to obtain total

forces rather than pressure distributions and hence distribution of loading.

Wright [31] has modelled a rudder using a Reynolds averaged Navier Stokes (RANS)
method to model a rudder downstream of a propeller. The results with the propeller
upstream have proved to be unreliable and this is echoed by Turnock in [32]. Panel
methods have also been used to model rudder-propeller interaction. Turnock [27] used a
surface panel method to model the performance of a rudder downstream of a propeller. The
surface panel method supplies results of pressure distribution and integration of these
results can give total forces and moments. The results from this method were very close to
experimental results although caution is advised as the potential flow model can over

predict lift and under predict total drag [32] as there are no viscous effects.

In general CFD has been used for assessing the performance of a particular pre-defined
design but CFD has also been employed as a designing tool for optimisation, Su et al [35]
used a surface panel method for hydrofoil design. By adjusting the foil shape using the
CFD data a resultant shape with a specified pressure distribution was calculated. This
effectively reverses the use of CFD whereby a performance is defined and a suitable
geometry is given as a result rather than the geometry being defined and the performance

given as the result.
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In selecting a suitable method for modelling manoeuvring device performance it is
necessary to identify the most useful and applicable method. As geometric and fluid
domain definition is often one of the most time consuming processes in any numerical flow
model, the CFD method must be intuitive to use in defining the rudder geometry and
subsequent calculations should also be relatively fast to allow for large parametric
variations. The trade off of computational work and production of results should therefore

be considered in selecting a CFD method for a particular application.

In 1999 the ITTC Manoeuvring Committee [28] recommended that ‘Work should be
pursued on CFD approaches to reduce the required amount of experiments’. CFD has been
investigated, in this work, for the purpose of predicting the rudder performance to assess

the viability of using such a method to extend the experimental database.

1.3 Ship-Rudder-Propeller Flow
A propeller upstream of a ship rudder accelerates and rotates the inflow into the rudder. To
investigate the advantages and disadvantages of having the upstream influence of a

propeller, the interdependence of the rudder and propeller must be determined.

In examining rudder-propeller interaction problem it is necessary to identify the various
independent parameters which affect rudder performance. The influence of fluid flow,
geometry and relative positions of the rudder and propeller all need to be considered. The
rudder performance needs to be quantified and also related to other results for comparison.
A suitable presentation must be adhered to for meaningful analysis of the effect of the

aforementioned variables.

Once the variables that influence rudder manoeuvring performance have been identified
the method of data collection and scope of parametric studies can be defined. Presentation
and analysis of all the factors that affect rudder performance will help determine the

important variables used in a performance prediction method.
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1.4 Design Philosophy

In any type of design process the principal factors that strongly affect the performance of
the design need to be identified. These factors are governed by the scope of the design and
its operating conditions. At any design inception these parameters are generally coarse in
their detail and as the design progresses the level of detail will increase. The refinement of
a design is termed as a design spiral, a set of simple parameters are analysed and refined
until a final solution is obtained, each design iteration getting smaller in the scope of

variation but progressively improving and expanding the detail of the design.

Within a design spiral fusion of the available data through a coherent presentation system
is required. To analyse a design, systematic variation of parameters are required to arrive to
a solution. Existing data can supply an envelope or scope in which to work. This can then
be used to create further data by interpolation and to a certain extent extrapolation. Other
methods employing direct calculation and experimentation are also used. Within a design
spiral the analysis method of the design often increases in accuracy and complexity until

the final results are quite specific to a set of requirements.

The choice of rudder shape, size, type and position will influence the manoeuvring
performance of a rudder. This thesis employs the design spiral method to analyse
manoeuvring device performance. By identifying existing data and creating a further
envelope of data, the coarse design parameters can be used to create an initial set of results.
The design can then be optimised using a more in-depth analysis tools that require a higher

definition of the design parameters.

1.5 Geometric Definition

Any method of analysis that predicts the performance of manoeuvring devices requires
definition of their geometry. Any geometric definition will require a certain amount of
discretisation, The method of predicting performance largely defines the level of detail

needed for geometric definition.

The geometry definition of say a rudder can range from principal dimensions such as span,
chord and thickness ratio to a full surface definition for use with CFD analysis. The

complexity of the geometric definition can range from elementary properties, such as span
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and chord up to detailed three-dimensional surface definition. In the case of some higher
order computational fluid dynamics codes, even the domain of the fluid the device is
operating in has to be defined. For example, an application of the equations produced by
Whicker and Fehlner in [8] indicate how the rudder lift and drag varies with rudder angle.
This method uses a small amount of information about the rudder, whereas a surface panel
flow analysis with full rudder surface definition can give pressure distributions and

information on the wake downstream produced by the rudder.

Where manoeuvring and propulsion devices interact with each other and alter their flow,
the relative position or locality is another important factor. In the case of a rudder-propeller
system the flow impinging on the rudder from the propeller can greatly alter the rudder
performance. This coverage has to be quantified by defining their relative positions in
space referred to a particular co-ordinate system. The choice of co-ordinate system is
always important and the particular system used in this work has been described in Chapter
2. When a designer is planning a stern arrangement it is also convenient to refer to a ship’s
axis system by defining a local co-ordinate system for the rudder-propeller arrangement
this can then be referred back to the ship’s axis system at any time by a base point. The

rudder stock position is a common reference point and is even used in defining the length

of a ship.

In the current work, geometric definition is to be limited up to and including the three-
dimensional surface definition, as the methods used do not require any more detail than
this. The level of geometric definition is described individually in each relevant Chapter

and in the context of the method used to predict rudder performance.

1.6 Summary and Thesis Layout

Previous relevant published work has been discussed as a background to reaching the aims
set out in the introduction. The philosophy behind the work presented in this thesis follows
the design spiral approach. Levels of geometric definition have been identified and are

referred to throughout the work.

Ship rudder propeller flow has been discussed briefly and the importance of developing a

logical system of presentation and analysis of rudder performance. Chapter 2 presents a
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coherent outline of the fundamental mechanism of rudder propeller interaction and the
philosophy behind the methods employed in the work. The philosophy is derived from
work to date, as described previously in this chapter, and the continued work presented in

this thesis.

By identifying the previous experimental work and the scope of the parametric variation,
the need for further experimental work on a skeg rudder downstream of a propeller has
been identified. The need for more experimental work at low ship speed has also been
recognised. Chapter 3 describes a series of wind tunnel tests and an innovative laboratory
approach to rudder propeller testing to obtain all-movable and skeg-rudder performance

data downstream of a propeller and hull.

Current and previous methods of predicting the performance of a rudder downstream of a
propeller have been discussed and the need for a consistent method of predicting rudder-
propeller performance at design stage has been highlighted. The large amount of
experimental work carried out to date and the work described in this thesis has been

identified as an extensive source of design data.

The experimental work, parametric database and underlying physical understanding have
been coupled together in the form of a new computer program [23] which allows the
designer easy access to practical rudder design information. This allows, for instance, the
manoeuvring performance of a specific rudder-propeller system to be assessed and at the
same time generate the resultant rudder stock torque (e.g. for steering gear sizing or rudder
scantlings). The software allows a complete stern arrangement, including multiple rudder-
propeller systems, to be investigated. Chapter 4 harnesses the experimental data, physical
understanding and the ability to incorporate data from other prediction methods to create a
method for rudder performance prediction downstream of a propeller and describes the

software implementation of this method.

Practical design studies show, by example, the application of a design method and
demonstrate the extent of applicability. Design studies can also reinforce the mechanism of
rudder-propeller interaction for a higher understanding. Chapter 5 describes practical
design studies of several types of rudder-propeller systems using the method described in

Chapter 4.
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CFD has been identified as a way of obtaining further parametric variation of data for
design and methods for tightening the design spiral for detailed rudder performance data. A
surface panel method has been applied to model the rudder-propeller interaction
mechanism. This method has been chosen due to its proven performance [27] in modelling
this type of interaction and the compromise between the level of the numerical model
definition and the level of detail of the results is suitable for this application. Chapter 6
describes the theoretical framework of a surface panel method and the implementation of

the method to numerically model the process of rudder-propeller interaction.

Chapter 7 demonstrates the use of the surface panel method detailed in Chapter 6, to
investigate the numerical modelling of the flow around a skeg-rudder and propeller and
provide detailed information on the distribution of loading for design. The results are

compared against experimental results produced in Chapter 3 for validation.

The principal conclusions and findings are presented in Chapter 8 with reference to the
established aims and objectives of the work. Recommendations for future work are

detailed with the main conclusions.

References used in the work are presented in Chapter 0. Most figures and tables are

presented in the main text with the plots of experimental results presented in Appendix A

and Appendix B.
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2 SHIP-RUDDER-PROPELLER FLOW

2.1 Introduction

A ship designer is required to devise an overall stern arrangement which satisfies the
requirements of the owner as regards speed and overall fuel consumption while ensuring
the vessel is able to maintain its course and satisfy manoeuvring requirements at low and
service speed. Prediction of rudder forces and moments has its use in detailed rudder
design. In particular their use is important in establishing rudder scantlings, stock diameter

and likely torque for the steering gear.

The performance of a rudder operating behind a propeller can differ significantly from the
free stream performance. When a ship is moving ahead the flow passing through the
propeller is accelerated and rotated. The swirl and acceleration induced in the flow by the
propeller alters the speed and incidence of the flow arriving at a rudder aft of the propeller.
This controls the forces and moments developed by the rudder. In addressing the rudder-
propeller interaction problem it is necessary to identify the various independent parameters

on which the rudder forces depend.

The aim of this chapter is to identify and discuss the significant variables that affect rudder
performance with the influence of a propeller upstream. In doing so the objective is to
establish a coherent system of presentation for subsequent investigation and analysis of

rudder-propeller performance.

2.2 Axis Definition

In defining the rudder and propeller it is necessary to define an axis system in which they
operate. The axis definition used in the rudder-propeller system is shown in Figure 2.1 and
uses a right-handed Cartesian system with the origin located at the centre of the rudder

stock level with the rudder root.
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Figure 2.1 Rudder-Propeller Axis Definition

Lift or side force is perpendicular to the inflow direction and is positive to the starboard of
the ship.

Drag is parallel to the inflow direction and is positive to the aft of the ship.

Mx is the moment about the x-axis (or ship axis).

My is the moment about the y-axis.

Mz is the moment about the z-axis (or rudder stock).

Moments are positive around the axis according to normal convention (i.e. anti-clockwise

looking down on to the axis).

In wind tunnel tests and CFD analysis the rudder is presented inverted, with the tip at the
top and the root at the bottom as this was the orientation for the particular experimental

investigation. The axis system described above still applies to these configurations.

2.3  Governing Physical Parameters
Molland and Turnock [13] summarised the various independent parameters which govern
rudder-propeller interaction. It is convenient to group them into four categories that can

then be used to assess their affect on rudder performance.

The four groups of parameters are defined as follows.
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iii)

Flow variables which control the magnitude of the forces developed. These include
the time dependent quantities U (free stream velocity) and n (propeller rate of
revolution) and the properties of the fluid, density (p) and dynamic viscosity (p).
Also included is the drift angle Br between the ship and the free-stream.

Rudder geometric variables which determine how the flow passes over the rudder
and hence the force developed. This is controlled by the rudder incidence (o) span
(S), mean chord (c), stock position (V), thickness (t), section shape, sweep and
twist.

Propeller geometric variables which control how the propeller imparts energy into
the flow and generates thrust. For a given rudder type this is determined by its
diameter (D), mean pitch (P), boss diameter, sweep, pitch and thickness
distributions, number of blades and blade area ratio.

Relative position and size of the rudder and propeller. The two units can be
separated longitudinally (X), laterally (Y) and vertically (Z). The relative size is

defined as the coverage (&) and is equal to the proportion of the rudder span in way

of the propeller race.

These four groups may be represented in terms of non-dimensional parameters as in

Equation [2.1].
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2.4 Propeller Thrust Loading

The effect of increasing thrust loading, as reported in [13], is to:

increase the lift-curve slope above that of free-stream.
significantly delay stall, even for low thrust loading (high J).
stall is no longer the same for positive and negative incidence.

drag component due to lift increases.
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V) CP. moves forward from free stream position.

vi) CPs increases for positive incidence and decreases for negative incidence.

It is the propeller thrust loading (K/J%) which principally controls the manoeuvring

performance of the rudder as described in Chapter 3 and shown in experimental results

Figure A-1.

2.5 Coverage and Rudder Angle Balance

Coverage defines the proportion of the area of the rudder that is within the propeller race.
The magnitude of the thrust loading imparted to the fluid in the propeller race will control
the value of side-force generated for a given rudder incidence for that area if the rudder is
within the propeller’s race. The coverage, therefore, is a measure of the proportions of the
rudder where the force is dictated primarily by the propeller and that due to the free stream.
A rudder with a larger coverage will be more strongly influenced by changes in propeller

thrust loading.

The average flow generated by the propeller has an axial and a swirl component. The net
effect of the swirl is an effective shift in local rudder flow incidence in one direction above
the propeller axis and in the opposite direction below the axis. For a rudder with the same
area above and below the propeller axis the angular offset effect will cancel. However, for
example, tapered rudders or a rudder for which the propeller tip protrudes below the rudder
tip, the effect of the rudder angle balance is an angular offset in the rudder performance.

Similar effects arise from variation in lateral and longitudinal rudder-propeller separation.

2.6 Geometrical Properties of Rudder-Propeller Interaction

The principal geometrical properties that affect rudder-propeller interaction relate to the
relative positions of the rudder and propeller and may be summarised as the longitudinal

separation (X/D), lateral separation (Y/D) and vertical separation (Z/D).

X/D: A wide variation exists in the choice of X/D, a survey of recent new buildings
indicates a range of X/D from 0.25 up to about 0.50 [13], some local variations occurring
due to the amount of rake on the propeller, the use of controllable pitch propellers and the
amount of taper on the rudder. It is not generally clear if the X/D value has been chosen on
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the grounds of manoeuvring (rudder forces), propulsion (thrust deduction), or whether

these aspects have been considered.

Y/D: A lateral offset of the rudder from the propeller shaft centreline is often the practice
with twin screw vessels. This enables the propeller tailshaft to be removed without
removing the rudder. Such a lateral offset may also be used on smaller higher speed craft
to avoid the propeller hub core vortex impinging on the rudder, leading to rudder

cavitation. Typical values of Y/D used in practice vary from 0.0 to about 0.25.

Z/D: On larger vessels Z/D tends to a value of around S/D-0.5 with the rudder tip
approximately coincident with the propeller tip. On smaller vessels the necessity of
propeller shaft inclination can lead to Z/D values of down to about 0.5. Limitations on all-
movable rudder root bending moments and stock diameters will normally preclude

extending the span of the rudder fully into the propeller race.

2.7 Low Speed and Four Quadrant Operation

When a ship is manoeuvring at very low or zero speed the rudder relies on the propeller to
create an induced velocity to produce a manoeuvring sideforce. In this mode of operation
the flow is completely controlled by the propeller and therefore is of particular interest in

determining the effect of a propeller upstream of a propeller.

Although most requirements for ship manoeuvring capabilities are defined at service speed
it is crucial that a ship manoeuvres well at low speed and has known performance in all
four quadrants of operation e.g.:

i) Ship ahead, propeller ahead.

ii) Ship ahead, propeller astern.

iii) Ship astern, propeller astern.

iv) Ship astern, propeller ahead.

2.8 Data Definition
In the coming Chapters various coefficients and symbols will be used to quantify rudder
and propeller performance, it is therefore necessary to define these symbols and in some

cases why they are used and also their significance.
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Using the relevant speed U (m/s) and revolutions n (revs/sec) the advance ratio J is
calculated as:
J = v [2.2]

nD

where D is propeller diameter. The non-dimensional thrust coefficient (Kt) and torque

coefficient (Kq) are given by:

T
K =——nu 2.3
7 pn2D4 [ ]
Q
K, = oni D’ [2.4]

where p is the density.
The propeller efficiency 1 is given by:
K,
n= (i) x| =L [2.5]
27 K,

The non-dimensional coefficient form of the rudder forces are obtained as follows:

L
C, = 1 > [2.6]
U4
d
C, = 1 > [2.7]

The non-dimensional coefficient form of the rudder moments are obtained as follows:

Ce=—2E g
1 pU*Ac

cm=——£§—— [2.9]
2 pU" A4S

M
Ciy=—2—  [2.10]
1 pU2AS
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Where U is the free stream velocity (m/s), S the rudder span, ¢ the mean rudder chord, and

A the total rudder area (A=S.c).

For the nominal bollard pull case the force and moment coefficients are non-
dimensionalised using Krn’D® which represents the square of the propeller induced
velocity at J=0. These non-dimensionalised coefficients are designated by CL* and Cd* ete.

and are defined as follows:

c,’ =T% [2.11]
1 pAK,n’D
c, ﬁ‘% [2.12]
—Z'IOAKTVZ D
C, = [2.13]
1 pAcK, n"D
Cpt = — [2.14]
L pASK,n*D
"= My [2.15]

C,. =
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The propeller theoretical velocity is used because the free stream velocity U tends to zero,
thus any non-dimensionalisation with respect to U becomes void and the inclusion of Kr
allows the influence of propeller pitch ratio (P/D) to be represented. Investigation of the
results indicate that the two representations Equations 2.6 to 2.10 and Equations 2.11 to
2.15 converge satisfactorily at low J values. An examination of the use of these non-

dimensional coefficients can be seen in the written discussion of [62].

The position of the centre of pressure on the rudder in the spanwise and chordwise

directions is obtained as follows:

CP. :(——M—’+ W)xl—o—q [2.16]
N ¢
M

CPS:(—N—V)x@ [2.17]
L S

where W is the distance of the rudder stock from the leading edge and V represents the

distance from the dynamometer measurement centre to the rudder root. My is
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JM?2 +M; . CP, is the percentage of rudder chord from the root leading edge, CPs the

percentage of span from the rudder root.

In comparing the overall propulsive effect of the rudder-propeller system, two effective
propeller thrust coefficients are defined. The net thrust of the propeller and rudder

combination Krr+p) is defined as:

Kirery = Kr =K [2.18]

and the net thrust excluding the free-stream drag of the rudder Ky defined as:

KY‘(st) =K, "(KD “KDO) [2.19]

where Kp is the drag coefficient of the rudder and Kpg the free-stream drag coefficient of
the rudder. Kp can be expressed in terms of Cp:

k,=—4 14 pe. [2.20]

on? D’ =%D2

Useful measures of the performance of rudders are lift curve slope at zero incidence
dCr/do and the corresponding drag at zero incidence Cgo. These values are obtained

directly from the rudder performance data or by theoretical or numerical methods.

The influence of upstream body and/or propeller slipstream on the effective angle of drift
seen by the rudder is defined as a flow straightening factor vy:
y =20 [2.21]

R

where Br is the geometric yaw (or drift) angle at the rudder and oo the angle of rudder

incidence for zero sideforce at that drift angle.

The actual incidence that the rudder encounters or the effective rudder angle a is defined

as:

a,=0~ypB, [2.22]

where 0 is the rudder angle relative to the ship’s axis.
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2.9 Summary

The principle variables that control rudder performance in undisturbed free-stream and the
interdependence of the rudder and propeller and their respective operating conditions has
been identified. The influences of fluid flow, geometry and relative positions of the rudder
and propeller have been discussed. A suitable presentation system has been identified for

analysis of the effect of the categorised parameters.

Non-dimensional rudder performance has been defined as a function of free-stream speed
and propeller induced velocity for lower advance ratios. The assertion that rudder
performance can be defined as a function of the propeller operating condition suggests that
rudder performance could be investigated using the propeller velocity only and no free
stream speed applied. This has the advantage that modelling the ship speed is not required
in the bollard pull condition and therefore testing in a wind tunnel or water tunnel to induce

a ship speed is not necessary and can reduce the cost of experimentation.

The identification of the individual factors that affect rudder performance downstream of a
propeller can be used to establish the extent of parametric variation in experimentation.
Rudder geometry, propeller performance and the operating condition are required to be
studied and accounted for. When studying the effect of relative position of the rudder and
propeller it is more effective to have a large variation of longitudinal separation (X/D) as
this is the largest variation on ships. The effect of lateral separation (Y/D) is high and
should also be studied to a greater degree with vertical separation (Z/D) varied to
investigate coverage and balance effects. The influence of the important dominating
variables in rudder-propeller interaction have been identified and can be considered when

creating a method for rudder performance prediction.
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3 EXPERIMENTAL WORK

3.1 Introduction

With the increasing use of skeg-type rudders in ships due to structural considerations and
general overall performance, it is necessary to investigate the skeg-rudder performance
downstream of a propeller in more detail. Although tests have been carried out on skeg-
rudders [16] more variation is required on lateral separation (Y/D) and longitudinal
separation (X/D). There is little published data on the performance of the skeg-rudder and
all-movable rudder operating in the true bollard pull condition and this is another area that

needs consideration in the testing programme.

The aim of this chapter is to describe testing methods and present results from an
experimental programme designed to satisfy the need for examining the less investigated
parameters in skeg-rudder or all-movable rudder and propeller interaction. The individual
testing programmes are summarised in more detail in the description of the tests. The three
principle objectives to satisfy the aims of the experimental work are as follows:

i) Determine skeg-rudder and propeller performance plus the effect of a hull form

upstream on performance.
ii) Develop cost effective experimental techniques for determining rudder and

propeller interaction.

iii)  Determine the rudder and propeller interactions at low and zero advance ratio

(1=0).

3.2 Review of Previous Experimental Work

Over a significant period of time an extensive programme of experimental and theoretical
research into the effect on manoeuvring of the stern arrangement of vessels and in
particular the interaction between the ship hull, propeller and rudder has been on going at
the University of Southampton. The result of this work has been the development of a
proven methodology [13], which accounts for the physical basis of the interaction between

the various stern components.
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One of the results of the research has been the development of a large experimental
database. This relates the changes in propeller operating condition and the geometric
description of the rudder-propeller system to the resultant performance of the rudder in
terms of developed rudder forces and moments. The experimental database includes tests

at low speed and in all four quadrants.

The extensive experimental measurements and theoretical prediction of rudder forces
provide a wide range of necessary data for use in predicting the manoeuvring performance.
The extent of the rudder models tested are detailed in Table 3.1 and the overall propeller

details are summarised in Table 3.2. Details of the experimental method are also given in

[13].

Table 3.1 Rudder Model Particulars

Designation Type Span Tip Chord Root Tip Offset Aspect
(m) (m) Chord (m) (m) Ratio

Rudder 0 Skeg 1.0 0.593 0.741 0.148 1.5
Rudder 1 All-movable 1.0 0.593 0.741 0.148 1.5
Rudder 2 All-movable 1.0 0.667 0.667 0.0 1.5
Rudder 3 All-movable 1.2 0.667 0.667 0.0 1.8
Rudder 4 All-movable 1.3 0.667 0.667 0.0 1.95
Rudder 5 All-movable 1.0 0.800 0.800 0.0 1.25
Rudder 6 All-movable 1.0 0.556 0.556 0.0 1.8

All rudders have a NACA 0020 constant section with square tips.
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Table 3.2 Propeller Model Particulars

Designation Modified Wageningen B.4.40 Series
Range of revolutions (rpm) 0 to 3000

Number of blades 4

Diameter (m) 0.8

Boss Diameter (max) 0.2

Mean Pitch Ratio 0.95

Blade Area Ratio 0.4

Rake (degrees) 0

Blade thickness ratio t/D 0.050

Section shape Based on Wageningen B series
Blade outline shape Based on Wageningen but with reduced skew

3.3 The Investigations

The following Chapter presents the results from a detailed wind tunnel and laboratory
investigation into the performance of a skeg-rudder and all-movable rudder downstream of
a propeller and hull combination. The experiments were carried out in the University of
Southampton 3.5m x 2.5m low-speed wind tunnel in March 1995 and the Sir George

Edwards Laboratory in January 1996.

The two sets of test schedules were designed to obtain rudder performance data for a range
of ship operating conditions including free stream, varying propeller advance ratios and at
a bollard pull condition. The free stream and higher advance ratios were tested in the wind
tunnel to use wind speed as a simulated ship speed. The bollard pull (J=0) tests were

conducted in an open laboratory to simulate a ship with no speed.

The use of an open laboratory in rudder testing is a novel and innovative approach, there
are several advantages associated with this method. The wind tunnel used in previous tests
is a closed circuit tunnel and therefore the propeller will circulate the air just as a wind
tunnel fan would. The result is a small inflow velocity into the propeller, this is only a
nominal bollard pull (J=0.17) case which does not represent the true bollard pull of zero

inflow speed into the propeller and hence zero ship speed. Another important advantage of
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this method is the open laboratory approach negates the need for a wind tunnel in the

bollard pull case and hence cost is reduced and more parametric tests can be conducted.

3.4 Description of Models

3.4.1 Rudder

For the experimental investigations two rudders were used; designated rudder No. 2 and
skeg-rudder No. 0 (using the same designations as [13]). A detailed description of the
method of manufacture of the rudder models is given in [38]. Table 3.1 presents the
particulars of the rudders used in the current investigation and Figure 3.1 their overall
dimensions. The rudders had pressure tappings to give complete coverage of the rudder
surface, also detailed in Figure 3.1. The manufacturing technique for the pressure tappings

is outlined in [17].

For the tests the rudders had a roughness strip attached 5.7% of the chord from the rudder
leading edge on both sides for turbulence stimulation. The roughness strips were
manufactured from 12mm wide double-sided tape densely covered with 100 grade

carborundum grit (0.15mm diameter).
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Figure 3.1 Dimensions of Two Rudder Models

3.4.2 Propeller

A representative propeller design, based on the Wageningen B4.40 was used.
Modifications made to the basic Wageningen design are detailed in [39] and consisted of
altering the blade root shape to allow an adjustable pitch design with four separate blades
and a split hub. Other changes involved removing rake and decreasing blade sweep to
reduce centripetal loading moments at the root and also increasing the hub/diameter ratio
from 0.167 to 0.25. Overall propeller details are summarised in [39] and a comparison of

the basis and modified Wageningen B4.40 can be seen in Figure 3.2.
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Figure 3.2 Comparison of Basis and Modified Wageningen B4.40 Propeller

The split hub was manufactured from aluminium alloy and a positive clamping action
allows the four blades to be rotated and clamped to the desired pitch ratio setting. The four
blades were manufactured using hybrid carbon/glass fibre laid up in the same split female
mould to produce identical blades. The production of the composite blades is detailed in
[40] and the machining of the female mould in [39]. In appearance the hub/blade root

region is similar to that of a typical controllable pitch propeller.

3.4.3 Mariner Stern Form Hull

The Mariner form [44] was used as the representative ship stern thus allowing the results to
be used in conjunction with those from the rest of the MOSES managed research
programme. A scale factor of 8.4 matches the existing rudder-propeller rig to that of the
Mariner stern geometry. If the whole Mariner form were represented this would give an
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impractical model length of 19m for the inverted hull form. Vertically, the floor of the

working section is aligned with the design waterline.

Of primary importance with regard to rudder-propeller-hull interaction, is the direction
imparted to the flow by the stern and the velocity profile within the hull wake. A
physically representative stern flow can be achieved through the use of an exact stern
shape upstream of the propeller for a proportion of the ship length and correct thickening

of the model wake through the use of boundary layer stimulation.

The stern extends from the propeller plane to section 17. A total model length of 2.69m
from propeller plane to model leading edge allows drift angles of up to +15° to be achieved
without undue tunnel blockage effects. The final stern design uses the exact Mariner form
to section 18 and then fairs using elliptical section to the front of the model. The shape of
the resulting model waterlines is similar to that of an airfoil and should not cause undue
problems with flow separation for drift angles up to 15°. Calculations based on the typical
wind tunnel speed of 10m/s, showed that the thickness of the boundary layer on the
Mariner stern model needed to be doubled to achieve approximate similitude with full-
scale. This was achieved through the use of surface mounted studs. Construction of the

model is detailed in [43] which includes a table of offsets and pressure tapping positions.

3.5 Apparatus

3.5.1 General

The overall rig for testing the interaction of ship rudders and propellers is shown in Figure
3.3. The rig consists of two independent units, which allow free-stream (open-water) tests
to be carried out independently on rudders and propellers as well as the investigation of
their interaction. This configuration is designed to fit under the working section of the

University of Southampton’s 2m by 1.5m and 3.5m by 2.5m wind tunnel.
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Figure 3.3 Views of Overall Test Rig for Investigation of Rudder and Propeller

Interaction.

For the bollard pull open laboratory tests it was necessary to create a raised floor
framework in the Sir George Edwards Laboratory of the University of Southampton. The
rig is designed to be portable and can be used in any working space of sufficient volume
and with a 3-phase 30 kilowatt power supply. This is detailed in Figure 3.3 with
engineering drawings shown in Figure 3.4. The relative positions of the skeg-rudder,
propeller and mariner stern form in the 2.5m by 3.0m wind tunnel can be seen in Figure

3.5.
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Figure 3.5 Views of Skeg-Rudder, Propeller and Hull Relative Positions

3.5.2 Rudder Rig/Dynamometer

The rig consists of a steel structure attached to the floor, which supports a five-component
strain gauge dynamometer below the tunnel working section. A description of the design
and calibration of the dynamometer is given in [41]. The rudder is bolted to a turntable
which is in turn bolted directly to the dynamometer. The dynamometer is levelled and
adjusted vertically so that there is a small gap of approximately 2.5mm (0.004c) between
the rudder root and the floor of the wind tunnel working section. The rudder dynamometer
and turntable can be seen in Figure 3.6.

Six Component Strain-Gauge
__ Rudder Dynamometer:

Figure 3.6 Rudder Dynamometer and Turntable
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3.5.3 Propeller Rig

Full details of the propeller rig are given in [38]. The rig is designed in such a way that the
propeller can be adjusted vertically, longitudinally and at an angle of attack to the flow if
required. The base position of the tests reported on were carried out with the propeller’s
axis of rotation 600mm above the wind tunnel floor. The propeller rotates anti-clockwise

when viewed from aft (looking upstream).

An in-line strain gauge dynamometer mounted close to the propeller measures the
delivered thrust and torque. The design and static calibration of this dynamometer is
detailed in [42]. The two measurement components of the dynamometer are connected via
a slip-ring assembly to Fylde Bridge balance units with a built in stabilised power supply.
The bridge balance output voltage is measured directly (without amplification) using a

Schlumberger Minate digital voitmeter.

A variable frequency inverter is used to control the 30kw electric drive motor and the
propeller rate of revolutions can be continuously varied in small discrete steps between 0
and 3000 rpm. An optical shaft encoder was used to measure propeller revolutions and

gives a voltage proportional to shaft rpm.

3.5.4 Data Acquisition System

The large number of individual data readings required the use of a new automated system
for data acquisition. An enhanced acquisition system has been developed, by the author,
for these particular sets of tests, involving a PC and necessary interface cards. The total
system has the same function as the system detailed in [13] but the software has been
enhanced and changed to suit the new acquisition cards together with several added
facilities for more automated acquisition. A diagrammatic representation of the acquisition

system can be seen in Figure 3.7 showing the software functions.

Bridge output signals from the five-component rudder dynamometer, the rudder pressure
transducers, and the propeller thrust/torque dynamometer are measured using a digital
voltmeter connected to the data acquisition PC via an IEEE interface. Voltages for the
dynamometers are supplied by Fylde Bridge-Voltage Units and are measured using an

analogue to digital acquisition card inside the PC and control of the scanivalve unit is
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executed via a parallel interface also located on the card. Both the parallel and analogue
ports are connected via an interface box to allow versatile connection and more than one
control function. All acquisition is controlled by software running on a personal computer
and the results stored on hard disk for subsequent analysis. A control system schematic can

be seen in Figure 3.8 with the control and acquisition system layout shown in Figure 3.9.

Main Control Menu
System

l
v v

Rudder and Propeller N
[ Testing Program Menu J Initialisation Menu J
— )
Torque/ Thrust Input Atmospheric
Dynamometer Pressure, Temperature,
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Figure 3.7 Rudder-Propeller Acquisition Program Schematic
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3.6 Data Reduction and Corrections

A computer program, described in [15], was used to provide the data in coefficient form as
described in Chapter 2. The program incorporates the rudder dynamometer five-component
interaction matrix and correction formulae and the resolution of forces and moments from
instrument axes to stream axis as necessary. A cross plot of raw rudder data yielded the
angular misalignment of the rudder rig and this correction was applied to all measured

angles before insertion in the program.

The analysis program incorporates the propeller dynamometer calibrations hence allowing
direct calculation of the propeller coefficients. The static calibration carried out on the
Torque-Thrust dynamometer gave a linear response to loading of both thrust and torque

with negligible interactions [42].

Tunnel boundary corrections were investigated but found to be unnecessary, as effects
such as tunnel blockage for the 3.5m x 2.5m working section were found to have a

negligible effect for the rudder size and propeller diameter tested.

The acquisition of rudder and hull surface pressures, together with reference static and
dynamic pressures from the tunnel, allowed direct calculation of the local static pressure
coefficient Cp. To obtain surface pressures, four differential pressure transducers used in
conjunction with the rotary scanivalve give a maximum of 144 individual pressure
measurements for any test. The no-wind pressure transducer output voltage Vpo was
measured at the beginning of each test. The reference pressure connected to all four
transducers was the static line of the main wind tunnel pitot-static probe. This line was also
connected to one input port for each transducer to give a ‘real’ zero pressure difference
value Vpy. The pitot line was connected to another input port to give a voltage Vpp

proportional to the total tunnel dynamic pressure.

For each pressure port measurement Vp, the non-dimensionalised pressure coefficient Cp is

obtained directly as:

Vv, -V,
C, =LV..__£9_ [3.1]
Dp
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This expression does not require an explicit value for the calibration constant of the

particular pressure transducer, since the transducer has a linear response.

As the location of each pressure measurement on the rudder surface is known, integration
of Cp around the chord of the rudder for a constant span allows the local non-dimensional
Normal Coefficient Cy to be calculated. The integration was carried out using a quadratic

numerical procedure similar to Simpson’s rule but with variable spacing.

3.7 Wind Tunnel Testing Programmes (J>0)
Results are reported from two 10 working day sessions of testing in the 3.5m x 2.5m low
speed wind tunnel. The basic propeller-rudder tests were carried out at a nominal Reynolds

number of O.4x106, based on a free stream velocity of 10m/s.

Velocities induced by the propeller on to the rudder at the higher thrust loadings led to
effective Reynolds numbers of up to 1.0x10® over much of the rudder based on rudder
chord. English [18] indicated that a satisfactory Reynolds number, based on propeller
diameter and rpm, to avoid scaling problems would be greater than 1.4x10°. The lowest
rpm used on these tests was 800rpm which for an 800mm diameter propeller gives a

Reynolds number, based on propeller diameter and rpm, of 1.53x10°.

Rudder No. 2 was tested in the base position with the propeller axis 600mm above the
wind tunnel floor, zero lateral separation, and a longitudinal separation of X/D=0.39. A
four-bladed propeller configuration with a pitch ratio setting of P/D=0.95 was used. This
arrangement corresponded to the mid-longitudinal position used in previous tests reported
in [13]. Figure A-1 shows Rudder No. 2 results compared to tests conducted in [15] in
1991. Correspondence of results between test sessions was good and demonstrated the
repeatability of the test methodology. The flow alignment was found to be +0.8° for the
all-movable rudder No. 2 and +0.2°for the skeg-rudder No. 0. “Open-water” tests were also
carried out with four blades at a pitch ratio of P/D=0.95 at a range of positive revolutions

for wind speeds of 10m/s and 15m/s.
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3.7.1 Rudder-Propeller Interaction

The skeg-rudder No. 0 performance was the main point of interest in this part of the
investigation with rudder No.2 being used principally for verification. Correspondence of
results between test sessions was good and demonstrated the repeatability of the test

methodology.

In the base position the skeg-rudder No. 0 was tested at advance ratios, J=0.94, J=0.51 and
J=0.35 which corresponds to a freestream velocity of 10m/s at a rate of revolution of the
propeller of 800rpm, 1460rpm and 2100rpm respectively. Measurement of the propeller
and rudder force dynamometers were made at incidence increments of 5° between -35° and
+35°. For the investigation of rudder torque the rudder dynamometer measurements were
taken for the movable rudder part only (excluding skeg) and for the investigation of
manoeuvring forces the total rudder plus skeg forces were taken. Surface pressure surveys
were carried out at 10° increments between -30° and +30°. Measurements were taken for
the rudder-propeller combination with a lateral separation Y/D=+0.25 and Y/D=%0.125.
These positions were all tested for manoeuvring forces with the position of Y/D=+0.25
tested for torque forces also. With a position of Y/D=-0.25, at one single advance ratio of

J=0.35, the skeg angle was also changed to +5° with rudder angles of -5°,0° and 5°

The rudder was tested with the wind tunnel fan stationary to simulate a nominal bollard
pull condition. The flow induced by the propeller drove the tunnel flow at a slow but
measurable speed thus giving an effective advance ratio of J=0.17. The steady-state wind
speed imparted by the propeller to the air in the tunnel was measured using a Betz
manometer connected to the tunnel pitot-static tube upstream of the rudder-propeller rig. It
should be noted that velocities induced by the propeller at the higher revs. led to effective
Reynolds Numbers of up to 0.75x10° over much of the rudder. Results presented in [18]
indicate that tests at these conditions should preclude any significant scale effect. The test

procedure and results obtained from an earlier preliminary study are described in [21].

3.7.2 Rudder-Propeller and Hull Interaction

The Mariner stern form was initially installed at a drift angle of 0°. In the base position the
skeg-rudder No. 0 was tested for the ‘freestream’ (propeller stationary) case in way of the

rudder and hull combination and in the bollard pull (J=0) condition. A pressure survey over
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the hull model surface and dynamometer forces were measured at 10° increments between

-30° and 30°.

For the three advance ratios, J=0.94, J=0.51 and J=0.35 dynamometer forces were
measured at 5° increments between -35° and 35°. A pressure survey over the hull was
conducted at 10° increments between -30° and 30°. The rudder was tested for two other
longitudinal positions of X/D=0.52 and X/D=0.64 as well as the base position of
X/D=0.39. In all cases, measured forces and pressures were taken in the same manner as

for the base position.

3.8 Open Laboratory Testing Programme (J=0)

Results are reported from a 10 day working session of testing in the Sir George Edwards
Laboratory. Both the performance of skeg-rudder No. 0 and the all-movable rudder No. 2
were investigated in the bollard pull condition (J=0). In the base position both rudders were
tested at a rate of revolution of the propeller of 1160rpm and 1460rpm. Measurement of the
propeller and rudder forces were made at incidence increments of 5° between -45° and 45°
for the all-movable rudder No.2 and -35° to 35° for the skeg-rudder No. 0. Measurements
were taken for the skeg-rudder-propeller combination with a lateral separation

Y/D=%0.375, Y/D=+0.25 and Y/D+0.125. Also measurements were taken at longitudinal
separations of X/D=0.46 and X/D=0.52.

For the all-movable rudder No. 2 additional longitudinal separations were tested at
X/D=0.30 and X/D=0.34. Also two extra lateral separations were tested at Y/D=+0.375.
An additional investigation of the effect of lateral separation on rudder No. 2 was carried

out at a longitudinal separation of X/D=0.52 for four lateral positions at Y/D=%0.25 and

Y/D=%0.125.

3.9 Presentation of Data

The notation of rudder incidence and coefficients used in the presentation is as described in

Chapter 2. The propeller rotates in an anti-clockwise direction when viewed from aft.

The main types of graphical presentation used in this report are:
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Rudder performance Rudder sideforce, drag, CP, and CPg are plotted against rudder
incidence. Lift and drag are always perpendicular and parallel to
the ship axis even for cases where a drift angle is imposed on the
bodies. CP, and CPg are derived from moments and forces and for
low rudder incidence only a small moment and force is produced
and can lead to erroneous results. The resultant plots of CP, and
CPs are plotted to the minimum rudder angle possible and for small

angles can be deceptively large or small.

Propeller performance Propeller thrust and thrust augment (the difference between

actual and open-water propeller thrust) are plotted against advance

ratio J.

Sectional rudder performance Integration of rudder surface pressure measurement
allows the spanwise variation in rudder sideforce to be obtained.
The sectional force coefficient Cy is presented to a base of rudder

span for different rudder incidence.

Hull forces Integration of the hull surface pressure coefficients allows hull
forces to be obtained. The forces are non-dimensionalised with
respect to rudder area for direct comparison between hull and

rudder forces.

Additional forms of presentation are described within the discussion.

3.10 Discussion of Results for Wind Tunnel Tests (J>0)

3.10.1 Influence of Propeller on Rudder Performance
Figures A-1 to A-5 show the effect of varying propeller thrust loading on rudder

performance for the rudder-propeller geometries tested in the base position. The overall

shape of the rudder lift drag curves varied little for the rudders tested. The effect of

increasing thrust loading, also reported in [13], is to:

i) increase the lift-curve slope above that of free-stream.
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ii) significantly delay stall, even for low thrust loading (high J).

iii) stall is no longer the same for positive and negative incidence.

iv) drag component due to lift increases.

V) The chordwise centre of pressure moves forward from free stream position.

vi) The spanwise centre of pressure increases for positive incidence and decreases for

negative incidence.

It is the propeller thrust loading (K1/J%) which controls the manoeuvring performance of

the rudder and this is clearly demonstrated in Figures A-1 to A-5

3.10.2 Rudder Plus Skeg Forces

Figures A-2 and A-3 show the influence of propeller thrust loading on the forces developed
on the skeg and all-movable part of the semi-balanced skeg-rudder No. 0. The lift curve
slope of the skeg-rudder shows a drop for all J values at an incidence of -5°. This is due to
the gap flow between the skeg and the movable part of the rudder thus causing a pressure
drop that decreases the lift. This phenomenon has been described in detail by Molland in
[7]. The lift drop only occurs at about -5° due to the additive effect of the influence of the
propeller on the pressure difference at that incidence. At +5° the pressure difference will be
less due to the influence of the propeller flow on that side. This will limit or halt the gap
flow and thus no drop in lift is experienced. A similar, associated change is seen in the
drag characteristics. The chordwise and spanwise centre of pressure behave in a similar

manner to the all-movable rudder No. 2.

3.10.3 Rudder Alone Forces (Rudder Torque Considerations)

Figures A-4 and A-5 show measured forces solely for the movable part of the skeg-rudder
(excluding skeg) of skeg-rudder No. 0. The main result is a lift force offset such that zero
lift force does not occur at a rudder incidence of 0°. This is due to the asymmetric flow of
the propeller on the tapered rudder geometry and the flow straightening of the propeller
flow induced by the skeg onto the movable part. At higher propeller thrust loading (lower J
values) the effect becomes more apparent and the offset increases. This is also seen in the

spanwise centre of pressure with CPs moving towards the rudder tip for positive incidence.
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The rudder lift and drag are, in general, lower for the rudder alone compared to rudder plus
skeg forces due to skeg producing sideforce from the downstream influence of the movable
part. This phenomenon is the same as that experienced by the trailing edge flaps of an

aeroplane wing.

3.10.4 Influence of Lateral Separation on Rudder Performance

Figure A-6 to Figure A-9 show the effect of lateral separation of the rudder and propeller.
The general result of separating the rudder laterally from the propeller is to cause an offset
in the lift curve slope so that zero lift no longer occurs at a rudder incidence of 0°. A
negative shift of incidence for zero rudder force is experienced for positive separation and
conversely a positive shift of incidence is experienced for negative lateral separation.

Rudder drag is generally larger for all values of lateral separation compared to Y/D=0.

Figure A-10 shows the effect of one lateral position on rudder alone forces. The effect is

the same as the rudder plus skeg result but the magnitudes of the forces are less.

3.10.5 Influence of Hull and Propeller on Rudder Performance

Figures A-11 to A-13 show rudder force characteristic for rudder No. 2 with the model hull

upstream of the rudder-propeller combination for various propeller thrust loadings.

Figure A-11 shows for all values of J, lift on rudder No. 2 has decreased and drag has
increased with the presence of the hull. Chordwise centre of pressure has moved
backwards towards the trailing edge and spanwise centre of pressure has moved down

towards the root due to the presence of the hull.

Figures A-12 and A-13 show for all values of J, lift and drag on the skeg-rudder No.0 have
followed the same pattern as for rudder No. 2. The change is not so marked as for rudder
No. 2 with the lift drop being less and the drag increase being only a small percentage
larger than that without the hull upstream. It is interesting to note the change in slope at -5°

is still present.

52



Figure A-14 shows the freestream results with the propeller stationary. Results are as
expected with the lift and drag being considerably less than that of the propeller in
operation especially at high thrust loading (low J value). The decrease in the lift-curve
slope is 53% which, based on a lift identity, corresponds to an equivalent Taylor wake

fraction [10] of 0.27.

3.10.6 Influence of longitudinal Separation on Rudder Performance for Hull and
Rudder-Propeller Combination
Figures A-15 to A-17 show the effect of longitudinal separation of the rudder and

propeller-hull combination for various propeller thrust loadings.

The change in lift with increased longitudinal rudder-propeller separation is small with a
slight decrease for rudder No.2 and skeg-rudder No. 0. Longitudinal separation does alter
the drag on the rudder and increased separation appears to reduce drag, particularly at

lower advance ratios. The centre of pressure chordwise and spanwise does not alter

significantly with increased separation.

3.10.7 Influence of Yaw Angle on Rudder Performance for Hull and Rudder-Propeller
Combination

Figure A-18 shows forces for the skeg-rudder, propeller and hull combination at a yaw

angle of -7.5° for various propeller thrust loadings. The forces shown are for the ship axis

with lift being perpendicular to the hull centreline and drag parallel to the hull centreline.

The main result of introducing a yaw angle on the combination is to produce an offset such
that some lift is experienced at zero rudder incidence. Another effect of yaw angle is that
zero force is not experienced at the same angles for varying J. This phenomenon is due to
the straightening effect of the propeller. For higher propeller thrust loading (lower J value)

the offset will be greater and tend towards -7.5° as the flow is curved towards the ship axis

due to the action of the propeller.

Figure A-19 shows forces for only the all-movable part of the skeg-rudder. The effect is

similar to that of the total skeg and rudder forces but the influence of the propeller is

53



greater when accounting for torque. The offset at higher J values tends to an angle greater
than -7.5° and this is due to the cumulative effect of the flow straightening and the twisting

of the flow shown in Figure A-4.

3.10.8 Influence of Rudder on Propeller Thrust Loading

The propeller force results presented are for three values of advance ratio J. These advance
ratios, for a given pitch ratio, have a known open-water thrust coefficient Kr, shown in
Figure A-20. However, Figures A-21 to A-30 show the influence of the rudder type, the
hull, the longitudinal and lateral separation, and the yaw angle on the measured propeller
thrust coefficient at zero incidence, These are to be compared with the propeller open-

water characteristics, given in Figure A-20.

Figures A-21 and A-22 show the thrust and thrust augment experienced with rudder No. 2
and skeg-rudder No. 0 respectively. These indicate that the general influence of a rudder,
in way of the propeller race, on the propeller performance is to lead to a positive thrust
augment to the open water characteristics. The thrust augment is due to the blockage of the

flow by the rudder causing an effective reduction in speed of inflow into the propeller.

With increasing thrust loading (lower J) the thrust augment, due to the rudder blockage,

generally increases.

3.10.9 Influence of Lateral Separation on Propeller Performance

Figure A-23 shows the influence of lateral separation of the skeg-rudder propeller
combination on thrust and thrust augment. As the rudder is moved away from the
centreline. The thrust augment experienced is not linear this is more clearly shown in
Figure A-24. Depending on the advance ratio, maxima and minima are experienced at
various lateral positions. For the higher thrust loading (J=0.51) the asymmetry of the flow
is apparent with maxima experienced at +0.125 and -0.25 and minima experienced at +0.25
and -0.125 for the limited lateral separation tested. The non-linearity is due to the non-
uniform flow induced by the rudder through the propeller and therefore these positions

experience different thrust augments when the lateral position of the rudder is varied.
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3.10.10Influence of Hull and Rudder on Propeller Performance

Figures A-25 and A-26 show the propeller thrust and thrust augment with the hull present
for skeg-rudder No. 2 and skeg-rudder No. 0 respectively. The thrust augment experienced
is greater than that of just the rudder and propeller. This is again due to the fact that there is

an effective speed reduction of inflow due to the presence of the hull.

3.10.111nfluence of Longitudinal Separation on Propeller Performance

Figures A-27 and A-28 show the propeller thrust and thrust augment for varying rudder-
propeller longitudinal separation for the hull and rudder No.2 and the hull and skeg-rudder
No. 0 respectively. Thrust augment is non-linear with separation. As the rudder moves aft
the thrust increment decreases and then starts to increase again and this is more clearly
shown in Figure A-29. For all three advance ratios there is a minimum experienced around
a longitudinal separation of X/D=0.52. It is thought likely that this effect is propeller pitch

dependent.

3.10.12Influence of Yaw Angle on Propeller Performance

Figure A-30 shows the thrust and thrust increment for a Yaw angle of -7.5° for the skeg-
rudder No.0 and Hull. The thrust augment experienced over all the J values was larger than
that of zero yaw angle. This is due to the angle of flow entering the propeller obliquely and

altering the propeller performance from that in a uniform flow.

3.10.13Spanwise Distribution of Local Normal Force Coefficient (Cy)

Figures A-31 to A-33 show the spanwise distribution of local normal force for all-movable
rudder No. 2 and Figures A-34 to A-36 for skeg-rudder No. 0 for three J values of 0.94,
0.51 and 0.35 respectively. The increase in rudder lift caused by the tip vortex is apparent

at the higher values of rudder incidence.

The influence on the force distribution of the increase in thrust loading can clearly be seen.
At high J values the force coefficient outside the impinging propeller slipstream is of the
same order as that within the slipstream whereas at low J values the slipstream local force

coefficients dominate the loading on the rudder.
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The lift distribution of the skeg-rudder in the region of the skeg is lower than that for the
all-movable region. This is due to zero skeg incidence and therefore the lift induced by the
split portion of the rudder is less. There is a noticeable discontinuity at 500mm span

corresponding to the tip of the skeg part.

3.10.14Hull Forces

Figures A-37 to A-40 show the force data from integrating the pressures over the hull. The
forces are presented for varying rudder angles and thrust loading. It can be seen that the
general trend is similar to that on the rudder. A negative force is experienced on the hull
for negative rudder incidence and similarly a positive force is experienced for a positive
incidence. This is evident for all cases including the freestream case (Figure A-37). It can
be seen that for the free stream case the linear regression shows an offset at 0° of incidence
this may be due to a slight asymmetry to the model and also a slight misalignment to the

wind tunnel axis.

For increasing thrust loading (lower J) the force magnitude on the hull is greater. When the

hull is yawed an offset on the force is experienced.

3.11 Discussion of Results for Bollard Pull Tests (J=0)

3.11.1 Influence of Propeller Revolutions on Rudder Performance

Figures B-1 and B-2 show the changes in sideforce, drag and centres of pressure at zero J,
for the all-movable rudder No. 2 and skeg-rudder No. O respectively. The results are
presented for two rates of propeller revolutions. Increasing the propeller rpm between 1160
and 1460 does not have any significant effect on rudder lift and drag coefficients or centres
of pressures. A small stall angle difference is experienced between the two propeller rates
of revolution on all-movable rudder No. 2 at higher angles of incidence (Figure B-1). This
effect is likely to do with the higher propeller rpm of 1460 causing slightly more unsteady
flow which, in general, tends to keep the flow attached to the rudder thus preventing stall.
All subsequent results are presented for 1460rpm only as the non-dimensional results show

the same performance.
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3.11.2 Influence of Rudder Types on Performance

Figures B-1 and B-2 show that lift and drag for the all-movable rudder No. 2 is generally
higher than the skeg-rudder No. 0. Chordwise centre of pressure is further forward towards
the leading edge on the all-movable rudder and spanwise centre of pressure is higher. This
is due to the rudder taper on the skeg-rudder No. 0 and also the fact that the skeg-rudder is
a split configuration where the root section of the leading edge of the rudder does not have

an angle of attack with respect to the flow.

3.11.3 Influence of Longitudinal Separation on Rudder Performance

Figures B-3 to B-7 show for 1460rpm the effect of longitudinal separation on all-movable
rudder No. 2 and Figures B-8 to B-10 show the effect for skeg-rudder No. 0. There is very
little change in lift curve slope with separation. Drag is reduced with increasing separation
and for an X/D greater than 0.34 a thrust is generated at zero incidence. This phenomenon
can be seen in Figure B-7 and Figure B-10 for the all-movable and skeg-rudder
respectively. A thrust at an X/D greater than 0.39 is exhibited by both rudder types and is

consistent with previously reported results [21].

3.11.4 Influence of Lateral Separation on Rudder Performance

Figures B-11 to B-16 show the influence of Y/D on all-movable rudder No. 2 in the base
longitudinal position of X/D=0.39. Lateral positions of Y/D=+0.375 show a marked
reduction in lift curve slope once the position of the rudder is greater than a Y/D of £0.25.

In general drag is higher for values of lateral positions outside of Y/D=0.

Figure B-17 shows lift and drag at zero incidence for varying lateral position Y/D. The lift
offset produced at zero incidence is due to the propeller race rotating. This causes a shift of
the zero lift position with respect to rudder incidence. It should be noted that once the
lateral position of the rudder is greater then #0.25 of the diameter of the propeller the lift
offset begins to level off. This is due to the rudder being pulled outside the main governing
part of the propeller race. Drag shows similar trends to that of lift with increasing drag up
to a Y/D=+0.25 and it decreases once the rudder is outside the main proportion of the

propeller race. An interesting feature to note is; if the rudder is in the mid-lateral position
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there is thrust experienced on the rudder although the magnitude of this thrust is relatively

small.

Figures B-18 to B-22 show the influence of Y/D on the all-movable rudder No. 2 at a
longitudinal position of X/D=0.52. The same trends are indicated by this case as for the
base longitudinal position X/D=0.39. This concludes that a similar tendency for lift and
drag on the rudder due to the influence of lateral position is shown for varying longitudinal

position.

Figures B-23 to B-29 show the influence of lateral position Y/D on skeg-rudder No. 0. The

results obtained indicate the same trends as that for the all-movable rudder No. 2 and

therefore the trends are not rudder specific.

3.11.5 Influence of Rudder on Propeller Thrust Loading.
Figures B-30 and B-31 show effect of the all-movable rudder No. 2 and skeg-rudder No. 0

on propeller performance at zero advance ratio (J=0) respectively. Propeller thrust (K1) and
Torque (Kq) remain reasonably constant over the range of rudder angles. There is a thrust
and torque augment on the propeller compared to the open water performance presented in
Figure A-20. Values for Kr and Kq are greater than the zero advance ratio open water

propeller performance which are 0.37 and 0.053 respectively.

Figure B-31 shows the propeller thrust and torque for two varying rates of propeller
revolutions (1460 and 1160 rpm) in general Kt and K are independent of propeller speed

for this case.

3.12 Summary of Wind Tunnel Tests (J>0)
The overall shape of the rudder lift and drag curves varied little for the parameters tested

including rudder geometry.

In considering the torque effects of a skeg-rudder, measuring the movable part forces only

reveal a zero offset in the lift and drag curves at 0° of rudder incidence due to the propeller

flow.
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In general the effect of having a skeg-rudder as opposed to an all-movable rudder shifts the
spanwise centre of pressure towards the tip and a drop in the lift and drag curve is

experienced at a round -5° due to skeg gap flow and asymmetric propeller race.

Lateral separation of the rudder stock from the propeller axis causes a shift in rudder
incidence for zero lift. This shift in incidence for zero lift increases with thrust loading. In

other respects the rudder lift and drag characteristics are unchanged.

Longitudinal and lateral separation of the rudder stock from the propeller axis influence the

thrust augment experienced by the propeller due to the rudder in a non-linear manner.

Hull sideforce is produced due to the downstream influence of the rudder-propeller
combination. The main influence is near the propeller plane. Rudder incidence and

propeller advance ratio have an effect and an increase in lift was found to be of the order of

10% of actual rudder lift for a given rudder incidence.

The experimental work enables a better understanding of skeg-rudder performance behind

a hull and propeller combination. It also gives an indication of the influence of the

propeller on the rudder.

3.13 Summary of Open Laboratory Tests (J=0)

At zero ship speed the accelerating effect of the propeller is clearly demonstrated.

Skeg-rudder and all-movable rudder performance are similar at zero J with slight variations

in centres of pressure.

Propeller force data is similar for the two types of rudder with a thrust and torque increase

due to the rudder.

The large amount of presented data will provide more resource for low speed ship

operation in cases, for example, of restricted seaway operation and manoeuvring in port.
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In general the behaviour of the rudder performance at zero J over the range of parametric
variations (X/D, Y/D etc.) is similar to that experienced at higher advance ratios. The
indication that these results provide is that, the novel approach of rudder performance at
laboratory zero J test procedure could be used to provide rudder design information at a

greatly reduced cost compared with higher advance ratio wind tunnel tests.

3.14 General Summary

A large parametric experimental study into the effect of a propeller operating upstream of a
rudder has been presented and the results discussed. The extent of parameters tested for the
work presented in this thesis can be seen in Appendix E, which details the total test

database used in the method presented in Chapter 4.

An enhanced data acquisition system has been created and proved successful in acquiring
rudder and propeller data. Tests have been carried out in a wind tunnel and in an open
laboratory. The data collected from wind tunnel tests continues and extends an extensive

series of tests carried out by Molland and Turnock [13].

The experimental work provides further insight into the rudder-propeller interaction
mechanism. The presented data supplies essential information for development of a rudder

performance prediction method and validation of theoretical methods.
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4 RUDDER PERFORMANCE PREDICTION METHOD

4.1 Introduction

When a ship designer is detailing a ship’s stern arrangement with a rudder downstream of a
propeller a performance prediction method is required that accounts for the effect of
propeller thrust loading and relative rudder-propeller position. It is necessary to have a
method that produces results for sideforce and drag for manoeuvring consideration plus
centre of pressure and moments for the derivation of steering gear torque and rudder

scantlings.

The aim of this chapter is to demonstrate the development and use of a performance
prediction method for a rudder operating downstream of a propeller. The rudder
performance prediction method allows the effect of design changes and trade-off studies to
be carried out in a rapid and robust manner. Rudder performance is quantified for zero
speed through to normal service speed and for rudder angles up to £70°. The software
allows a complete stern arrangement including multiple rudder-propeller systems to be

investigated.

4.2 Rudder Performance Prediction Method Philosophy

The rudder performance prediction method employs an interpolation mechanism which
uses appropriate data from a physical database and harnesses this with correction
algorithms based on physical understanding to arrive at a solution for a required rudder-
propeller operating condition. The method uses free stream rudder performance, open
water propeller performance and rudder-propeller interaction data to provide predictions of
rudder performance operating downstream of a propeller. By using a known data set,
parameters such as rudder geometry, propeller operating conditions and relative rudder-
propeller separations can be adjusted to provide interpolated and corrected results, from the

physical database, to a required stern arrangement and operating condition.

The data sources used by the method is not limited to just experimental or standard series

data but can have rudder performance data from theoretical methods such as CFD or even
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actual ship trials data. Data sources can be mixed to obtain a controlled fusion of

experimental, theoretical and numerical performance data.

Experimental data can be very useful in deriving a performance prediction method but it
must be presented in an accessible form for inspection of the database at a particular set of
design parameters. Parametric studies of experimental work such as those described in [19]
and [20] present the data in the forms of statistical curve fits to experimental data. The
performance prediction is based on a set of formulae using design parameters to derive a
result. The design parameters originate from an understanding of the principle variables

that affect the performance.

Using the data from experimental work described in Chapter 3 and previous experimental
work by Molland and Turnock [13], the test data and understanding of the mechanism of
rudder-propeller interaction have been coupled together in the form of a computer program

which gives results of rudder performance downstream of a propeller.

The rudder performance prediction method is a way of deriving rudder performance from
rudder performance data, as with the statistical curve fits, but the prediction method is not
bound by any particular set of data. This is a novel and flexible approach to performance
prediction from empirical data. The interpolation mechanism of the database, based on a
tree search algorithm, automatically uses both the closest data set and, where necessary,
correction algorithms formulated from parametric relationships based on underlying
physics. Therefore any rudder-propeller performance data can be input into the method and
providing the required result is within the scope of the available data, interpolation and

extrapolation can take place to derive a result.

The scope of the database the method uses is not limited in any way. Any type of rudder
and propeller performance can be incorporated. With a large database the way in which the
data is exercised needs to be highly accessible. The method has been implemented in the
form of a software program to supply a transparent interface to the interpolation and
correction algorithm. A user is only required to consider the geometry, the operating
conditions of the rudder-propeller system and the most appropriate test database set for the
required configuration to obtain results. The program dynamically interpolates and corrects

the database to give results of performance for the required operating condition.
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The software program can be used to perform reliable parametric studies of the influential
variables in defining rudder performance downstream of a propeller. This can be applied to
manual optimisation of the principle dimensions of a rudder and the relative separations of

the rudder and propeller to obtained a desired performance.

4.3 Software Data Structure
The rudder performance prediction software was developed using the object orientated C™
programming language [64] to provide a graphical user interface under a Windows based

operating system.

The implementation of suitable data structures or objects based on the individual
components of the rudder-propeller system has been fundamental in creating consistent
and efficient software code. Object orientation has allowed properties of each component

to be stored and used in a highly accessible form.

Object orientated programming has an inward approach to programming that relies on a
hierarchical structure of an object that has a set of procedures and functions embedded
within them. The object orientated programming technique has the advantage that the
software is structured in self contained elements. Functions and procedures can be found in
the software code alongside the variables that they manipulate, thus creating a logical

organisation of programming code for efficient and accurate software development.

An example of an object orientated data structure within the program is the rudder. The
rudder object has a series of properties associated with it (e.g. root chord, span etc.)
described in Section 4.6 of this Chapter. These properties can be used in functions and
methods of the object to calculate further properties or derive other information about the
object. A simple example is rudder area, it is not necessary to store rudder area as a
variable as it can derived geometrically from the root chord, tip chord and span. This
therefore becomes a function of the rudder rather than a property and is at all times
consistent with the current rudder geometrical properties. The area function is embedded

within the rudder object and therefore is always accessible when using the rudder object in

software code.
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The extent of the rudder object data can be as comprehensive as required, rudder free
stream data can be stored together with its operational conditions also functions using other
objects can be implemented. As an example, parts of the code used to create the rudder and

propeller object records can be seen with comments in Appendix C.

4.4 Software Implementation
The rudder design program consists of 10,000 lines of compiled programming code from
39 linked C™" source files. The total development time was over a period of 1 year

including implementing the techniques involved in object orientated programming.

The rudder performance database created for this work consists of 6 different rudder
geometries. The program includes a total of 85 sets of rudder performance data each with
rudder forces and moments for an average of 17 rudder angles. The program therefore
manages a database of around 8000 individual data items. The extent of the database with

each data set test condition can be seen in Appendix E.

The rudder design program concept is based on a series of objects namely; a ship, its
associated rudders and its associated propellers. By linking rudders and propellers an
interaction set can be described. A set of operation conditions for all the components such
as rudder angles, propeller rate of revolutions and ship speed can be defined to derive

forces and moments for a specific condition or set of conditions.

A typical screen capture of the rudder-propeller program can be seen in Figure 4.1 showing

the application windows and an example of the calculated results.
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Figure 4.1 Typical Screen Capture of Rudder Design Software

The software harnesses the experimental data with physical and empirical formulae to
obtain forces and moments on a rudder operating downstream of a propeller. The software
has a specific data flow throughout. Data resources are from text input file and user input.

The general data flow is indicated in Figure 4.2.
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The basic data sources are as follows:

i) Free stream rudder data (forces and moments, L, d, My, My, M)

ii) Open water propeller data (Kt against J for given P/D)

ii1) Rudder and propeller interaction data, which consists of forces and moments for a

particular set of interaction parameters such as separation and propeller thrust

loading.

From the knowledge of rudder free stream performance, propeller open water performance
and the mechanism of rudder-propeller interaction, the performance for the required
operating condition is derived by correcting the closest interpolated base data. Data
correction is based on theoretical predictions of performance formulated from the

underlying physics described in Chapter 2.

The first step in obtaining performance for a rudder operating downstream of a propeller is
defining the ship’s stern arrangement and the respective performance of the rudder and

propeller in the undisturbed free stream.

4.5 Ship Definition

Ship definition in the context of the rudder performance prediction program is denoted by
the ship speed. The influence of ship form etc. is principally governed by the speed that
enters the propeller to define the advance ratio. Results for rudder performance are

supplied at the discrete ship speeds for a particular advance ratio based on propeller rate of

revolutions.

4.6 Rudder Definition
A rudder in the context of the prediction method is defined by its particulars, position, free
stream performance and a range of operating conditions (i.e. angles). Figure 4.3 shows the

rudder input form from the program with a series of pages to define the rudder context.
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Figure 4.3. Rudder Input Form

Figure 4.4 indicates the various rudder particulars used to describe a rudder geometry on

the particulars page.
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Figure 4.4. Rudder Geometry Definition
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As the rudder position is only used to define the rudder-propeller separation the position
can be relative to any point on the ship providing that the interacting propeller position is

defined relative to the same point.

The range of rudder operating conditions consists of a series of rudder angles. Results for

rudder performance are then supplied at these discrete angles.

The free stream rudder performance describes rudder lift, drag and moments as a function

of rudder angle. The performance is defined in a variety of ways:

i) 2D lift curve slope (dCr/da) : This is the lift curve slope of the rudder section and
can be obtained from sources such as [49] or a CFD method.

ii) 3D lift curve slope (dCr/da) : This is the lift curve slope of the actual rudder.

iii) data table : actual performance data at discrete rudder angles.

The definition of the rudder free stream performance can include data at discrete rudder
angles and therefore it is extremely flexible. Data from any type of rudder including skeg,
high lift and flat plate rudders can be input into the program for subsequent analysis of the

rudder downstream ofithe propeller.

If the geometrical properties of the rudder in the free stream data file do not match the
input values, the program will correct the performance on a basis of aspect ratio. In this
way a rudder with similar performance to the required rudder can be corrected. For
example, if skeg-rudder performance is known for a rudder aspect ratio of 2.7, but the
required skeg-rudder performance is at an aspect ratio of 3, the program will correct the
experimental data to the required data and use results for free stream performance. The free

stream rudder correction method is described later in section 4.10.

4.7 Propeller Definition
A propeller in the context of the application is defined by its particulars, position, open
water performance and a range of operating conditions (i.e. rate of revolutions). Figure 4.5

shows the propeller input form with a series of pages to define the propeller context.
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Figure 4.5. Propeller Input Form

The propeller geometry is defined by a diameter and a direction of rotation. Pitch ratio can
be input but only as a reference as the open water propeller performance is defined for a

particular propeller pitch ratio.

As the propeller position is only used to define the rudder-propeller separation the position

can be relative to any point providing that the rudder position is defined relative to the

same point.

The range of propeller operating conditions consists of a series of propeller rates of
revolutions (rpm). Results for rudder performance are then supplied at discrete values of

propeller advance ratio based on the ship speed.

The propeller open water performance characteristics describe the variation of propeller

thrust with advance ratio. The performance can an be defined in three forms:

1) Fixed thrust value of the delivered thrust of the propeller for the specified operating
rate of revolutions and ship speed.

i1) A power curve fit of the form in Equation [4.1].
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where Kt at J=0, J at Kt=0 and the power n are user defined to match propeller
data.

iii)  data table of actual performance at discrete advance ratios.

Figure 4.6 shows the shape of the propeller performance curve for the propeller tested in
Chapter 3 and the curve fit to the experimental data with three values of the power n. The
propeller performance is representative of most standard ship propellers and it shows that a

typical value for the power n is 1.35 to match experimentally measured performance.
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Figure 4.6. Comparison of Experimental Propeller Performance with Curve Fit.

Propeller open water performance can be described at discrete thrust loadings in a similar
way to the rudder’s performance. To be able to have any type of propeller operating
upstream of a rudder provides great flexibility in assessing rudder-propeller performance
as the influence of many types of propellers from ducted units to contra-rotating propellers

can be input into the program.
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4.8 Rudder-Propeller Interaction Definition

Once the respective geometry and free stream performance of the rudder and propeller are
defined they can be linked to form a rudder-propeller interaction and the locality of the

rudder and propeller can be calculated to define the relative separations.

The interacting rudder and propeller has a defined interaction data set. The interaction data
set consists of a list of rudder performance data files at particular vertical separation, lateral
separation, longitudinal separation, ship speed and propeller rate of revolutions. The
interaction data is used for interpolation, extrapolation and correction to derive rudder
forces and moments for the defined condition of the input rudder and propeller. The data

consists of a list of rudder forces and/or moments at discrete rudder angles.

The most appropriate data set must be used to minimise the level of interpolated data
correction. For example, if two rudders were tested with respective aspect ratios of 2.5 and
3.7 and the required input rudder has an aspect ratio of 3, it is more appropriate to use the

test data at an aspect ratio of 2.5 as this is the physically closest data set.

A full stern arrangement can be defined in the program by having multiple propellers
interacting with multiple rudders. By defining an overall stern arrangement the total

manoeuvring forces can be calculated as a summation as well as individual manoeuvring

and design forces and moments.

Once the user has defined the required rudder and propeller geometry, performance,
operating conditions and the most appropriate interaction data set, the program

dynamically interpolates and corrects the data to obtain rudder performance results for the

required condition.

4.9 Interpolation Tree Mechanism

The interpolation tree is the fundamental method used in the software. A tree search is used
to obtain results at the required geometrical and flow properties from a given rudder
database by interpolation and, where necessary, correction. The interpolation tree method
maximises the use of actual experimental data and thereby reduces the amount of

correction required for each result.
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Figure 4.7 describes the interpolation tree for a full database. Subscript U indicates a value

above the required and L a value below.
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Figure 4.7 Interpolation Tree Flow Diagram

The algorithm starts by searching the database and first selecting the closest sets of
available force and moment data to the required conditions. By moving from left to right in
Figure 4.7 the method finds two subsets of data above and below the required Z/D, thus
forming the first branch of the tree. For each branch the method then searches these data
subsets and finds the closest data above and below the required Y/D, this continues for
X/D until a data subset is found at the closest Kt/J* for each branch of the tree. The data

bracketing the required condition can then be used for interpolation or if a data set is not
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found above or below the required parameters the side of that branch terminates and this
data will be corrected to the required condition rather than interpolated. If a data set is

found with a parameter at the required condition the method will use the data directly.

The corrections or interpolations are carried out by moving backwards through the tree
(right to left in Figure 4.7) interpolating rudder forces and moments for the bracketed data
and correcting rudder forces and moment for the branches of the tree that are missing a
data set above or below the required parameter. The allocated order of the parameters has

been chosen according to the degree of variation of the parameters in ships and also

experimentation.

Consider the required conditions:

K1/1?=0.8, X/D=0.40, Y/D=0.10, Z/D=0.90

Figure 4.8 shows the tree for an example sparse database for the required conditions. For
the top branch of the tree tests have only been carried out for Z/D of 1.25 at a Y/D of 0.0,
an X/D of 0.39 and at a thrust loading of 2.17. This data at these required conditions is
adjusted to the required condition first by correcting the forces and moment to the required
thrust loading of 0.8 then to the correct X/D of 0.4 and finally to the correct Y/D of 0.1.
The data table is therefore at a condition of K1/J*=0.8, X/D=0.40, Y/D=0.10, Z/D=1.25.
This process is repeated for the bottom part of the tree at a Z/D of 0.75 where the tree is
more densely populated. Where data sets exist above and below the required condition
these can be interpolated rather than corrected. This is the case where the final two data
sets at the left hand of the tree are at a Z/D of 1.25 and a Z/D of 0.75. These data tables are
at the required KT/Jz, X/D and Y/D and can be interpolated to obtain data at the required
condition of Z/D=0.9.
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Figure 4.8 Sparse Interpolation Tree
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Corrections and interpolations are made to derive a correct set of forces and moments on
the rudder from a user defined database. The choice of the database is left to the user and it
is important to apply the most valid and effective database to obtain accurate results.
Corrections are made for rudder geometry and the interaction parameters such as rudder-

propeller separation and propeller thrust loading

4.10 Rudder Data Correction

To correct rudder data from a base rudder, the data is scaled using a parameter f based on

aspect ratio and sweepback. This coefficient is based on work on low aspect ratio rudders

presented in [8].
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4x AR

cos* (A) [+:2]

f =18+cos(A) x

If for example only the 2-D lift curve slope was specified 3-D rudder performance can be
calculated using:

ac, ac, x(zxARE
f

To obtain lift, drag and torque from free stream data the following formulae can be

) [4.3]

da s-p da 2-p

applied.

A polynomial curve is a suitable curve fit for modelling rudder lift, drag and torque curves

with rudder angle. Consider the cubic curve fit to a force or moment as a function of rudder
angle:

F=A+Ba+Ca’+Da’ [44]

Lift:
dc,
dc B
4=0, B=22L | co0, p=—92xp 45
da 3-p 3% gy
Drag:

2
037x(ifL j
A4=0015, B=0, C= @xp/ . p=0 [4.6]

2x AR,
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Moment about Z:

C, = 025
i)
AR,
A=0.0
dC 0.37 X CZCL dc
B =(025¢c-W)x —& 4l — 83D | _(C _025)xc . 47
( ) da s-p AR, ( M ) 8 da s-p 471

C=0

dc, dCL
D= (0.250 - W) X __cig_%‘_@_ _ (CM - 0_25) % C % da 23-—D

X Xspgr, X Qarars

4.11 Propeller Data Correction
For a particular input propeller the non-dimensional thrust is obtained for a specific
advance ratio and this is used to determine the propeller thrust loading K1/J* used in the

interpolation and correction method.

No corrections are made to the propeller performance data as corrections to the propeller
thrust characteristics cannot be applied simply to a base propeller for variations in
propeller geometry and pitch. A particular propeller’s performance upstream of a rudder is
therefore described explicitly in the software and the thrust loading is derived from the

propeller thrust at the required operating advance ratio.

4.12 Interaction Data Correction

Rather than relying solely on curve fitting, the correction algorithm applies a change to the
force on the rudder to the nearest known set of data. This ensures that the software
experimental database is utilised fully. Moments are also corrected from an actual rudder

to a required rudder.

The applied principle of the data correction is that the rudder can be split into an area

controlled by the free stream flow and an area in way of the propeller in which the

77



performance is controlled by the propeller thrust loading but related to the free stream

rudder performance [22].

In order to derive the change in force or moment a correction is applied to the free stream
properties of the rudder. The force or moment is calculated at the actual value of the
parameter and then at the required value by scaling and/or applying an offset to the free
stream rudder performance. The scaling value is derived from a quadratic curve fit of
rudder force data downstream of a propeller, presented by Molland and Turnock in [13],

and is proportional to the thrust loading and is calculated as follows:

K, K\
Ky =10+096—-0042| =] [48]

The curve fit is valid up to a thrust loading of 8.0. A quadratic fit is used for the scaling
value Ko in the region 0< Ky/J* <=8.0 and represents a decaying increase with thrust

loading as found with the experimental data in [13].

For low J (i.e. K1/J>>8.0) a different parameter must be used as the thrust loading K/J?
tends to infinity. A parameter based on the difference between the operational thrust
coefficient Kt and the thrust coefficient at an advance ratio of J=0 (Kry).

(KTO ”KT)

K,= [4.9]
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The angular offset at zero lift due to the propeller is proportional to the balance which is

defined as:
2
balance = 2[1) 0.25 —(—}i) + 4 -4 [4.10]
D D Dxc

where A is the area above the propeller axis and A; the area below the propeller axis all

within the propeller race.

The angular offset can be calculated by an exponential curve fit of the angular offset at

zero lift from data presented in [13] using the following parameters:
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a=375x[1+e(h

b=25x (1 - e("o'm?ﬂj [4.12]

Coprser = @ % balance® + b x balance [4.13]

An exponential curve fit is used as the increase in angular offset with thrust loading tends

to decay with thrust loading.

So the force at a particular thrust loading and balance can be calculated from the free

stream force or moment:

F (ao ) =Ky xF (ao ~Qorrser )FS [4.14]

Where the parameter applied implies no change in coverage (i.e. K1/J%, X/D) the equation
is:

Fi=Fyp +¢ X(FREQ "'FACT) [4.15]

where & is the ratio of the rudder area within the propeller race divided by the area out of

the propeller race.

Where the parameter applied does imply a change in coverage (ie. Y/D, Z/D and

Coverage) the equation is:

£ =(§RE'QJX(EACT _(l_gACT)XFFS)+(1_§REQ)XFFS ’*“’:REQ X(FREQ _FACT)

[4.16]

Where there is the final correction for the rudder type the correction equation is:

i
ACT

F =[§REQ ]X(EACT _(l“é:ACT )X Frs acr )+(1—§REQ )x FFSREQ +§REQ x(FREQ _FACT)

[4.17]
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There is also a correction applied for the direction of the propeller rotation. The correction
involves a complete reversal of the y-axis. This is represented by calculating forces or
moments at the negative values of the required rudder angles. By applying a reversal to the

signs of the forces and angles the forces are resolved back to the correct axis system and

required angles.

When calculating the rudder performance by splitting the rudder into an area controlled by
the free stream and an area controlled by the propeller race a significant function of the
program arises. If this is taken to an extreme, the addition of free stream data and bollard
pull data can be used to obtain rudder performance data for a range of propeller advance
ratios using the scaling parameter Kp derived in equation [4.9]. The force at a particular

thrust loading can be calculated from the free stream result (Fgs) and bollard pull (Fi=o)

result as follows:

E:(I_QZ)XFFS +EX K, xF) [4.18]

4.13 Moment Correction

Moments are also corrected from an actual rudder to a required rudder using the following
formulae:

Mo = Myacr +Cy X Wrgg = Wyer) [4.19]

My oo =My sor +Co X Vo =Vaer) [4.20]

Mypeo = My 4or +Cy X Vigg = Vier) [4.21]

4.14 Qutput and Results

When creating a rudder propeller interaction a schematic of their relative positions can be
plotted for validation and to ensure the correct stern arrangement has been entered into the

program. An example of the schematic can be seen in Figure 4.9.
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