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Abstract

In the context of “Lifting Line Methodology”, this thesis presents a rational
approach to Marine Screw Propeller design and its applications in combination

with a “Stator” device for further performance improvement.

The rational nature of the approach is relative to the Classical Lifting Line
procedure and this is claimed by more realistic representation of the propeller
slipstream tube which contracts in radial direction along the tube at downstream.
Therefore, in accordance with the Lifting Line Methodology, the design procedure
presented in this thesis involves the representation of the slipstream shape by a
trailing vortex system. The deformation of this system is considered by means of
the so-called “Free Slipstream Analysis Method” in which the slipstream tube is
allowed to deform and to align with the direction of local velocity which is the
sum of the inflow velocity and induced velocities due to the trailing vortices. This

deformation is neglected in the Classical Lifting Line approach.

The necessary flow field data or the wake for the design is predicted by using
a three-dimensional “Panel Method” for the outer potential flow, whilst a “Thin
Shear Layer Method” is used for the inner boundary layer flow. The theoretical
procedures in both methods neglect the effect of the free surface and therefore

the implemented software for the flow prediction caters only for deeply submerged
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bodies. However, the overall design software is general and applicable to surface

ships with an external feedback on the wake.

Since the realistic information on the slipstream shape is one of the key pa-
rameter in the design of performance improvement devices, the proposed design
methodology has been combined with a stator device behind the propeller and
the hydrodynamic performance of the combined system has been analysed. The
design analysis involved the torque balancing characteristics of the system and the
effects of systematic variations of the key design parameters on the performance

of torpedo shape bodies and surface ships at varying loading conditions.

The overall conclusions from the thesis indicate that a more realistic represen-
tation of the shipstream shape presents a higher efficiency in comparison to the
regular slipstream shape assumption, in particular for heavily loaded propellers.
Moreover, this representation is essential for sound design of the stator devices as
it will determine the radius of the stator. From the investigation on the stator it
was found that the undesirable effect of the unbalanced propeller torque can be
avoided by the stator. The efficiency of the system will increase with the increase in
the number of stator blades and the distance between the stator and the propeller

over a practical range of the design parameters.

It is believed that the procedure and software tool provided in this thesis
could provide the designer with capability for more sound propeller and the stator
design for, partly, surface ships and for submerged ships in particular torpedos,

Autonomous Underwater Vehicles (AUV) and submarines.

Although the improvement gained by the present procedure will be accompa-
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nied by an increase in computer time, this is not expected to be a major problem
considering the enormous power of existing computers. In fact, this has been the
major source of encouragement for the recommendation in this thesis to improve
the present procedure by using the “Lifting Surface Methodology” as the natural

extension of the Lifting Line Methodology.

Copyright © 1994 by Mesut GUNER
The copyright of this thesis rests with the author. No quotation from it should
be published without Mesut GUNER ’s prior written consent and information

derived from it should be acknowledged.
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Notations and Symbols

Most of the symbols are defined explicitly when they first appear in the text.

The principal symbols used in the present work are as follows:
A: Area
C: Chord length
Cp: Drag coefficient
Cy: Lift coeflicient
D: Propeller diameter, Drag force
D,: Stator diameter
dD: Elementary drag of blade section
dL: Elementary lift of blade section
F: Rate of flow
G: Non-dimensional bound circulation
g: Non-dimensional vortex intensity
H: Shape parameter
I: Induction factor
J: Advance coefficient

Kp: Thrust coefficient
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Kgq: Torque coefficient

L: Lift force

m: Strength of source

n: Propeller rate of rotation

P: Pressure

Pp: Engine brake power

Pp: Delivered power

P;: Pitch at it* section of propeller

@: The rate of fluid mass, torque

R: Propeller radius

R,: Stator radius

r: Distance between two points, radius of propeller section
T: Thrust

t: Maximum thickness of blade section
U: Inflow velocity

V4: Advance speed

VR: Resultant velocity

V,: Ship speed
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U,: Non-dimensional axial inflow

u: Non-dimensional induced velocity

ue: External velocity

Uqpm: Axial mean induced velocity by propeller
utpm: Tangential mean induced velocity by propeller
Wg: Torque identity wake fraction

z: Non-dimensional radius

Y: Axial distance downstream

Z: Number of propeller bades

Z,: Number of stator blades

a: Slope of the vortex line

B: Angle of advance

B;: Hydrodynamic pitch angle

I': Circulation

v: Vortex intensity

§: Boundary layer thickness

§*: Displacement thickness

€: Vortex pitch angle in ultimate wake
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n: Efficiency

@: Momentum thickness, the rate of fluid flow
p: Density

a: Source of strength

¢: Velocity potential, angular coordinate

w: Angular velocity of the propeller

Subscripts:

a,t,r: Axial, tangential and radial components of the inductions factors or

velocities.
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Chapter I

Introduction

1.1 General

Screw propellers are the most common form of marine propulsion device. They
are used to supply the thrust needed to overcome the resistance experienced by a

moving marine vehicle. Such propellers produce thrust through the production of

lift and drag on their rotating blades.

The design of marine propellers has traditionally been performed on the basis
of open water experimental systematic series. Such procedures have served, and
continue to serve, propeller designers well for the design of typical ship propellers,
but do not readily allow for the analysis of less traditional propulsor alternatives,
such as a rotor/stator combination. The use of series data also does not allow the

designer to properly tailor the propulsor to the wake and physical arrangement of

a particular ship.

Over the past decades analytical procedures for the design of marine propellers
have become well established. These procedures are based on computer models of
propellers varying from a simplified representation of the propeller hydrodynamics
(e.g. lifting line method) to more complex representations (e.g. lifting surface
method). In the historical development of these procedures, the hydrodynamic
design of a propeller is accomplished on two levels. First, a lifting line model is

used to determine the basic propeller geometry and operating conditions as well as
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to determine a radial distribution of circulation over the blades that will provide
the total thrust and, usually, maximum efficiency. In the second step the final

shape of the blade is determined using a lifting surface analysis procedure.

The lifting line model of the propeller, where the blades of the propeller are
considered to be sufficiently thin and narrow and substituted by a single bound vor-
tex line, is used to estimate propeller forces and determine the radial distribution

of bound circulation.

Since the lifting line theory alone cannot accurately represent the effect of the
actual blade geometry, more elaborate representations of the propeller are required.
For this purpose lifting surface methods, where the blades are modelled as sheet
of singularities, are usually employed. More sophisticated lifting surface or surface
panel representations of the propeller can then be used to analyse the performance
of the resulting blade geometry. Consideration of the unsteady forces or cavitation
predicted by these methods might then lead back to new design constraints at the

lifting line level.

Within the context of the widely recognised design procedures the major steps

for the design and analysis of propeller can be listed as

e Determination of diameter, blade surface area and thickness of a basic propeller

to satisfy the given conditions.
e Using lifting line design procedure to achieve wake adaptation of the propeller.
e Generating blade sections using simple blade section design methods.

e Using lifting surface theory to predict the performance of the blade and to
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investigate the effects of changes in blade geometry. (Glover, [47])

In developing propeller theories, hydrodynamic modelling of the trailing vortex
lines behind the propeller is an essential part of accurate representation. In the
past the vortex lines downstream of the propeller were assumed to have constant
pitch and lie on cylinders of constant radius. In the actual propeller, the trailing
vortices leave the trailing edge of the propeller blade and flow into the slipstream
with the local velocity at that position. Therefore, the velocity distribution behind
the propeller should be known in order to establish the realistic model of the
trailing vortex lines. Within this context, the methods used to obtain the velocity
distribution can be experimental or theoretical. The analysis of the velocities in
the slipstream by model experiment is expensive, difficult and also time consuming.
On the other hand the use of computer software, based on theoretical methods,
provides a solution of complex analysis calculations in a short time and also many
variations of the design can be done. But it still needs experimental work to

validate and sometimes verify the calculation.

In order to achieve the goal of an improved propulsive efficiency some alterna-
tive propulsors have been proposed, the aim of which is to reduce the energy losses
associated with the action of the propeller. These losses are due mainly to the
transfer of energy to the water in the slipstream of t}le propeller, the axial energy
loss arising from the acceleration of the water necessary to create thrust and the
rotational energy loss from the transfer of torque from the propeller to the water.
There is also a viscous drag loss due to the movement of the blades through the

water.

Recovery of the rotational energy loss and significant gains in efficiency can
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be achieved from the use of contrarotating propellers. At the moment there is
renewed interest in the use of these propulsors on large ocean going ships but their
widespread use is inhibited by the mechanical complexities of the transmission

system and costs.

A cheaper and less complicated alternative to contrarotation is the use of fixed
guide vanes placed upstream or downstream of the propeller, the penalty being
a smaller gain in propulsor efficiency due to the drag of the fixed vanes. The
combination of propeller and guide vanes is now referred to as a propeller/stator

propulsor.

1.2 Objectives and Layout

The main objective of this thesis is the further improvement of the lifting
line procedure with an emphasis on more realistic representation of the slipstream
deformation. As this deformation is one of the key parameters in the design of
performance improvement devices, the secondary objective of the thesis is to design
a stator behind the propeller and analyse the performance characteristics of the

combined propulsor system.

In achieving the above objectives, in the present chapter of the thesis an intro-
ductory section is given together with the objectives and the layout. The second
chapter of the thesis includes a review of the three key issues involved in the pro-
peller design as well as in the objectives of the thesis. These issues are the propeller
design procedures, propeller/stator combination and flow around a torpedo body
and propeller. The main reason of selecting the torpedo body is to reduce the

complexity of the procedure, since it is a submerged body of revolution and there-
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fore some effects such as free surface effect need not be taken into account. The
selection of a torpedo body also has some practical significance. Glover, in unpub-
lished work on the design of rotor/stator propulsors for torpedoes, demonstrated
the difficulty of defining the true flow in the slipstream of the propulsor with the
two components at different positions on a steep conical after body. This defined

a requirement for a flow model of the combined body and propulsor.

In Chapter 3 the flow around a slender body is analysed. This effort provides
a set of wake data which is important in designing a propeller. The interactions
between the flow and propeller are also studied by introducing the idea of effective

wake.

In Chapter 4, a review is given of traditional propeller design methods. Having
explained these methods, a new propeller design procedure, which is based on
lifting line theory, will be presented in Chapter 5. This is a more advanced lifting
line method than others and it covers the realistic hydrodynamic model of propeller

as much as possible.

In Chapter 6 a design procedure for the stator will be described. The theoret-
ical formulations are derived to calculate the stator circulation and consequently
the velocities induced by the stator. In Chapter 7, some numerical examples will

be given. Finally general remarks and conclusion will be shown in Chapter 8.



2.1

2.2

Chapter II

Review of Literature

General

In this review the main emphasis is placed on propeller and propulsor design.
In order to establish a realistic modelling of the propeller, the flow around and
behind the propeller should also be investigated. As will be appreciated, modelling
of the flow is a very wide and general subject and cannot be covered in such a short

space. Therefore a very short summary of the review of this subject is presented.

Propeller

The development of the theory of propeller action stems from both the axial
momentum theory and the blade element theory. The first theory of propeller
action was introduced by Rankine [11] and was further developed by R.E. Froude
[12]. Although the momentum theory leads to a number of important conclusions
regarding the action of the propeller, it gives no indication of the propeller geometry
necessary to produce the required forces. A different theory concerned with the
blade geometry was developed by W. Froude [38] and it is called the blade element
theory. The use of the blade element theory is based on the assumption that the
elements act independently of each other and that the flow across the blade is

entirely in the direction of the chords of the sections.

These two theories were well developed but they did not completely overcome
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the lack of understanding of the effects of the blade number and of choice of
appropriate lift and drag values for the blade elements. The problems encountered

were not solved until the advent of the vortex theory of the wing which was initiated

by Lanchester [13].

In 1919 Prandtl [14] showed that the effect of the free vortices shed at the ends
of an aerofoil of finite span is to induce a downwash velocity on it and hence reduce
its effective angle of incidence. Furthermore, the energy loss in the slipstream can
be considered as an induced drag the magnitude of which is minimum when the

spanwise circulation of the foil is elliptical.

The introduction of the vortex theory for the analysis and design of marine
propeller requires some assumptions to be made in its application. The first is
related to the representation of the blade. Based on the assumption that the blade
section is sufficiently thin, it may be replaced by a distribution of vortices along
its mean line. Hence the whole blade is represented by a thin bound vortex sheet,
referred to as a lifting surface. Considerable simplification of the model, and in
particular the numerical techniques for its solution, are achieved if the blades are
assumed to be narrow enough for them to be represented by a lifting line. The
second refers to the shape of the free vortices in the slipstiream. The combined
rotation and translation of the blades causes free vortices which trail downstream

along helical paths.

A method, providing the performance analysis of marine propellers where the
effect of the above assumptions is allowed, was developed by Burrill [8]. This
method is based on the combination of the momentum theory and the blade el-

ement theory together with aspects of the vortex theory. In this method the



Review of Literature 8

slipstream contraction and downstream increase in vortex line pitch are taken into
consideration in an approximate manner. The effect of the finite number of blades
on the magnitude of the induced velocities is considered by the use of correction
factors. These are due to Goldstein and are derived on the basis of a theoretical
examination of the flow past a number of helicoidal surfaces of infinite length. The
finite width and thickness of the blades in Burrill’s method are taken into account
by a modification of the lift curve slope and no lift angle derived from Gutsche’s
cascade data. A similar correction derived from NACA data is applied for the

effects of viscosity.

In 1955 a wake adapted design method was introduced by Burrill [9]. The
Burrill wake adapted design method makes use of the expressions established in

the analysis process together with a minimum energy loss condition.

Propeller design methods based on the lifting line theory can be divided into
two groups: the approximate and rigorous or induction factor methods. The former
has been used by Eckhart and Morgan [15]). In this the condition of normality is
used and the axial and tangential induced velocities are expressed in terms of
simple trigonometric relationships that contain the Goldstein factors. The effect

of the radial induced velocities is ignored.

The use of induction factors gives more reliable and accurate results. This is
due to the fact that a more accurate representation of the slipstream is considered.
An analytical method, developed by Lerbs [16], determines the axial and tangential
factors. Another method, based on the concept of the induction factor, was devel-
oped by Strscheletzky [7]. Unlike Lerbs’ method this is based on the calculation

of the incremental induction factor by the Biot-Savart Law. This method provides
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the equations for the determination of the induction factors. These induction fac-
tors are used to calculate velocities induced by the propeller in axial, tangential
and radial directions. Consequently by calculating the induced velocities in the

slipstream the slipstream deformation can be determined.

In 1973 Glover [2] proposed a new lifting line theory for heavily loaded pro-
pellers based on Burrill’s minimum energy loss condition applying induction factors
for the calculation of induced velocities. This method allows the extension of the
lifting line model of the propeller to take into account slipstream deformation.
The downstream contraction of the cylinder radius and increase in vortex pitch
downstream are calculated using the obtained induced velocities and the results

provide the new shape of the slipstream for the next input data.

In 1976, the lifting line theory was used for calculating the characteristics of a
supercavitating propeller by Anderson {49]. Some correction factors were developed

for the improvement of the numerical results by comparison with model tests.

Van Gent and Van QOossanen [24] introduced their lifting line design method
for the wake adapted propeller based on the precalculated hydrodynamic pitch
using the Van Manen [25] criterion and induced velocities calculated using Lerbs’

induction factors.

Koumbis [6] extended Glover’s approach to obtain the final balanced slipstream
shape using a successive iteration process. The bound circulation distribution and
the slipstream geometry are continuously changed and interact freely in order to
form a new shape during the iteration process while satisfying Burrill’s minimum

energy loss condition. He also introduced a concentrated tip vortex of finite core
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radius in order to improve the results. He suggested that the tip vortex core
extends from z = 0.96 to 1.00 and that the resulting induced velocity at the tip
is equal to that induced at = = 0.95 multiplied by a coefficient Hr;,. He further

suggested that the induced axial velocity is zero outside of the tip vortex.

A different representation of the propeller wake (48], is based on the assumption
that, after a short distance downstream, the free vortices shed at the center of
the lifting line move outwards to wrap around the strong tip and boss vortices.
This, commonly referred to as roll-up vortex wake model, basically consists of
two concentrated helical vortices which carry the whole of the lifting line bound

circulation downstream.

Cummings [26] showed that the ultimate tip vortex radius is approximately
85% of the propeller radius for various types of propellers and loading conditions,
and insists that Glover’s procedure will result in a rolled up geometry providing
that successive computation is made, but this claim turns out to be untrue as a

consequence of Koumbis’ work.

Greeley and Kerwin [27] revised the former slipstream model by including the
slipstream alignment procedure in which the trailing vortex lines in the transition
slipstream region are located corresponding to the local flow. This revised slip-
stream model recognises partly the importance of x;ortex pitch and partly takes
account of experimental results showing that the tip vortex was not completely

rolled up. Again this procedure requires slipstream shape defining parameters.

Recently Hoshino [28] took an important step towards a better understanding

of the trailing vortex problem by combining theoretical and experimental methods.
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Using experimental results he defined polynomal expressions for the variation of
slipstream contraction and pitch of the tip vortex. He then used these expressions
in his propeller method and obtained results which are in good agreement with

experimental data.

Propeller/Stator Combination

The propeller/stator combination is now gaining recognition as a propulsive
device for the reduction of energy losses. Recently there has been considerable

interest in this subject and a summary of the published works is given below.

In 1988 Kerwin et al. [22] presented a theoretical method for determining
optimum circulation distributions for propeller/stator propulsor. This work in-
cluded cavitation tunnel measurements for a given propeller running behind an
axisymmetric and non-axisymmetric stator. In this study a 6% gain was predicted
theoretically and confirmed experimentally. In the same year Mautner et al. [29]
introduced a new design method for a stator upstream of the propeller by taking
zero r.p.m for the forward propeller of the contrarotating propeller system. They
demonstrated that the increase in efficiency is greater than 50% of that achieved
by the contrarotating propeller. A propulsor designed using this method has been
manufactured and tested on an axisymmetric, underwater vehicle. The test results

showed a good agreement with the design predictions.

A theoretical method was developed to model a ducted propeller with stator by
Hughes et al. [30]. Using this method a duct and a range of stators were designed
to operate efficiently with an existing propeller. Experiments were carried out on

the ducted propeller and stator combination and a good agreement between the
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theoretical and experimental results was obtained.

Iketaha [33] developed a method for theoretical calculation of propulsive per-
formance of the propeller/stator combination. In this combination a stator was
located behind the propeller and covered with a ring. It was theoretically shown

that a 5%-7% percent gain was performed by the application of the method.

In a recent paper Patience [23] presents a very useful current state of the
art in Marine Propellers with emphasis upon developments over the last 20 years
and moving market direction. In this review work, he categorised the stator as a
reaction device and indicates its greater advantages compared to other propeller
and flow devices. He draws attention to the flow controlling capability of an
upstream stator and conjectures that in a properly designed system, the stator
device could evolve into the basic propulsor to be expected for the future possibility

with the added component of a duct.

In 1992, Gaafary and Mosaad [31] predicted the gain in propulsor efficiency
due to the presence of an upstream stator using linearised lifting surface theory.
They found that a 6% increase in propeller efficiency and the results showed a
good agreement with those obtained by theoretical and experimental work at MIT

[22].

Coney [32] has extended the work described in [22] and developed a new design
method for determining the optimum circulation distribution for both single and
multiple stage propulsors. The lifting line model was used for the design. A good
result was obtained from the application of the method. An attempt was also made

in the same year by Chen [34] to develop a design method for postswirl propulsors.
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A description of the lifting line procedure for the design of upstream and down-
stream stator was given by Glover [3]. In his work, the influence of the number
of stator blades, variations in stator load factor and axial separation of the pro-
peller and stator were investigated. This work showed that the combination of the
propeller and a downstream stator was more efficient than the combination of the
propeller and an upstream stator for the same number of stator blades. The gain
was about 3.5%-4.5% for the propeller/upstream propulsors and 4.5%-6% for the

propeller/downstream propulsors.

2.4 Potential Flow and Boundary Layer

As is well known the flow around a body, moving with a constant velocity on
the otherwise undisturbed free surface of a fluid, can only be computed by adopting
certain assumptions. Although the basic assumptions allow us to formulate the
problem within the framework of the classical potential theory, the existence of a
free surface and the representation of the body surface create additional problems,

which necessitate some further simplifications.

Generally a solution for the potential flow about a body leads to a solution of
the Laplace equation subject to the boundary condition that the velocity normal
to the body surface be zero. The potential due to a surface distribution of singu-
larities, may be written in form of a Fredholm integral equation of the second kind
which is a solution to the Neumann problem. Smith and Pierce (18] at the Douglas
Aircraft company used a set of linear algebraic equations to solve this integration.
Hess and Smith [17, 19] extended the Douglas-Neumann program to include non-

lifting three dimensional flows and the methods of surface source distribution have

been applied to various problems.
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The original approach by Hess and Smith does not include the free surface
effect and hence gives the solution of the Neumann problem for a given form and
its image, (i.e. Double model in a infinite fluid). In order to improve the accuracy
of the result obtained from the Neumann problem, Brard [35], and many others
studied the Neumann-Kelvin problem which again takes the exact body surface in

its linearised form.

In most of the source distribution methods, the body surface is replaced by
quadrilateral elements or facets. One of the major drawbacks of this approximation
is that the planes formed by all four corners of each element do not necessarily
match the real body surface hence, either a discontinuity will occur on the source
surface or the centroids of each element will form a different body shape than
the original one. This statement becomes particularly significant at highly curved

regions. In order to avoid such errors it is possible to
e increase the number of elements and hence reduce the element sizes,

e employ curved surface elements with variable source density as is investigated

by Hess [21],
e use triangular surface elements, Webster [36].

As is expected any increase in the number of surface elements will increase the
computer time. The second alternative, the use of higher-order surface elements,
has also its own drawbacks. Having considered these alternatives it was decided
that the body surface should be discretised by using quadrilateral flat elements and
that more elements should be introduced in regions of high body surface curvature.

Therefore the Hess-Smith method is chosen to define the velocities around the body.
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The potential flow solution gives the velocity and pressure distribution around
the body, together with the characteristics related to body geometry, i.e. coor-
dinates of the control points, areas, components of the unit normal vectors etc.
The results from the potential flow solution can be used for the boundary layer

calculation.

Available methods for calculating boundary layer equations may be divided
into two groups; integral methods and differential methods. In the integral meth-
ods the main interest lies in the determination of the global properties of the
shear layer and hence the momentum transport equations are integrated in the
normal direction thus reducing the number of unknowns by one. Distribution of
the properties across the shear layer are determined by means of empirical ex-
pressions derived from the experimental data. Differential methods on the other
hand deal with the spatial variation of the properties by solving the momentum
transport equations for a thin shear layer (TSL) together with some additional
equations. These additional equations are introduced to model the transport of
Reynolds stress and to achieve the closure, that is to make the number of variables
equal to the number of equations. In the present work thin shear equations have
been used to predict the flow around the body. The method, given by Cebeci [39],
is chosen to obtain the solution of these equations. A description of the method

will be given in the next chapter.
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Chapter III

Flow around and in the Wake of a Body

Introduction

Knowledge of the flowfield into, around and behind a marine propeller is es-
sential and important from the point view of propeller design and analysis. The
flow into the propeller and in its slipstream depends on the form of the body be-
hind which the propeller operates. Accurate determination of the flow around and
behind the body is therefore of prime importance. An efficient way of computing
the flow around a body is to divide the flow into different regions, applying in
each region the most efficient method available. Interactions between the regions,

including the influence of the operating propeller, have to be considered.

o Polential Flow

Transition Point

f Turbulent B.L
Laminar B.L. /,__;/——milin\m\

Figure 3.1 — The Flow around a Submerged Body
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A fundamental picture of the flow around a deeply submerged body is shown
in Figure 3.1. Two main regions may be distinguished: One adjacent to the body
surface, extending backwards, and one outside this region. The former is usually
referred to as the boundary layer, while the latter is called the potential flow.
There is one major difference between the two: viscosity may be neglected in the

potential flow, while it has a strong effect on the boundary layer.

For the evaluation of the flow characteristics, it is necessary to start with
the potential flow solution so that the velocity distribution on the body can be
calculated. These results are then used as a basis of determining the viscous
flow around the body, which is in general, much different from the potential flow.
Although the interest is confined to the flow into the propeller plane and slipstream
of a body of revolution, the methods used are general enough to be utilised for

other aims.

Potential Flow

Introduction

The method used to define the potential flow around a submerged body is the
Hess-Smith method, [17, 19], which uses a source density distribution on the body
surface and determines the distribution necessary to make the normal velocity zero
on the boundary. In order to approximate the body surface a number of quadrilat-
eral source panels are used. Having solved for the unknown source densities, the
flow velocities at the points on and off the body surface can be calculated. In the
following section the procedure will be described briefly, the detailed procedure of

the formulation can be found in [17].
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Fundamental Concepts

A fluid is generally defined as a substance which continues to deform in the
presence of any shearing stress. The laws of fluid motion are applicable to flows
of any medium so long as the same properties are involved. Fluids possess a sub-
microscopic molecular structure in which elementary particles are in continuous
motion through relatively large expanses of empty space. The details of such
motion are often of primary importance, particularly if the scale of the motion 1s
very small or the pressure very low. In most studies of fluid flows, however, neither
the molecular structure nor molecular movement as such is of specific interest, and
a greatly simplified yet highly useful picture can then be obtained by assuming
that the fluid under study is continuous even to the infinitesimal limit. Under
the assumed conditions, not only the fluid properties but such characteristics as
velocity and pressure can be regarded as continuously variable throughout the
region of flow, and can be defined mathematically at any particular point. This
approach is taken not only for the resultant simplicity of analysis, but also because
the behaviour of the individual molecules whose properties are varying. Therefore
the average properties of the molecules in a small parcel of fluid are used as the

properties of the continuous material.

In the potential flow problem, it is assumed that there exists a scalar function
that satisfies Laplace’s equation in the fluid domain. The fluid characteristics, such
as the velocity and pressure, at any point in the fluid can be explicitly described
in terms of this function. In order for such a scalar function to exist the following

assumptions should be made
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e The fluid is incompressible

vV =20 (3.1)
where V is the flow velocity

e The fluid is irrotational

VxV=0 (3.2)

e The fluid is inviscid and homogeneous.

Flow Governing Equation

From the law of mass and momentum conservation, the velocity V and the
pressure P must be obtained simultaneously. However, the pressure P is taken to
be the required independent variable. Thus the problem is obtaining the velocity

V under the given pressure field.

The law of conservation of mass forms the basis of what is called the principle
of continuity. This principle states that the rate of increase of the fluid mass
contained within a given space must be equal to the difference between the rates
of influx into and efflux out of the space. The assumption of a continuous fluid

medium then permits this principle to be expressed in differential form.

If the velocity of flow of a fluid in three dimensions is denoted by V', and the
mass density of the fluid at a point by p(z,y, z), then the vector @ = pV has the
same direction as the flow and has a magnitude @ numerically equal to the rate
of the flow of the fluid mass through the unit area perpendicular to the direction
of the flow. The differential rate of the flow through a directed element of surface

area dA = ndA is then given by A.dA = @).ndA, this quantity being positive if the
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projection of @ on the vector n is positive. In particular, if dA is an element of a
closed surface then Q.dA is positive if the flow is outward from the surface. The

components of () are

Q=Qzi+Qyj + Qk (3.3)

Taking a small closed differential element of volume which consists of rectangles
with one vertex at [z,y, z] and with edges dz, dy, dz parallel to the coordinate axes,
the left-hand face is then represented by the differential surface vector, jdzdz, and

the differential rate of the flow through this face is given by
Q.(—jdedz) = —Qydzdz (3.4)

the negative sign indicating that if Q) is positive, the direction of flow through this
face is into the volume element. Similarly, the differential rate of the flow through

the right-hand face is given by

99y

Qy+dy-(jdzdz) = (Qy + By

dy)dzdz (3.4)

If the remaining four faces are treated in the same manner, the resulting dif-

ferential rate of the flow outward from the volume element dT = dzdydz is given

by

dF — (66sz + aQy an

3y 0s Ydzdydz (3.5)

or

dF = (V.Q)dT (3.6)
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Thus, the divergence of @ at point [z,y,z] can be said to represent the rate
of the fluid flow, per unit volume, outward from a differential volume associated
with the point [z,y, z], or to be the rate of decrease of the mass per unit volume
in the neighbourhood of the point. If no mass is added to or subtracted from the

element dT, the following relation is obtained,

VQ:—% (3.7)

where p denotes the mass density of the fluid.

For an incompressible fluid p = constant, hence

V.Q =pV.V =0 (3.8)

It has been assumed here that no mass is introduced into, or taken from the
system, that is, there are no points in the element dT where the fluid is added
to or withdrawn from the system. If such points are assumed to be present, a
vector V with non-zero divergence can be considered as a velocity vector of an
incompressible fluid in a region. Points at which fluid is added to or taken from

the system are referred to as source and sinks respectively.

If V is continuously differentiable in a simply connected region R and if VxV =
0 at all points in R, then a scalar function ¢ exists such that d¢ = Vdr. In other
words, if V. x V = 0 in a region, then V is the gradient of a scalar function ¢ in

that region.

V=V (3.9)
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where, ¢ is called velocity potential. Flows derived from ¢ are referred to
as potential flow. An important observation pertaining to Equation 3.9 is that a
vector function V may be exchanged for a single scalar function ¢, if the motion
is irrotational. In general, a vector function contains three scalar functions which
are the components of the vector, so substitution of V¢ for V should simplify the
equations of motion. If the fluid is incompressible and there is no distribution of

sources or sinks in the region, we have

VvV =0 3.10

Combining Equations 3.9 and 3.10,

V.V =V.V¢=V2=0 (3.11)

That is, in the flow of an incompressible irrotational fluid without distributed
sources and sinks, the velocity vector is the gradient of a potential ¢ which satisfies

the Laplace equation,

0¢ 8¢ .04
Vip=0 =
¢ o Oz? + Oy? + 022 0

.-

(3.11)

This equation will be solved with the appropriate boundary conditions for some

particular problem.

If sources and sinks exist 1n an irrotational flow of incompressible ideal fluid

one obtains Poisson’s equation,

Vig=m (3.12)
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where m the strength of the source or sink. The particular solution of this equation
1s

__ 1 mlqg)
¢(p) = ) an dV(q) (3.13)

where ¢(p) is the potential at a point p generated by a source or sink.

If boundaries are represented with source or sinks, the disturbance in the flow
field due to these singularities will be the sum of the contribution from each sin-
gularity. In the flow domain (outside the distributed singularities), however, the

Laplace equation still holds as there are no singularities present in that regime.

Boundary Conditions

The behaviour of quantities on the existing boundaries is determined usually
from physical reasoning such as the vanishing normal velocity condition on a solid
boundary when there is a relative velocity between the body and the surrounding
fluid. This is possible when the nature of the field and the boundary concerned
are of simple character but if either or both of them are not simple, it may not be
easy to decide by physical insight what conditions must be applied. The partial
differential equation representing a field is frequently common in form in many
physical situations and for a given field an identical form governs it regardless of
some important physical parameters involved such as boundary shape or initial
state. These physical parameters, the so called boundary conditions, make an
individual problem unique and choose “the solution” out of arbitrary functions of

some argument or an infinite number of possible solutions of the field equation.

The distribution of the field quantity inside the domain is constrained to some

extent by that along the boundaries. In other words, it adjusts itself to be com-
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patible with the given environment. It is therefore of great interest to expound the
manner by which the field quantity adjusts itself at the boundary and its effect on
the rest of the field in the expectation that the same principles would hold for any
problem under the same circumstances. In this connection, the type of boundary

conditions are:

Cauchy boundary condition specifies both field value and normal gradients on

the boundary.

o Dirichlet boundary condition specifies only the field value, if it were zero ev-
erywhere on the boundary the condition would be homogeneous, otherwise

inhomogeneous.

e Neumann boundary condition specifies only the normal gradient, and again
homogeneous and inhomogeneous Neumann conditions are defined in the same

way as above.

e Mixed boundary condition specifies a linear combination of field value and

normal gradient homogeneously or inhomogeneously.

The application of a particular type of boundary condition has a different effect

on the solution depending on the type of the field equation.

When a flow field is governed by the Laplace equation of velocity potential
the relevant boundary condition is usually the homogeneous Neumann condition
stating that there is no flux of fluid across a solid boundary. That is, at each
control point of the source panels, the normal component of the induced velocity

potential satisfies the tangential velocity condition.
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The boundary condition on the body surface is

$n=0 (3.14)

This means that the streamlines are all tangential to the surface and the normal

component of the velocity must be zero.

Method of Solution

The surface of the body is replaced by a number of quadrilateral source panels.
The solution is constructed in terms of the source strengths on the surface. The
integral equation for the source strengths is approximated by a matrix equation
on the assumption of uniform strength on each panel. The strength of each source
panel is chosen so that the normal component of the velocity is zero at the centroid

of each quadrilateral.

When the whole flow domain is envisaged to be wrapped by sources and sinks,
the singularities have the strengths adequate to produce the freestream condition.
This original undisturbed free stream is characterised by the unique velocity which
is constant everywhere in the domain. When the body is put into the flow, the
freestream will be disturbed by the existence of the séurces. The potential due to

-

the sources is called the disturbance potential, ¢;.

Consider a unit point source located at a point ¢ whose cartesian coordinates
are [z',y,2'] then at a point p, whose coordinates are [z,y, z], the potential due

to this source is
1
(p, q)

ba (3.15)
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where 1(p,q) is the distance between p and g,

(pg)=lle— =) +(y-y) +(z - 2)")?

If the local intensity of the distribution is denoted by o(gq), where the source
point ¢ now denotes a general point of the surface A, then the potential of the
distribution is

_ [ ()
Pa = Ar(p’q)dA(q) (3.16)

The flow can be described then as sum of a freestream flow at infinity plus a

flow induced by source surface.

P = ¢oo + ¢d (3.17)

where ¢oo 1s freestream potential.

Then the velocity must satisfy the normal velocity boundary condition on the

surface A.

Vo = —n(p)[V¢n(p)] ‘

= () U + | n(p)rf(;’z)o(q)dA(q) > (3.18)

=0

7/

where the n(p) is the unit outward normal vector at point p due to the unit source

at the point q.

When ¢ approaches p along the local normal direction, the principal part

270 (p) must be extracted in this case,

n(p).Uso + 2mo(p) + ./A n(p)

3 gj0(a)dA(g) = 0 (3.19)

m(p,q)



3.2.6

Flow around and in the Wake of a Body 27

Discretization

The rather arbitrary shape of the boundary surfaces prevents the construction
of a simple functional expression to represent them, which in turn, makes it im-
practical to express the source strengths in an explicit functional form. Therefore,
an attempt is made to express the continuous variation of source strengths on the
surfaces by a set of numerical values at a finite number of points representing the

surface.

The body surface is replaced by a number of plane elements, the dimensions
of which are small in comparison with the body. The value of the source density
over each of the panels is assumed to be constant. The total disturbance potential

can be found from the equation below,

1
7(p, q)

N
#(p) = ng o /A ,- dA(q) (3.20)

Where N is the number of panels on the body surface, A; is the area of jth

panel and o; is the source strength of 7% panel.

A set of simultaneous equation can be constructed in terms of N unknown
source strengths. The N simultaneous equations can be set up by applying the
boundary conditions on each of the panels, more specifically at each control point

of the panels.

Because of the singular behaviour, the induced velocity at a control point on

the source panel itself is 2ro. Thus the disturbance velocity will be
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P—9q
vg(pi) = (2waoy)n; + 2 21:¢ ./A ra(p, dA(q) (3.21)

Let us define matrices u(3, j), v(z,7) and w(z,j) as follow

When j # 1

u(i,§) = fA %2 A(q) |

j (P,q)

zZ -2

w(i,j) = /;1,- mdA(Q)

when 7 =1
u(i,j) = 2mng;
) = 2
vli,g) = 2mnyi | (3.23)

w(z,7) = 2wy,

/

where nzi, ny; and n,; are the components of n along the z, y and z directions
respectively. These matrices U, V and W are the components of the induced
velocity at the 1** control points by the j** source panel of unit strength and will
be called the induced velocity matrices. Equation 3.21 can be written in terms of
the induced velocity matrices.
N

= Z:l[u(i,j)i +(i,3)j + w(i, j)klo; (3.23)

When the body surface boundary condition is applied on the i** panel for
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instance, the following equation is obtained.
ni. Vi = (nzit + nyij + ngik)
{(Usot + ui)i 4+ (Voot + vi)7 + (Woot + w;)k]

= ngilUoo + n'yiVoo +n,;iWe

r (3.24)
N
+ D [naiu(i, 5) + nyiv(i, 5) + naw(i, 5)lo;
7=1
=0
If the induced normal velocity matrix, A(z,7), is defined as
A(i,7) = neiu(3, §) + nyiv(s, J) + nziw(s, 5) (3.25)
the following equation is obtained.
N
Z A(1,7)0; = —(n2iUc0 + NyiVoo + 12iWeo) (3.25)

i=l1

When applied to all of the N panels this equation will yield N simultaneous
equation for N unknown values of o’s. In the matrix form this system of simulta-

neous equation 1s

A(L1)  A(L2) ... A(LN)\ (o 121Uc0 + g1 Voo + 131 Woo
A(2, 1) A(2, 2) s A(27 N) 72 | _ nz2Uoo + 'ny2Voo + n2Weo
A(N,l) A(N,2) A(N)N) ON nzNUoo +nyNVoo +n:NWeo

(3.26)
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If the geometry of the body were known, the equations could be solved without
difficulty as the column vector on the left hand side is the only unknown. Having
calculated the value of o;, the flow velocity at any point P can be calculated as

follows;

N
Vo =Veo+ > 0;Vy (3.27)

i=1
3.3 Boundary Layer

3.3.1 General

By the boundary layer (B.L.) is meant the region of fluid close to a solid
body where, owing to viscosity, the transverse gradients of velocity are large as
compared with the longitudinal variations, and the shear stress is significant. The
boundary layer may be laminar, turbulent, or transitional, and sometimes called

the frictional belt.

When there is a homogeneous flow along a flat plate, the velocity of the fluid
just at the surface of the plate will be zero owing to frictional forces, which retard
the motion of the fluid in a thin layer near to plate. In the boundary layer the
velocity of the fluid U increases from zero at the plate to its maximum value, which

corresponds to the velocity in the external frictionless flow Uo, Figure 3.2

If the shape of the outer surface of the boundary layer is known, analysis of
the flow outside the boundary layer as potential flow is possible. We can predict
accurately its characteristics and these will be relevant to the real flow. When the
boundary layer is very thin, as it is when the streamlines outside it converge, the

solid surface itself may be used as an approximation for the outer edge, and
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U y

Figure 3.2 — Boundary Layer along a Plane Surface

the potential flow analysed before the thickness of the boundary layer is known.
Boundary layer theory also provide qualitative explanations for the aspects of
the flow, such as separation and form drag, which are not entirely amenable to
calculation. The crux of the matter is that the boundary layer is thin. Only then
is it valid to divide the whole region of the flow into two parts: the boundary layer

and the potential flow outside it.

Laminar and Turbulent Flow

In a laminar flow a fluid moves in laminas or layers. The layers do not mix
transversely but slide over one another at relative speeds, which varies across the

flow.

In turbulent flow the fluid’s velocity components have random fluctuations.

The flow is broken down and the fluid is mixed transversely in eddying motion.
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The flow is broken down and the fluid is mixed transversely in eddying motion.
The velocity of the flow has to be considered as the mean value of velocities of the

particles.

Factors that determine whether a flow is laminar or turbulent are the fluid, the
velocity, the form and the size of the body placed in the flow, the depth of water
and if the flow is in a channel, the channel configuration and size. Both laminar
and turbulent flows occur in nature, but turbulent form is the more common.
As the velocity increases, the flow will change from laminar to turbulent, passing
through a transition regime. The transition takes place at a Reynolds number
R, = 10° — 10%. Thus in model experiments the flow over an unknown area of the
model can be laminar, which means that the experiment’s accuracy is often not as
good as is wanted. The effects of viscosity are present in turbulent flow, but they

are usually masked by the dominant turbulent shear stresses.
Boundary Layer Characteristics

The main effect of a boundary layer on the external flow is to displace the
streamlines away from the surface in the direction of the surface normal. This
occurs because the fluid near the surface is slowed down by viscous effects. In a
two dimensional flow, the rate at which fluid mass passes the plane z=constant
between y = 0 and y = h, where h is slightly larger than the boundary thickness,
b, is

h
/0 pudy 3.28

per unit distance in the z (spanwise) direction, where p is the density of and u is

an internal stream of velocity. In the absence of a boundary layer, u will be equal
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to the external stream velocity, u. and p = p.. Therefore, the reduction in mass
flow rate per unit span between y = 0 and y = h caused by the presence of the

boundary layer is

h
/0 (pette — pu)dy 3.29

The thickness in the y direction of a layer of external stream fluid carrying this

mass flow per unit span in constant density flow is

h
§* :/0 (1-L)dy 3.30

Ue

This is the distance by which the external-flow streamlines are displaced in the
y direction by the presence of the boundary layer and is called the displacement

thickness.

The thickness of a layer of external stream fluid carrying a momentum flow
rate equal to the reduction in momentum flow rate is defined as the momentum

thickness, 8 and can be expressed as follows:
by u
= —(1 — —)d .
/0 ( ue) Y (3.31)

The velocity inside of the boundary layer is calculated by the power-law as-

sumption: B \
&1
& (n+l) ¢ (3.32)
u 1/7

where H is the shape parameter.



3.3.4

Flow around and in the Wake of a Body 34

Determination of the B.L. Characteristics

Solving shear layer equations or simply using empirical formulas provides the
characteristics of the boundary layer, e.g. displacement thickness, momentum

thickness and skin friction.

In this work the thin-shear-layer (TSL) approximation for two dimensional flow
is used since it is a simplified form of the Navier-Stokes equations. TSL equations
are valid when the ratio of the shear layer thickness, §, to the streamwise length
of the flow, I, is very small. These equations are written for two dimensional

incompressible flows with eddy viscosity concept:

u@_*_vng__l@_‘_l_a_[@ "]‘

0r Oy  poz payﬂay puy

Ou Bv_o

5z By > (3.33)
dp
By—o

where pu is the viscosity, and p is pressure.

A numerical procedure for the solution of the TSL equations and its source
program are given in {39]. This program has been modified for the present use. The
laminar and turbulent boundary layer are calculated by starting the calculations at
the forward stagnation point of the body with a given external velocity distribution
and a given transition point where the turbulent flow starts. Having run the
program, 8%, § and H are obtained. Using Equation 3.32 the boundary layer

thickness and velocities inside of the boundary layer are calculated.
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3.4 Interactions
Interaction Between the Boundary Layer and Potential Flow

The boundary layer moves the streamlines away from the body surface and a
new body geometry is generated by adding the local displacement thickness to the

original body geometry. This body will be called the displacement body, Figure

3.3:

Figure 3.3 — Displacement Body Outline

The outline of the displacement body can be found by an iteration as follows:
1. Calculate the inviscid flow around the body by potential flow theory.

2.Using the external velocity obtained from step 1, calculate the displacement

thickness by TSL method.
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3. Add 4", obtained from step 2, to the body shape to form a new displacement
surface and recalculate the potential low. Repeat steps 2 and 3 until the results

converge.
Interaction Between the Propeller and Body

The flow for a body with an operating propeller can be described as the sum
of the freestream flow plus the flow induced by propeller and panels. The total

potential velocity can be written by

¢Total = <Zsoo + ¢d + ¢pr (3.34)

where ¢y is the potential due to the propeller.

In order to find the value of the source strengths and consequently the velocities
around the body, the Neumann boundary condition should be employed in order

to cancel the normal velocities at each quadrilateral.

a‘»ISTotal _ _
on ~— " 0
or
N
Va =t n+[Y 0;Va] 0+ un, (3.35)
J=1

where up,, is normal velocity induced by the propeller on each panel.

The solution of the above equation gives the new value of the source strengths.

The total velocity then becomes

N
V=VotVprt+ Y 0jVey (3.36)
j=1
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The achievement of the above procedures can be arranged as follows: Initially
the potential flow and boundary layer is calculated and nominal velocity distri-
bution is found. Using this nominal wake for the propeller design procedure, the
velocity induced by the propeller is obtained for appropriate points on the panels.
The effect of the propeller is assumed to be potential and hence the source strengths
on the surface of the body are modified to account for the propeller induced normal
velocities. This modified potential flow is then used for the estimation of boundary
layer and displacement thickness and a original body is replaced by the displace-
ment body. Using this newly created body the potential flow and boundary layer
theories are applied taking account of the propeller induction effect. This process

is repeated until the newly obtained wake is equal the previous one, Figure 3.4.
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Figure 3.4 — Flow Chart for Interaction between the Flows



Chapter IV

The Conventional Lifting Line Model of Propeller Action

4.1 Introduction

The design of the marine propeller is a subject that has received the attention
of many researchers during the last century as evidenced from the large numbers of
papers and reports in the technical literature. One of these methods called lifting

line theory is widely used in propeller design [1, 2, 5, 6, 23, 37, 40, 44, 45].

In the theory one of the major computational tasks is to calculate the induced
velocities and hence determine the radial distribution of bound circulation, lift

coefficient and hydrodynamic pitch angle for each section of the propeller blade.

In this chapter a description will be given of a lifting line procedure based on
the assumption that the blades are replaced by lifting lines with zero thickness and
width along which the bound circulation is distributed. The free vortex sheets shed
from the lifting lines lie on regular helical surfaces, see Figure 4.1. In other words,
the trailing vortices are assumed to lie on cylinders of constant radius and to be of
constant pitch in the axial direction, although the pitch of the vortex sheets can
vary in the radial direction. In the regular helical slipstream model, it is assumed
that propeller loading is light or moderate. In this case no slipstream deformation
is taken into account. In the next chapter a new design method will be introduced
to take account of the local flow and induced velocities along the slipstream and

the resultant slipstream deformation. Before explaining the lifting line
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Figure 4.1 — Regular Helical Slipstream

procedure, it is better to give some explanation of the basic theories such as momen-
tum theory, blade element theory and circulation theory which have been building

bricks in the later development of the advanced propeller theories.

Momentum Theory

The first rational theory of propeller action was developed by Rankine and
R.E Froude [11, 12]. The theory is based on the concept that the hydrodynamic
forces on the propeller blades are due to momentum changes which occur in the
region of the fluid acted upon by the propeller. This region of fluid forms a circular
column which is acted upon by a disc representing the propeller and which forms
what is termed the “slipstream” of the propeller. The slipstream has both an

axial and angular motion; in the simple momentum theory only the axial motion
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is considered, while in the extended momentum theory the angular motion also is

taken into account. The following assumptions are made in this theory:
e The fluid is assumed to be non-viscous,

e The propeller has an infinite number of blades, i.e. it is replaced by the so-called

“actuator disc”.

e The propeller is assumed to be capable of imparting a sternward axial thrust

without causing rotation in the slipstream.
e The thrust is assumed to be uniformly distributed over the disk area.

The important result derived from this theory is that the axial induced velocity
at the propeller plane is one half of its value at infinity downstream. This can be
proven from the simple Bernoulli equation as re-stated in Equation 4.1 through

Equation 4.4 with the aid of Figure 4.2.

Behind the propeller the equation can be written as;

1 1
5PV2 + Po=3pV{ + Pa (4.1)
where Vo=Vp + u,

Forward of the propeller the equation can be written as;

1 1
5/"’02 + P = ‘2'PV12 + Pr (4.2)

Therefore the increase in pressure at the disc is given by

P4 — Pr = AP = pVju, (4.3)
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Having combined above equations, the following statement can be obtained

Vi=W+ ? (4.4)

AFT v ORWARD

O
= U
O
T
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Figure 4.2 — Momentum Theory

4.3 Blade Element Theory

In the blade element theory, which is based on the early work by W. Froude
(38] and others, each blade of the propeller is divided into a number of chordwise
elements each of which is assumed to operate as if it were part of a hydrofoil,

Figure 4.3.

As seen in Figure 4.4 the velocity of fluid relative to each blade element is the
resultant of the axial and angular velocities. A torque @ is applied to the propeller

by the driving shaft, and the propeller and shaft rotate at the rotational speed
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Figure 4.3 — Propeller Blade Definition

n. Consequently the blade section has a speed, 27nr, in the tangential direction
and a speed of advance, V4, in the axial direction. The hydrodynamic forces on
each blade element are a lift force dL acting perpendicular to the direction of the
resultant velocity, and a drag force dD opposing the movement of element and

acting along the line of the resultant velocity, V;

The blade section element forces at radius r are resolved in the axial and
tangential directions, giving a blade element thrust dT and a blade element torque
force dQp and hence a blade element torque d@Q). The blade element thrust and
torque values are integrated for all the blade elements to determine the overall

thrust and torque of the propeller.

The blade element theory described above takes no account of the influence of
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de B

dD

Figure 4.4 — Blade Element Theory

the propeller on the flow. This can be accounted for by introducing the axial and
rotational induced velocity components, the existence of which is explained by the
momentum theory, Figure 4.5. The direction of the resultant flow 1s modified by
the presence of the induced velocities and now lies on a helical line defined by the

hydrodynamic pitch angle, ;.

However, the expressions for the induced velocities derived from the momentum
theory relate to the actuator disc which is virtually an infinitely bladed propeller.
The problem of accounting for the fact that the propeller has a finite number
of blades is overcome by the introduction of the circulation or vortex theory of

propeller action.



The Conventional Lifting Line Model of Propeller Action 44

Figure 4.5 — Combined Momentum and Blade Element Theories

4.4 Circulation Theory

The circulation theory is based on a concept due to Lanchester [13] which states
that the lift developed by the propeller blades is caused by the circulatory flow
which is set up around the blades. This causes an increased local velocity across
the back of the blade, and a reduced local velocity across the face of the blade.
The fluid velocities relative to a blade element around which there is a circulatory
flow in a non-viscous fluid can be specified by a translation velocity V;, together
with a circulation velocity v.. The circulation, I'y, around the element is defined
as the line integral of the circulation velocity, v, around any path which encloses
the element. Thus, for a given circulation, the circulation velocity diminishes with

distance from the element.
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For two dimensional flow the lift force dL on the element of chord length
C and width dr is related to the translation velocity and the circulation by the

Kutta-Joukowski equation

dL = pT,V,dr (4.5)

In applying the circulation theory to the flow conditions of a propel]er; each
blade is first assumed to be replaced by a vortex line which extends from the
propeller axis to blade tip and around which there is a circulation flow. This
vortex line, which is termed a bound vortex line, is terminated at the propeller
axis and blade tip by two trailing vortex lines. The axial vortex line follows a path
along the propeller axis and the tip vortex line follows a helical path which traces
out the boundary of the slipstream. If the circulation is constant from the propeller
axis to the tip then the circulation of each trailing vortex line will be equal to that
of the bound vortex line. If the circulation varies radially, as in the propeller case,
then a system of trailing vortex lines of similar form to the tip vortex line is shed
along the radial length of the blade, and the single bound vortex line is replaced
by a series of bound vortex lines all extending from the propeller axis but each
terminating at, and of circulation equal to, one of trailing vortex lines. This system
of trailing vortex lines forms a helicoidal sheet associated with which is an induced
velocity. If the slipstream contraction is neglected and if it is assumed that pitch
of the vortex sheets is radially uniform it can be shown that the direction of the
induced velocity is normal to the vortex sheet. However, in the more general case
of non-uniform vortex sheet pitch, this “condition of normality” is not fulfilled.
These induced velocities can be resolved into components in the axial, tangential

and radial directions.
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The first major problem to be overcome in deriving a vortex theory of propeller
action is to build a model of the vortex distribution over the blade surface. The
level of complexity of the problem can be reduced by the lifting line method in
which a propeller section having a bound circulation I'; at radius r 1s replaced by a
single point vortex and hence the entire blade can be represented by a single bound

vortex line on the basis of zero blade width and thickness, as shown in Figure 4.6.

I

r

I:

Figure 4.6 — The Replacement of the Blade Section by a Single Vortex

4.5 Lifting Line Design Method with Regular Helical Slip-

stream

4.5.1 Design Variables

Apart from some special cases propellers are normally designed to absorb the

rated power of the machinery at the required rate of rotation. This implies that
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two of the input design parameters are associated with the engine, while the other

parameters are listed as follows:

e Engine brake power, Pp kw

e Shaft efficiency, 7,

e Delivered power, Pp = Pp X 7,

e Propeller rate of rotation, N

e Ship speed, Vs

o Torque identity wake fraction, wq

e Number of blades, Z

Using these data and an appropriate B, — 6 diagram the optimum diameter, D,
and the mean face pitch ratio of a “basic” propeller to satisfy the design condition

can be determined.

The blade surface area required to minimise the risk of cavitation can be deter-
mined using a cavitation diagram, such as that due to Burrill [8]. The distribution
of this area on an appropriate blade outline gives the blade chord widths at the

design radii.

A simple stressing calculation can be used to calculate the blade section thick-

ness and drag coefficients determined as function of the section thickness ratios.

The wake-adaptation of the design, i.e. optimisation with respect to the radial

wake distribution in which the propeller is assumed to work, is then carried out
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using the lifting line procedure.

In this procedure the above design conditions are represented by the require-

ment that the propeller should achieve a torque coeflicient, Kg, given by

3 55P
Kqg = 33.85Fp (4.6)
(A2}’ p?

Optimisation of the design, i.e. the determination of the radial loading distri-
bution corresponding to maximum efficiency, is achieved by introducing a minimum
energy loss condition into the solution of the lifting line model. In this work the
condition derived by Burrill [9] is used, in which the vortex sheets on the ultimate

wake are assumed to have uniform pitch radially, i.e. :

z;m tane; = constant (4.7)

where z; = ri/R is the non-dimensional form of the i** section radius, R is the

propeller radius and ¢; is the pitch angle of helical vortex sheets at infinity.

4.5.2 Mathematical Model

In the development of the mathematical model of the propeller, a satisfactory
formulation of the induced velocities is essential. In general there are two ways of
obtaining the velocities induced on the lifting line by a regular helical vortex line.
The first involves the solution of Laplace’s differential equation whilst the second
method is based on the use of the Biot-Savart Law to calculate the incremental
velocity induced by a vortex element at any point. Then the total induced velocity

at the point is calculated by numerically integrating the individual effects of the
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elements constituting the vortex line.

The induced velocities calculated by either method are finite except for the case
where the reference point lies on the vortex and especially, the leading end where
the velocity components become infinite. The induction factors are introduced to
overcome this difficulty. An induction factor is defined as the ratio of the velocity
induced at a point by a semi-infinite helical vortex line to that induced by a semi-
infinite straight vortex line of the same strength. They can be evaluated either by
the solution of a partial differential equation subject to boundary conditions [16]

or by the Biot-Savart method.

Based on the assumption that the circulation of the lifting line, or bound
circulation, is assumed to go continuously to zero at both the tip and the boss,
the associated expression for the circulation can be defined by a Fourier sine series
and written in non-dimensional form as follows

T';
DV,

G; = = Z A, - sinng; (4.8)
n=1

Where T; is the bound circulation at z; and A, is the bound circulation coefficient

whose value is to be determined.

The angular coordinate, ¢;, is defined in terms the radial coordinate, z;, as

follows,
1 -z
2

zi=zp + (

)(1 — cos ¢;) (4.9)

Where z;, is the non-dimensional hub radius and ¢; varies from 0 at the hub to =

at the tip.

The problem is now the determination of the unknown A,’s. Once these values
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are calculated, the axial, tangential and radial induced velocities at any point of
the lifting line can be estimated and finally the hydrodynamic pitch angle, lift

coefficient and torque, thrust coefficient can be calculated.

At the z;** radial lifting line location, a free vortex will be shed of strength

(%gdm)i (4.10)

and circulation at the m;+dzth radial location is

dG
Gzipgp = Gz + (—Ja—:dz). (4.11)

The total velocity induced at a point at radius z; by helical lines starting at

points z) can be given in terms of the induction factors as follows

1

_ dG dz;,
Ugt,r ——z{ Ia,t,r(;l';)km (4.12)

where I represents induction factors which depend only on the geometry of
slipstream and can be calculated by the two methods mentioned earlier. The

subscript a, t and r denote axial, tangential and radial components respectively.

For the induction factors Lerbs, [16], expressed analytical formulations as fol-

lows:

For the internal field (z; > )
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z; T
[ =g (Zk_
¢ Tk tan,@k(z; 1)Bi
4.13
I = —Z(% ~1)(1 + By) (#12)
For the external field (z; < =)
x; Ty
I, =22 (Zk _
zi tan Gy x; 1)(1+ B,)
4.14
L =22 -1)B, (4.14)
s
where the following are defined:
1+ /\02 0.25 1 1 /\02 1 )
Byg = ' — ——eee
v =) m T T gy U T T
1, (V1422 - 1)(V1+ A2
Arz =:{:(\[1+/\2—\/1+z\02)i—2—ln( T —D(VI+ X +1)
(\/1+A02+1)(V1+A2 —1) $ (415)
1
0= tanf
zrtanfy

Although the above equations yield a very fast computation in terms of the

Central Processor Unit (CPU) time, the use of these induction factors

vantages defined as follows:
o The expressions are applicable only to a regular helical slipstream,

e They do not provide the radial component of induced velocity,

has disad-

¢ They can only be used to calculate induction factors and hence velocities on

the lifting line.
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However, by the use of the Biot-Savart Law, {2], the induced velocities and the
induction factors for a regular helical vortex have been calculated as re-stated in

the following for the three components.

In Figure 4.7 a regular helical vortex line is defined as one of constant pitch
lying on the surface of a cylinder of constant radius. The non-dimensional velocities
induced at N(0,z;,0) by a short element of the vortex line length ds situated at

M(n+y,2k, ¢+ 0) is given by

In the axial direction

l\°|f.3

/——;3 — zj cos(8 + qS)]dG (4.16)
0

In the tangential direction

Vo, 2 3{ i —zf cos(0+ @) — (z0 tan By +7) cot By sin(6 + ¢)|df (4.17)

Q

u; _ Gtan B;
/

In the radial direction

u, Gtanf;
v = 5 /0 =3 [ (10 tan By + n) cot By + zj sin(f + ¢)] (4.18)
where a is defined as
[(zxftan By, + 7)? + zi — 2z;z} cos(0 + @)] (4.19)

When these equation are used to determine the velocities induced on the lifting

line they can be further simplified by putting 7 = 0 and ¢ = 0 giving:
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Figure 4.7 — Regular Helical Slipstream
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| Q

[o ]
U k
7 .0/ 7 |Zi — Tk cos 0]d0 (4.20)

u; _ Gtanf; 7mk
v, 2

3 [zi — z} cos § — x4, sin §)db (4.21)

u, Gtanf; Tk :
AR /0 3 [ zi6 cos B + x4 sin 0] dé (4.22)
a= \/[(zkﬂ tan B;)? + 22 — 2z;z) cos 6] (4.23)

The velocities calculated using these equations are finite except when z; = z;
and 6§ approaches zero under which circumstances the integrands become infinite.
In order to overcome this difficulty the concept of the induction factor is introduced.
The induced velocities at any point z; is divided by the velocity induced at z; by

a starting semi-infinite vortex line of circulation G starting at zy, i.e.

u G
V.= —2(33i e (4.24)
The equations for the induction factors then became
I, = (z; — ) -Z—: T — T;COS 0)] dé (4.25)
0
(e o]

Iy = (z; — zp) tan B / Z—I; [a:,' — 2} cos 0 — z0 sin 6]d6 (4.26)
0
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[s 2]

I, = (z; — ) tan By / % {—wkﬁ cos 8 + zj, sin 8{df (4.27)
0

It can be seen from the equations for I, I;, I, that the induction factors are
completely independent of the circulation. They depend entirely upon the pitch
of the free vortex line and the relative position of the point of inception and the
point where the velocities are being calculated. It can be shown that the induction
factor factors remain finite for all values of the variables and that when z; = z;

they assume limiting values as below:

I =sinfy, I,=—cosfy, I,=0 (4.28)

Determination of Bound Circulation

The solution of the lifting line design problem involves determination of the
value of the unknown bound circulation coefficient, A,, in Equation 4.8. In order
to obtain a tractable solution, the infinite series is truncated to a small number of
terms. It is convenient if the number of terms is equal to the number of blade sec-
tion considered. Generally the blade can be adequately represented by 11 sections

including the hub and tip, typical values being
2y , 025,030, 0.40 , 0.50 , 0.60 , 0.70 , 080 , 0.90 , 0.95 , 1.0

However, since the circulation is zero at the hub and at the tip, it is sufficient
to consider a 9-term series to be solved in relation to reference points between the

hub and tip.

In Equation 4.12, z} is replaced by the angular coordinate, ¢, and z; by a
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similar angular coordinate, %, then the equation for the induced velocities becomes

n

o / Ior|A1cosd + 2A3co52¢ + ... + 9Ag cos 9¢)
ta,t,r

J 2L(cos ¢ — cos ) dé (4.29)
where
I = 1—z,
2

In the above integral expression, the integration is carried out numerically such
that for each of nine values of z;, the nine term of equations for the induced velocity

components are set up in terms of the unknown A,’s.

In order to optimise the radial loading distribution of the wake-adapted pro-
peller Burrill’s minimum energy loss condition is used as given by Equation 4.7.
For the 9 reference points, the tangential and axial induced velocities in terms of
the 9 unknown Fourier coefficients are substituted into Equation 4.7. Finally a

system of nine simultaneous equations is formed as follows:

1 z;wtane;
ua,-—ut,-tane,-=§[47—‘~(1—w,-)] i=1,2,..,9 (4.30)
8

Where J, = ;‘% is advance coefficient and w; is the local wake fraction at the

blade section radius z;.

These equations can be solved by commonly used matrix methods to give the
circulation coefficients. Having established the circulation, the final parameters as-
sociated with the propeller may be investigated by the equations given in Appendix

A
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Calculation of the Mean Induced Velocities

In the solution of the lifting line model, it is only necessary to calculate the
velocities induced on the line itself by the helical free vortex lines in the slipstream.
Since the free vortex system rotates with the propeller, the induced velocities on

the lifting line do not vary with time.

In the case of a compound propulsor with a fixed component, such as a duct
or stator, the velocities induced by the propeller on the component will vary with
time at blade frequency. Normally these fluctuations in induced velocities can not
be accounted for in designing the fixed component and it is necessary to have the
means of calculating the mean velocities induced by the propeller at a fixed point

in the fluid, i.e. a field point.

The mean velocities can be calculated by applying the Biot-Savart method to a
number of points over the blade phase angle and integrating the induced velocities
at these points to find the time. This approach is very expensive in terms of CPU
time. In the case of the regular helical slipstream the mean induced velocitics can
be calculated more economically by assuming that the helical vortex lines can be
replaced by a vortex cylinder comprising a semi-infinite tube of ring vortices and
an infinite number of horse-shoe vortices, consisting of bound vortices and straight

vortices , Figure 4.8.

When considering a system of Z helical vortex lines of constant pitch P;, radius
r; and strength (%dr);, the circulation due to this helical vortex can be written
- Z(%—Edr)i, [41]. Also the circulation due to a continuous distribution of ring

vortices of constant strength is (y,; P;dr), where v,; the vortex intensity of the ring
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Figure 4.8 — Elementary Vortex System
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vortices.

Equating these expressions

riPidri = —Z(——)idr;
Yri Pidr (= )idr
where P; = 27r;tan fG;
%L
mi=-Z4 (4.31)

This can be expressed in its non-dimensional form as follows:

i g ()
7 z; tan j3;

(4.32)

Similarly the non-dimensional vortex intensity of the straight vortex lines can
be shown to be
(55):
gsi = 22822 (4.33)

Ty

As indicated by Equations 4.32 and 4.33, a system of Z equispaced regular he-
lical vortices can be substituted by an infinite number of ring and straight vortices
with constant vorticity downstream. The mean velocities induced by this vortex
cylinder at any field point can be calculated by a piecewise integration along its
length. However, it has been shown in [46] that the velocity induced by a semi-
infinite vortex cylinder of unit strength can be expressed in terms of complete

elliptic integrals of the first, second and third kind.
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The total induced velocity can be found by the integration of the effect of the

free vortices from the boss to the tip as follows:

¢

Ugr = "/6ua,t, g )’ (4.34)

s z;tan ﬁ,

or in terms of the angular coordinate

T

Oug t s
Ug tr = -—Z/ k1L Z Apn cosng;dd (4.35)

J T tan ﬂ,

where §uq ¢, are the incremental axial, tangential and radial induced velocities due

to each cylinder which can be calculated using following equations:

Mean axial induced velocity component

_ 1 y (r—1) 2
Su, = A+ K — e

Where
A=xn if r2<l, A=0 if »2>1

Mean tangential induced velocity component

1 : (r - )
duy = B K 2
2”[ ’ Vi +(r+ 1) [ (k)+( +1) e, Bl (437)

Where
B=0 if r2<1, B=2 if r2>1
T
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Mean radial induced velocity component

1 2 k?

Y; _ Zo _ 4r 4
T x;’ y? + (22 + 1)%’ “= (r+1)2

z; : Radius of the vortex cylinder
zo : Radius of field point
y; : Axial distance of the field point from the propeller axis

The symbols K(k), E(k) and II(a? k) denote complete elliptical integrals of
the first, second and third kind respectively.

4.5.5 Effect of the Bound Vortices

The equations for the calculation of the induced velocities due to bound vortices
can be derived from the use of the Biot-Savart’s Law. In terms of cylindrical polar
coordinates the velocities induced at P(y,r,,0) by a vortex element §7 located at

(0,7, ¢), Figure 4.9, will, when reduced to non-dimensional terms, be given by

_ G zgsin(f — ¢)

du, R R dz (4.39)
_ Gycos(8 - ¢)
duy = —‘é'-—-a—a——dz (4.40)

Gysin(0 — ¢
du,. = *5———13 )d:l) (441)
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» 5

Figure 4.9 — Bound Vortex Line

where

a= \/2:(2, + 22 — 2z, cos(f — ¢) + y? (4.42)

The total velocities induced at P a system Z equally spaced lifting hines are

therefore given by

dug = Z/ Gwd:ﬁ (4.43)

1z,

duy = }:/ Mm (1.44)

1z,



Chapter V

Advanced Lifting Line Model

5.1 Introduction

5.2

In this Chapter a description is given of the development of a lifting line de-
sign procedure in which the body wake flow velocities are taken into account in
addition to the velocities induced by the propeller. The major characteristic of
the procedure compared to that described in Chapter 4 is that account is taken of
the true shape of the slipstream. The slipstream is assumed to comprise deformed
helical vortex sheets, the shape of which is a function of the velocities induced in

the slipstream by the propeller and the body wake velocities.

Design Considerations

The aim of the design is the solution of the vortex model of the propeller and
in particular the determination of the distribution of the bound circulation on the
lifting line such that it absorbs a given power at a specified rate of rotation. The
design input parameters, derived from the standard series diagrams, are the same
as those for the regular helical slipstream design, only the local wake velocities in

the slipstream are extra input parameters.

As before, the solution of the lifting line model requires the introduction of
a condition for minimum energy loss and hence the specification of the optimum

radial distribution of the bound circulation. In previous Chapter the condition
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proposed by Burrill was used. For the case of the irregular slipstream, this condi-
tion was defined as “rzo tane = constant”, [1]. In this expression z, refers to
the contracted radius of a slipstream line starting at radius =g on the lifting line
and the ultimate pitch angle, €, is given by

(1 — Wneo) + 2ug;
-

£ = tan_l{ (5.1)
where Wne, is the wake at infinity downstream, u,; and u; axial and tangential

induced velocity at i** section of the lifting line.

In the present method Wn, approaches to zero and z, becomes much smaller
than zg. Therefore the solution for the bound circulation by using Equation 5.1
presents unrealistic values. Therefore it was decided to use the wake values (Wn)
and radius (zo) on the lifting line rather than Wny and z. For the initial value

of z7 tane is assumed and entered to the design program.

Mathematical Formulation of the Model

The major numerical calculations mainly involve the determination of the in-
duction factors. In order to obtain the induction factors for an irregular helix
Glover [1] suggests that the helix should be split up into a number of finite regular
helical elements. The length of these elements should be small in areas where the
pitch and diameter of the irregular helix change most. Furthermore, their pitch
and diameter should be equal to the arithmetic mean of the irregular element they

represent.

In this present work, however, a different procedure will be used. Initially the

Biot-Savart Law is introduced to find the equation for the calculation of the induc-
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tion factors and induced velocities. Having obtained the equations, the induction

factors and induced velocities are calculated by a direct numerical integration.
The incremental velocity induced by a vortex element length ds at the point

N, Figure 5.1, according to the Biot-Savart Law is

-

ds x

8

r
di = —
U= == (5.2)
or
- 7 7 k
du = po— T'dy | cot By cos(bk; + @) 1 — cot B sin(Oy; + @) (5.3)
Tkj Sin(ﬂkj + ¢2) ~Ykj —Ti— Tk sin(@kj + d’z)
where
a= \/ykj + 18 +rf; — 2rir; cos(Ok; + 2) (5.4)
I’ = Strength of vortex line
d5 = Length of vortex element
d@ = Distance from ds to the point where the velocity induced by the vortex
line.

r; = radius of the reference point
ri; = radius of the vortex element

fr; = rotational distance of the vortex element from the lifting line
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Figure 5.1 — Irregular Helical Slipstream
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Yr; = axial distance from the axes of the reference point
b, = 2—"@7——12 is blade angle where n = 1,2,3,..., Z
Bkj = the hydrodynamic pitch angle of the vortex element

The hydrodynamic pitch angle of the vortex lines can be calculated in a manner

such that the local velocities are taken into account;

1 Uay; + Uay;
nzgnD — wy,; — Uy

,ij =tan" (5.5)

Where Uy, ;, Us,; are the axial and tangential local wake velocities respectively.

On the lifting line the non-dimensional radius is z; and the hydrodynamic
pitch angle is Bx, however at the 7% downstream location these will be referred as
zij and Bi; respectively. Accordingly the axial distance from the lifting line can

be represented in terms of B;;, zx; and ;.

dyy; = “;—’;"mk tan B;;d6 (5.6)
or .
J
Ykj = /%mk tan By ;df (5.7)
0
and
Or; = 73__&...__ (5.8)
) ?k,‘:'ivk tan By; .

The induction factors in the axial, tangential and radial directions can be
obtained from the Equation 5.3 and summing up the effect of all blades they are

written in non-dimensional quantities as follows:
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The induction factor in axial direction

Z

= Z( — :vk)/tanﬁk;; [:z:kJ z; cos(Bg; + ¢z)]d9j (5.9)

1

The induction factor in tangential direction

Z

o0 P
I, = 2:(:1:t —zp) / tan ﬁkj:ki]- [mi — Tk cos(ﬂkj +¢;) — Yk; cot ﬁkj Sin(ekj + ¢z)] di
1 0

(5.10)

The induction factor in radial direction

I, = Z(:ct — z}) / tan ,Bk_, ykJ cot B; cos(0r; + ¢z) + xxj sin(f; + ¢z)] db;

(5.11)

These equations form the major part of the numerical calculation leading to the
determination of the velocity induced by the Z vortex lines at x; on the reference

blade.

The induction factors calculated using these equation are finite except when
z; = zj; and O; — 0 at the point yx; = 0 in which case the integrals approach
infinity. By examining the behaviour of the equation for small values of f; it has
been shown in [1] that the integrals can be analytically determined. When 6 is

small and lies within the range 0 to ¥ it can be assumed that
92

cosf = 1——? and sinf =46 (5.12)

The deformed vortex in this location can be replaced by one of constant pitch and

diameter as follows:
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The hydrodynamic pitch angle

B = @ (5.13)
The radius of the vortex line
Ty = ﬂc_;;ﬂy_ and by = -2 (5.14)
z;

The integration between 0 and ¥ gives
¥ _ Sm \
1- 6m)\/¢2(62 tan? Bm + 6m) + (1 — 5m)2 2(52 tan? Bm + am)l's

i VB (B2 tan2 B + 6)(1 — 6)? + %1/82 tan? By + 6
11— éml

AIaz(l—ék)[(

\/1/,2(52 tan? B, + 6m) )] 5
VH2 (8 tan? B + Bm) + (1 — 6m)? J
(5.15)
As zp; — z; the above equation approach the indefinite value, according to

the rule of de L'Hospital the result has been found, as in [1], to be

Al, = —cos 3 (5.16)

Similarly for the tangential induction factor
¥ B bm \
(1 - 6m)\/¢2(52 tan? Bm + 5m) + (1 - 5m)2 2(62 tan? Bm + 5m)1'5

in VI (6Ltan2By + 6m)(1 — 6m)? + $1/62 tan? By + b
|1 — 8]

AL~ (1 6&)

2 n2 m m
\/¢2(6 tan® Bm + 6m) oo tan i

(8 tan? B + bm) + (1 — 6m)? J
(5.17)
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At the limit é6,, — 1

Al = sin fB; (5.18)

For the radial induction factor

AL ~ 2 (1— 6;)6% tan B, [\/(1

2( K2 2
N Tt B T AL )2 + 42(82 tan? By + bm)

R (5.19)
om —2(1 = bm
\/(1 — 8m)? + $2(62 tan? B + bm) % )
and at the limit é,, — 1
Al =0 (5.20)

These equations will be used for the first element of the first blade to calculate

the induction factors. The rest of the induction factors can be easily determined

from the Equations 5.9, 5.10 and 5.11.

If I is the axial, radial and tangential induction factor due to helical vortex
shed at z}, the the total velocity induced at z; can be written as

¢

u.:/I(E dzy

—_— 5.21
dz k2(:c,'j — mkj) ( )

Zh

5.4 Calculation of the Induced Velocities

The calculation of induced velocities due to the trailing vortex sheet at points
on the lifting line and in the slipstream involves evaluation of the induction factors
defined by Equation 5.9 to 5.11. The integration of these equation from 8 = 0 to
§ = oo is impracticable and it is therefore truncated to an upper limit (i.e 107)

with a compromise between accuracy and computational time.
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The calculation of the induced velocities on the lifting line is carried out for
a small number of reference points distributed between the hub and the tip. A
helical free vortex line starts at each reference point and these vortex lines will be
referred to as reference vortices. The induced velocities in the slipstream will be

calculated at a number of control points distributed along the reference vortices.

The total induced velocities at any reference point or control point are derived
by integrating Equation 5.21 numerically for a large number of field vortices dis-
tributed on either side of the reference point and reference vortex. The induction
factors corresponding to the field vortices being calculated from Equation 5.9 to

5.11.

The induction factor at a slipstream control point representing the velocity
induced by a field vortex will be that due to a finite length of the field vortex
lying between the control point and the lifting line (i.e. the Left Hand Side Effect,
L.H.S) and that due to the semi-infinite line lying downstream from the point (the
Right Hand Side Effect, R.H.S), Figure 5.2. As far as the tangential and axial
induction factors are concerned the effects of these two vortex system are additive
but in the case of the radial component the opposite applies. The total induction

factor at a point in the slipstream are then calculated as follows:

in the tangential and axial components

I=Ipps+Irms (5.22)

in the radial component

I=Ipps—ILHs (5.23)
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\

LIS RILS

Lifting Line Point

Figure 5.2 — Model of Slipstream shape

5.5 Location of Field and Reference Vortices

The number and location of the field and reference vortices have an important
effect on the length of the calculation and the accuracy of the results. The reference
points will be situated at the blade design sections and form part of the input
data. According to these values, the field points can be spaced on either side of
each reference point in a special manner that more points have to be taken where
the maximum changes are expected. Therefore it is essential to concentrate the

points at the end of lifting line within the general rule of discretisation.

A field vortex is assumed to be shed on both sides of each reference helix and
the space between two field vortices is referred to as the mid-zone. If gg is the
width of the mid-zone and € the approximate spacing of the field vortices, Figure

5.3, then the location of them relative to a reference point at ¢; can be set up as
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field vortex

IR s reference vortex

Figure 5.3 — Field and Reference Vortices
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follows:
e Two field vortices are assumed to be shed at the location of ¢; + % and ¢; —

e Between the two reference vortices (¢1, ¢2) the number of field vortices can be

estimated as below:

¢1 ¢2 _|91—¢2

(5.24)

No=N; +1 €9 =

If e > € then the number of the field vortices between the reference points

becomes ANp = Ny + 1, otherwise ANp = Ny + 1.

The number of reference vortices and the values of €9 and e will be input
parameters to the design program. It was pointed out by Glover, (1], that 11
reference vortices with €9 = 6° and ¢y = 4° — 5° give maximum accuracy and
minimum execution time. A typical example is given when the width of the mid-

zone is 6° and the spacing of the field vortices 4°.
5.6 Determination of the Mid-Zone Effect

As was shown previously (Equation 5.21) the total induced velocities at a point

are given by

Tt
dG dzy
= | J(—) ———
“ / ( dz )k 2(:1:,']' - mkj) (5'25)
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Reference Vortex | No. of the Field Vortex] Radius ¢°
11 40 1.0000| 180.0000
39 0.9991}176.3150
38 0.9966]172.6250
37 0.9926{168.9301
36 0.9824]162.9301
35 0.9721| 158.4875
34 0.95971 154.0450
10 0.9500{ 151.0449
33 0.9394|148.0450
32 0.9269| 144.8177
31 0.9134]141.5904
9 0.9000] 138.5904
30 0.8857{135.5904
29 0.8645| 131.3936
28 0.8418(127.1968
27 0.8179]123.0000
8 0.8000} 120.0000
26 0.7816{117.0000
25 0.7514 [ 112.2388
24 0.7201 | 107.4775
7 0.7000 | 104.4775
23 0.6796 {101.4775
22 0.6504 | 97.2388
21 0.6209 | 93.0000
6 0.6000| 90.0000
20 0.5791 | 87.0000
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Reference Vortex | No. of the Field Vortex Radius| ¢°
19 0.5496 | 82.7613
18 0.5204 | 78.5225
5 0.5000 | 75.5225
17 0.4799 | 72.5225
16 0.4486 | 67.7612
15 0.4184 | 63.0000
4 0.4000 | 60.0000
14 0.3821 | 57.0000
13 0.3582 | 52.8032
12 0.3355 | 48.6064
11 0.3143 | 44.4096
3 0.3000{ 41.4096
10 0.2866 38.4096
9 0.2731{35.1823
8 0.2606| 31.9550
2 0.2500{ 28.9550
7 0.2403] 25.9550
6 0.2278{21.5124
5 0.2176{17.0704
4 0.2074]11.0702
3 0.2023| 7.3801
2 0.2008{ 3.6900
1 1 0.2000{ 0.0000

Table 5.1 — A typical distribution of the field vortices
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When z}; approaches z;;, the integrand tends to infinity. But this difficulty
can be resolved by considering a narrow space on either side of the reference point
within which the integrand assumes certain values. Using a similar procedure to

that in [1], the numerical integration of the above equation is divided into three

¢ z{j-—dzl z.~j+d:cz Tt
/ — / + / + / (5.26)
25 z) z:,-,-—dzl z,~j+dzz

parts as follows:

The mid-zone effect is represented by the integral f ”+ dz, ? and can be deter-
mined by expanding this as a Taylor series:
zij-+dz2 dz zi;+dz2 d 3
/ 2)— = F(z;) / T __am
zij—dz1 2(zi; — ;) 2i—dey 2(2 — Ti5)
zi;+dz 2{‘+d32
_F d " / d s
(mU) zij—dzy d:l: + 2'2F (2 ”) zij—dz; (= mU)dm e (5.27)
z._1+dz2
," t])/ (B — Zl),‘j)zd:l: + ...
zij~dzy

Integrating each part of above equation, e.g.

zgtds  de F(y;), dz2

1
“F(zi: —
2 (245) zij—dz; (T — i) 2 lnld:cll (5.28)
F'(z;) [ezijtdez dzs +dzy,
9 z‘-j_dzl dz = ('—-—2-—)F (:CU) (5.29)
— F" ) ig +d”2 1 2 2
gip. \TU i—dz (z — 2ij)dz = 2T2F (zij)(dey — dzy) = 0 (5.30)
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zij+dza

1
gﬁﬂﬂmﬁ/ (z — zi;)%dz =

F( 3 4.3) o '
mdns 3132 (zij)(dzy — dzi) = 0 (5.31)

Where F(z) = I('—fg)k and dz; & dz, are small distances on either side of the
reference vortex.

In order to obtain the above equations in angular coordinates, the following

equations can be used.

The circulation G is written in terms of ¢ as follows:

dG , dG dG _ dG d¢
iz %0 = 5% dz  d¢ dz
&G  &2G do 2 dG d*¢
2~ dp ) T it (5.32)
d
Dz =dzy +dzy and €= 62—0 = —; = half width of the mid — zone
(5.33)
and therefore
d%¢ 1
-t — %Dz —— — ——
-z = 2eDz da:l 3os (5.34)

and the final form of the mid-zone integral becomes

=gl Gplrtosag - g - al oG] s

If dz; is assumed to be equal to dzs the above equation can be re-stated as follows

= ~——dI +2e]—

/wﬂ e dG ﬁG gfgga d’@
bi—e z do de? .Dmd¢2e+ d¢”

(5.36)



Advanced Lifting Line Model 79

The above equation can be simplified using the expressions of 2¢ = d¢ and %)i- =

1—_23'1 sin ¢; and finally 1t becomes

dite 2
/¢ . € dI d G] (5.37)

e 1==bgn g [—‘”
i—€ 3 sin ¢;

dé; Fr dé?

This is the resulting equation obtained as in [1] and accordingly the velocity in-
duced at the j** downstream of the 1** reference vortex by the kt* field vortex can

be represented as follows.

U= — /¢—€Izg.=1 A‘nn Ccos n¢kd k+/¢+€ _ 4 IZ?.,:] Ann Ccos n¢k
0

d 5.38
2(zij — Tkj) $—e d+e 2(zi5 — zk;) ¢ (5.38)

5.7 Local Wake Velocities in the Slipstream

Detailed knowledge of the local wake velocity distribution in the slipstream
is necessary for the establishment of a realistic model of the part of the trailing
vortices which have a significant effect on the propeller design and final slipstream
shape. This 1s the major difference between the present method and other conven-
tional lifting line methods. In these conventional methods the radial wake velocity
distribution at the propeller plane is assumed to be constant along the slipstream.
But in reality this is not true, therefore it is essential to take account of the wake

velocities behind the propeller for modelling the true shape of the slipstream.

In this procedure the wake velocities in the slipstream are calculated at a num-
ber of control points using the methods described in Chapter 3. The choice of the
number of control points to be considered is a compromise between numerical ac-
curacy and computing time. In the present work, 21 control points are distributed

axially along each of 12 lines placed at various radial locations.
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Of the radial control points, 11 are situated at the propeller design section radii
and an extra point is placed below the propeller hub radius to allow the calculation
of the wake velocities within the contracted propeller slipstream. The axial control
points are placed at the following non-dimensional distances, Y/R, downstream of

the propeller plane:

~ =00, 006, ,0.20, 040, 060, 080, 1.0, 1.2, 14, 16

1.8, 2.0, 4.0, 60, 80, 10.0, 12.0, 14.0, 16.0, 18.0, 20.0

The local wake velocities at the 252 control points are calculated and stored for
later use in calculating the deformation of the slipstream. In the later calculation,
the wake velocities at control points on the vortex lines are derived by linear

interpolation within the stored values.

5.8 Deformation of the Slipstream

At a point z;; a distance y;; downstream from the lifting line, the slope of the

vortex line is given by

U,

tana;; =
a“j + ua"j

(5.39)

where Ua,.j, Us, ; are the local wake velocities in the axial and radial directions

and uq;;, Ury propeller induced velocities in the axial and radial directions.

The radius of the vortex line can be then determined from the following equa-
tion:

Viy
Ti; =z + ‘[) ? tan a;jdoy (5.40)
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The hydrodynamic pitch angle of the trailing vortices in the slipstream becomes

Uayj + tay,

-1
Bi; = tan [
1
I rzinD — uy,;

(5.41)

As can be seen from Equations 5.39 and 5.41, the deformed slipstream shape de-
pends on the total velocity on the vortex lines. The total velocity can be defined as
the sum of velocities induced at the point by the trailing vortices in the slipstream,
bound vortices at the lifting line and the local wake velocities. As long as the total
velocity at the point is calculated correctly, the true shape of the slipstream can

be obtained.

The components of the induced velocities or the local wake velocities can be
calculated using previously mentioned procedures, except for the velocities induced
by the trailing vortices at the hub and tip where the induction factors approach
infinity. In order to overcome this difficulty the hub and tip radii are redefined as
Thyp = ZThp + 0.012, 24, = @y — 0.012. These sections are treated as the hub and

tip radii within the all design calculations.

5.9 Convergence of Slipstream Shape

One of the main objectives of this section is to show how the helical slipstream
shape gradually converges to a final stable form. In order to achieve this objective,
the total velocities are calculated at each of the control points located on the
reference vortex lines. Their location with respect to the lifting line is given as

follows:

T T 3% 57 3w 7w
Za 83 5) T; T, ‘1—, "5‘, —4—, 27!', 2.57

3w, 3.5w, 4w, 45w, bx, 67, 7w and 10w
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Hence, 231 control points are used for the representation of the slipstream. For
the initial numerical calculation to define the trailing vortex shape, the local wake
velocities only are used since the induced velocities are still unknown. Using this
slipstream shape the bound circulation can be defined and provides the means for
the calculation of the induced velocities. Having calculated the induced velocities
related to the previously established bound circulation, a new slipstream shape is
obtained. According to the new deformed helical slipstream shape, the induction
factors and the bound circulation are redefined and consequently the velocities
induced at control points are recalculated. This procedure are carried out until
a satisfactory result is obtained with the aim of modelling a final stable irregular
helical slipstream shape. The design also satisfies the power absorption condition.
This convergence can be achieved by 3 or 4 iterations. At least 3 iterations are

essential to ensure the accuracy of the results.

In the process of deriving the new slipstream shape, an over correction of the
radii of the helices results in a fluctuation of the induced velocities when using
Equation 5.40. Therefore, it is necessary to use a new approximation which is the
arithmetic mean of the existing radius and that calculated by Equation 5.40. This

procedure supplies a smooth change from an original form to deformed one.

5.10 Circumferential Mean Velocities by Trailing Vortices

In the regular helical slipstream case, the mean induced velocities due to trail-
ing vortices can be calculated using elliptic integrals, whereas in the deformed
helical slipstream case the use of elliptic integrals is impossible. Therefore, the
most straight forward procedure for the calculation of mean velocities is to use the

equations from the Biot-Savart’s Law. The angle between the blades is divided
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into a number of parts and velocities induced at these points are calculated. These
velocities are then integrated numerically and divided by the blade angle to obtain
the circumferential mean induced velocities. In this study the angle between the
blades is divided into six parts resulting in seven points. On each point, the in-
duction factors are calculated from a slightly different form of Equation 5.9, 5.10,

5.11 as stated below:

z 00
o
I, = Z(w; - mk)/tanﬂkjﬁ[mkj — z; cos(Or; + ¢, + ¢f)] 8, (5.42)
1 0

z 00 To: ‘
I; = Z(m;—mk) /tanﬂkjﬁ [:c;—:l:kj cos(ak,-+q‘>z)—yk,- cot B sm(ekj+¢z+¢f)] dé;
1 0

(5.43)
z [o o)
Tk; _
I. = Z(zi—xk) /tanﬁkjﬁ[—ykj cot Bg; cos(Ok; +¢2)+ Tk 51n(0kj+¢z+¢f)]d0j
1 0
(5.44)
where
a= \/ij +2? + 2}, — 2zizhj cos(B; + 62 + b5) (5.45)
_2n(K-1)
¢f = Z(N=1) K=12,.,N

N: The number of the points between the blades
Z: The number of the blades.

The bound vortices also contribute to the circumferential mean induced ve-
locities. Using a formal application of Biot-Savart’s Law, one can show that the
mean velocities induced by the bound vortices of the propeller are only tangential.

Thus, the circumferential mean induced velocities include:
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e Axial, tangential, radial circumferential mean velocities induced by trailing

vortices.

e Tangential circumferential mean velocity induced by bound vortices.



Chapter VI

Propeller/Stator Combination

6.1 Introduction

Current design procedures, including optimisation of radial loading on the
basis of the lifting line model, result in conventional propellers with the highest
achievable efficiency. In recent years shipowners’ requirements for improved fuel
economy have led to the development and application of propulsive devices other

than the conventional propeller.

Contrarotating propellers provide an effective means of reducing the rotational
energy in the slipstream and will also remove the unbalanced torque reaction as-
sociated with the conventional propeller. However, their application involves in-
creased capital cost and mechanical complications related to gear box and shafting.
Largely for these reasons contrarotating propellers have not gained widespread use
on commercial vessels and their use has been limited to torpedoes, where torque

balance is essential.

Some of the benefits of contrarotation can be achieved at less cost and with
reduced mechanical complication by the use of fixed guide vanes, i.e. stators, placed
either upstream or downstream of the propeller. The stator can be designed to
remove the unbalanced torque reaction and to reduce the rotational energy loss, but
the gain in propulsor efficiency will be less than that achieved with contrarotation

because of the increased drag of the stator.
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As with other energy saving propulsors, the use of a stator is only worthwhile
where the energy losses in the slipstream are significant i.e. the propeller loading
is moderate to high. Where the propeller loading is light, as in the case of torpedo,
the use of a stator may result in reduced propulsor efficiency, but they provide a

cheap and effective means of removing the unbalanced torque.

Propeller with Downstream or Upstream Stator

Both downstream and upstream stators are designed such that the tangential
velocities which they induce in the slipstream cancel those induced by the propeller,

but the source of the efficiency gain is different in each case.

The downstream stator has a negligible effect on the propeller forces but,
for appropriate propulsor loading, the stator produces a net positive thrust and
the propulsor efficiency becomes greater than that of the equivalent conventional

propeller.

On the other hand, the upstream stator produces a net negative thrust but
modifies the flow to the propeller in such way that the propeller thrust is increased

and, again in the right conditions, the propeller efficiency is increased.

Previous studies have shown, [3], that the use of a downstream stator is more
effective than that of an upstream stator. Therefore the propeller with a down-

stream stator will be investigated more fully in the following sections.

Hydrodynamic Modelling of the Stator

The stator can be modelled by a system of lifting lines. The path of the trailing

vortices behind the stator is different than that of the propeller. In the stator case,
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the trailing vortices are no longer taken to be helical, but rather consist of semi-
infinite line vortices. The velocities induced by each horseshoe vortex, consisting of
a bound vortex segment and its accompanying trailing vortices, can be calculated

by an application of the Biot-Savart Law.

Derivation of the equations from the Biot-Savart Law can be classified into
two groups: equations for the stator induced velocities by non-deformed trailing

vortices and those by deformed trailing vortices.

As shown in Figure 6.1 the velocities induced at a point P(rp,yp,0) by a short

element of non-deformed vortex line located at R(rsinf,y,r cos ) can be written

as

e

Figure 6.1 — Stator Modelling by Non-deformed Vortex Lines
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7 7 k
di = 1 0 (6.1)
U= .
4rad _
—rsind y,—y (rp—rcosf)
or
dugs =0 )

r
du, = ——[rsi
Uur = 3 [r sin 8]dy > (6.2)

T

"~ 4mad

duy [rp — 7 cos f]dy

7

where a = \/[.,.2 + 72 + (yp — y)? — 2rrpsin 6]

The use of Equation 6.2 is further simplified if it is put in non-dimensional

form and for this purpose the following non-dimensional quantities are introduced:

ug U U _r _ __T
V‘:’ Vf’ .Vf’z_Rl’mp—Rl’G_TDaia

where
D,= Stator Diameter

R,= Stator Radius

On this basis the equations for the components of velocity induced at the point

P by a vortex line can be written as follows:

=0

u G 1 .
7’ = 5‘/0 Eg[m sin 6]dy
)

~

(6.3)

G 1
-‘-/::—é—/(; g[mp—:ccose]dy

/
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where

a= \/[:cz + 22+ (yp — y)? — 22z, 5in 6]

For a stator having Z, equally spaced blades, Z, free vortex lines will start
from the points on the blades corresponding to the radius 7, the angular position

of these lines in relation to the reference blade being given by

2n(n — 1)

d’z = Z,

(6.4)
where n = 1,2,3,...Z, Then the total induced velocities can be determined by the
simple summation of the individual velocities induced by the Z, vortex lines from

the hub (z3) to tip (z:) as follows:

Ug 3\

v,
Ur _ Z' G
V. / —[zsin(6 + ¢, )|dydz [ (6.5)

Ut

Z
‘ G 2t (1
7 /zh / —lzp — z cos(8 + ¢,)]dydz

/

where a = \/[a:z + 22 + (yp — y)? ~ 2zzpsin(0 + 4,)]

The above equations only give the effect of the vortices between y = 0 and
y = oo and named as R.H.S. effect (explained in section 5.4). If a point is located
between y = 0 and y = yp, in addition to the R.H.S, the L.H.S effect is also
calculated by integrating effect of the vortices between the y = 0 and y = y, as

follows:
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=2 _9

¥p 1

o 2 G / / —5lzsin(8 + ¢2)ldydz

g

(6.6)

Z
U ‘ G /‘ /yﬁ 1
V, s Jo — zcos( + ¢,)|dydz

/

The total induced velocities at the point P from the lifting line can be obtained
by the summation of the effect of R.H.S and L.H.S for the tangential and axial

induced velocities and the subtraction of the effect L.H.S and R.H.S for the radial

induced velocities.

With a finite number of stator blades, the self-induced velocities around the
circle at any radius of the stator will fluctuate cyclically. To design the stator it is
necessary to use the mean values of these fluctuations. These mean velocities can
easily be calculated in terms of the elliptic integrals of the first, second and third
kind and written with the effect of the free vortices placed from the boss and the

tip as follows:

Tt aG
Zs( 52 )i
Ug,tr = — /6u(a,t.r)i "(m(iz) de (6.7)

When z is replaced by the angular coordinate ¢ , the above equation becomes

% bug,,,
Ugpr = —-Z,/ (at —latr) Z Apn cosng;do (6.8)
0

n=1

where u(g,1r); are the axial, tangential and radial mean induced velocity compo-

nents given by Equation 4.37 to 4.39.

The equation for the velocities induced at the point P(0,yp,7p), Figure 6.2, by

a deformed trailing vortex located at a general point (rsin6,y,r cos§) can be
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Figure 6.2 — Stator Modelling by Deformed Vortex Lines

formulated as follows:

i j k
di = || tanc?zsiHG 1 —tan acosf (6.9)
—rsin  y,—y (rp—rcosf)
or
d L 0s 6) tan acsin 6 + ¢ 8. rsin6]dy |
= ——[(rp —rc an : .
Ua = ooy l(Ts asin an o cos 6 - r sin 8]dy
r - :
du, = m[—(yp —y)tanasin 6 + rsin ]dy (6.10)
r
du; = ) [rp — T cosf + (yp — y) tan a cos ]dy

When integration of the trailing vortices downstream from the lifting line and

from the hub to the tip for each blade are considered, the following equations are
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obtained in non-dimensional form:

Zs G r=
Ug = Z / / —l(zp—= cos(f + ¢.)) tan asin( + ¢, )+

tan a cos(8 + ¢;) - zsin(8 + ¢, )|dydz

Z. 00
> /z /o ;15[—(yp —y)tanasin(6 + ¢.) + zsin(6 + ¢,)ldydz

z. 2
G _/;h / pr} [€p — zcos(6 + ¢.) + (yp — y) tan acos(d + ¢,)]|dydz

(6.11)

6.4 Design Consideration of Downstream Stator

The design variables for the stator are the number of blades and the axial
separation of the propeller and stator. It is desirable to keep the tip of the stator
within the propeller slipstream and for that reason the tip radius of the stator is
set equal to the radius of the contracted propeller slipstream at the plane of the

stator, as shown in Figure 6.3.
The following assumptions are also made in designing a downstream stator:
o The blades of the stator are considered to have an equal angular spacing.
o The stator is assumed to have zero skew and rake.
e The blades are represented by straight, radial lifting lines.

Having established the stator hub and tip radii from the propeller slipstream
shape, 37 field points are distributed between the hub and tip with 5% spacing
between the points in angular coordinate. As in the case of the propeller, this

spacing was found to give good accuracy and acceptable computation time. The
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Axial Distance (AXD)

Propeller Stator

Figure 6.3 — Downstream Stator

locations of the field points are determined by following equation,

zs(i) = zp + 0.5(1 — z4)(1 — cos ;) (6.12)

where 8; = 35(N — 1) (N =1,2,3,..,37)

Since there are no rotational induced velocities downstream of the stator, the
free vortex lines shed by the stator are directed axially downstream on the sur-
faces of cylinders which contract with the propulsor slipstream. On each of the
trailing vortex lines shed from the stator 30 vortex elements and control points are
considered and the non-dimensional axial location of these points is determined as

below:

yi = 5(1 — cosb;) (6.13)
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where 6; = 55 N N =1,2,3,...,30

Having done this, 1110 points are obtained to model the slipstream shape
behind the stator. The next step is to determine the bound vortices of the stator
in order to achieve the design of the stator. Once the bound circulation of the
stator is established, the velocity induced by the stator can be calculated in axial,

radial and tangential directions using Equation 6.11.

6.5 Determination of Bound Vortices of the Stator

In order to determine the induced velocities, first the circulation of the stator
must be calculated. As stated earlier, the principle of the downstream stator
design was to balance out the tangential velocities in the slipstream. Therefore
the mean tangential velocities induced by the propeller should be cancelled out by
those of the stator at infinity downstream where the trailing vortices shed from
the propeller or the stator have significant effect while the bound vortices do not
have any effect. The tangential velocities induced by the stator can be written in

terms of the unknown circulation coeflicients, A,’s as follows

Zs w9 . o [g, — zcos(d + + — y)tan acos(8 +
up = Z/ 3 An-smnd),-/ 2 - 2( ¢:) (2”" y) tan o cos( 3¢;)]dyd¢
L =] o 2[z? + 22 + (yp — y)? — 2zzpsin(f + @))%/
(6.14)
In order to calculate the mean tangential induced velocity at any radial location,
the blade angle is divided into five parts and the above equation is applied at the
resulting six points. The induced velocities are calculated and integrated at these

points, then divided by the blade angle to give the mean induced velocity at that

radial location.

The total mean tangential velocities induced by propeller are calculated on
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each of 9 radii at infinity and those by stator are also determined at the same
locations in terms of the unknown A,’s. Then a system of nine simultaneous
equations is formed. The solution of this resulting matrix gives the unknown bound
circulation coeflicients of the stator. Having established the bound circulation, the
induced velocities are calculated using Equation 6.11. An earlier experiment with
the method indicated that the induced velocities in axial and radial directions are

very small and they are ignored in this work.

6.6 Stator Torque and Thrust

As can be seen from Figure 6.4, the thrust and torque can be formulated for

each blade section as below:
dT = dL cos B; — dDsin f3; (6.15)

dQ = (dLsinf; + dD cos B;) r (6.16)

Us+u . . ..
where B; = ———F  U,pm and uspm are the axial and tangential mean velocities
? Utpin —Uts ’ P P

induced by the propeller, u4, is the tangential velocity induced by the stator and

U, 1s the local wake velocity.

The resultant velocity, lift coefficient, drag coefficient, and lift-length coefficient

can also be expressed as below respectively:

_ Ugpm + U,

sin 3;

v,
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dL

Cr = +———
LT Ipcdrv

on_ 4D

CCr 2nGsinf;
D, Uapm t+ Ua

For each section of the stator blade, the thrust and torque can be obtained by

making use of above Equations 6.15 to 6.17 as follows:

%PC Zy Dyuapm + Ualzlfﬁlﬁ - CD]d
T

dT =
sin B3;

(6.18)

%pC Z, D?[uapm + Ua]z[CL + %\%:] dz

sin f;

When the velocity in knots, diameter in metre and p = 1025.9kg/m® the thrust

dQ =

(6.19)

and torque can be expressed as below:

C Zy Dyltapm + Ua) [ — C
T = o7 g7 22 Deltorm + Vel lnfy, = Ol ), (6.20)
sin f;
C Z, Dg[uapm + Ua]Z[CL + tTC%_]
dQ = 33.93 ~Sdg (6.21)

sin 3;
6.7 Design Procedure of Propulsors

The design procedure in designing propeller & downstream stator combination

can be summarised as follows:

e The propeller is designed by the method given in Chapter 5. The tangential
mean velocities induced by the propeller are also calculated at infinity in the

slipstream.
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o The stator diameter is established as the diameter of the slipstream at the given

axial distance.

e The stator bound circulation is calculated such that the stator induced tangen-
tial velocities cancel those due to the propeller. Consequently the thrust and
torque are calculated using the stator characteristics. The calculations of the

stator geometry, which are adopted from (3], are carried out as follows:

The initial width of the stator blade is taken as 25 % of the propeller diameter.
The thickness of the blades section tapers linearly from é = 0.20 at the hub to
t = 0.003Dg at the tip and the thickness, ¢;, of the section at z; becomes

_ (0.20Cy, - 0.003D,)(xs — z;)
(2 — za)

t; +0.003D, (6.22)

where C}, is the chord width at the hub, D, the stator diameter, zj the hub radius

and z; the tip radius.

The section drag coefficient can be written in terms of the blade thickness and

chord length as below:

Li Ci —25
=9 2—2Y[1.89 + 1. — 2 )% .
Cp, =2(1+ Ci)[ +1 62109(30 v 10_5)] (6.23)

Using the initial values of the stator geometry the stator design is made for the
cancellation of the rotational velocity due to the propeller. Since it is unlikely that
the stator blades will experience cavitation, the only limit which need be placed on
the lift developed by the blade sections is that they should not have excessive form
drag. On completion of the initial stator design calculations the section chords are
adjusted to give lift coefficient values between 0.55 and 0.65, while at the same time

maintaining a fair blade outline. The section thicknesses and drag coefficients are
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given new values appropriate to the new chord lengths. The design of the stator
is repeated with these new values and the process continued until convergence. In
this way, cancellation of the rotational induced velocities is achieved with minimum

stator drag.



Chapter VII

Application

7.1 Introduction

The purpose of this chapter is to illustrate the numerical application of the
theoretical procedures given in the earlier sections and to discuss the results of the
application. For the most appropriate application of the procedures, the calcula-
tions were carried out for a torpedo shaped body which was assumed to be deeply

submerged.

Initially, the flow analysis around the body were carried out for the body
without an operating propeller, for which the flow was assumed to consist of two
parts: potential flow and boundary layer flow. The free surface effect was not taken
into account since the body was assumed to be deeply submerged. The theoretical
procedures described earlier were used to calculate the potential and boundary
layer flows around the body and, in particular, to produce the nominal velocity

distribution in the plane of the propeller.

The next step was the achievement of the propeller design using the newly
obtained nominal velocity distribution. When the body was investigated with an
operating propeller, essential interactions between the body and propeller had to
be taken into account and simultaneously the propeller design should be redone.
This procedure could provide the effective wake. Due to the slender body and the

complexity of the mathematical modelling of the wake, the interaction between
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the body&the propeller and the propeller&the boundary layer are ignored, as will
be explained in a later section. Therefore the nominal velocities were used in all
calculations. The use of the nominal wake would also provide the possibility of

comparing the results for the propeller design.

Having obtained the final design of the propeller with a balanced slipstream
shape, a stator device was placed downstream of the propeller. Based upon the
assumption that the stator had no effect on the body, the performance of this
combination was investigated for the variation in the number of the blades of the

stator and for the variation in the axial distance between the stator and propeller.

In order to perform the above computations miscellaneous computer programs
were written in Fortran 77 programming language for the propeller and stator
design and some of the existing softwares were modified for flow calculations. These

programs were set up to be run on an unix based Sun workstation.

7.2 Flow Analysis

In order to analyse the flow around the body, the potential flow calculation
was carried out using Hess-Smith method [17]. The existing computer program
based on this method was enhanced and used for computing the flow velocities

around the torpedo shape body.

The input data file to the program contained the necessary information to
control the flow of the computations, geometry of the body surface and off-body
points. The body surface was defined by offset points in three dimensional space.
The coordinate system, which these points were referred to, was designated as

the reference coordinate system. The offset input had to be distributed in such a
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way that an efficient representation of the body in terms of minimum CPU time
could be achieved. In particular, the input points were increased in regions where
* the curvature of the body surface was large and the flow velocity was expected to
change rapidly, while the input points were distributed sparsely in regions where

neither the body geometry nor the the flow properties were varying significantly.

Figure 7.1 — The Geometry of the Body

The body surface was approximated by joining the input offset points which
formed a set of plane quadrilateral panels. It was easy to organise the input offset
points in such a way that the body was divided by rows and columns so that these
points could easily be entered either in row direction or in column direction. The
body, whose geometric characteristics as shown in Figure 7.1, was initially defined

by 3952 input points. Nevertheless, this number was found to be high as it required
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very large amount of CPU time. Therefore a set of preliminary calculations was
carried out to find the optimum number of of input points for the same accuracy
and consequently the number of input points was reduced to 1000. Although the
body was approximated by 1000 input points, only 250 of them were entered to the
computer program because of the axisymmetric nature of the body geometry. The
details of the offset points are given in Appendix B for information. The density
of the offset of points was increased at the aft and fore part of the body where the

surface curvature was high as shown in Figure 7.2.

Using this input data the potential flow computation was carried out for unit
inflow in direction of the body axis and, the non-dimensional flow velocity distri-
bution was obtained in the fluid domain. The result for the distribution of the
external flow velocity on the body surface is shown in Figure 7.3. This computed
external velocity distribution was used to calculate the displacement thickness in
combination with the earlier described the TSL equations. In making this cal-
culation it was assumed that a transition point, at which the flow changes from
laminar to turbulent, occurs at the junction of the curved forward portion and the
parallel body. This seems a reasonable assumption to make because of the sudden
change in body curvature which occurs at that point. Based upon this assumption
the boundary layer calculation was performed. The resulting displacement and
boundary layer (B.L.) thicknesses normal to the body surface are shown in Figure
7.4 at speeds of 50 and 15 knots. These speeds were considered as the design speed
of the propellers as corresponding to lightly and heavily loaded operation condi-
tions respectively. It can be seen from this figure that the change in speed does
not result in much change in displacement thickness, but in a significant change in

boundary layer thickness.
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Figure 7.2 — Discretisation of the Body
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In simplified terms, the hydrodynamic interaction between the potential flow
and the BL flow can be taken into account by the change in the flow velocities due
to the displacement effect of the flow field. In order to implement this effect the
same potential flow calculation was carried out for the displacement body which
was defined as the actual body plus the displacement thickness. This calculation
resulted in a change in the external velocities of the order of 0.7%, which was con-
sidered to be insignificant. This follows from the small values of the displacement
thickness shown in Figure 7.4, which can be attributed to the slender geometry of

the body.

The next stage was to calculate the velocities inside the boundary layer by using
Equation 3.32. Having performed the calculation of the local flow velocities at the
control points of the slipstream in the axial and radial directions, the necessary
input data for the wake distribution became ready for the propeller design process.
As noticed, the local tangential velocities were not taken into account because of
the slender shape of the body and the assumption of the potential flow, which does
not create a tangential velocity. The computed axial flow velocities downstream
from the propeller plane are shown in Figure 7.5 and 7.6 for two design speeds. It
can be seen from these figures that the axial velocity distribution approaches the
uniform onset flow value at Y/R = 2.0 In comparing the two design speeds, the
axial velocities for 50 knots are higher than those for 15 knots due to the greater

thickness of the boundary layer at low speed.

The radial components of the flow at points within the boundary layer were
calculated on the assumption that the ratio of the radial components to the axial

components (U, /U, ) derived from the potential flow calculation remained constant
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and could be applied to the axial velocities derived from the boundary layer cal-
culation. Although it could be argued that this effect should be calculated on a
more sound basis, the assumption was considered to be satisfactory in relation
to the flow associated with the slender torpedo body. The radial velocities have
small values at the propeller plane and approach zero rapidly in the downstream

direction. They are shown in Figure 7.7 and Figure 7.8 for the two design speeds.
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0.9
0.8
—— 1/R=0.37
~@— 1/R=0.409
0.7 —A— 1/R=0.449
P ( —&— 1/R=0.528
X 0.6— —X— 1/R=0.606
5’ —&— 1/R=0.685
—¥— 1/R=0.764
0.5 —— 1/R=0.842
i —— 1/R=0.921
0.4 —Y— 1/R=0.961
: —e— [/R=1.000
0.3
0.2 | I I | |
0.0 0.5 1.0 15 2.0 2.5

Axial Distance (Y/R)

Figure 7.5 — Axial Velocity Distribution at 50 knots
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Figure 7.8 — Radial Velocity Distribution at 15 knots

7.3 Propeller Design

7.3.1 Design Methodology

In the previous section the velocity distributions around the body and in the
slipstream were analysed. The velocity distribution in the propeller plane, de-
rived in this manner, is normally referred to as the “nominal wake distribution”.
Knowledge of the wake distribution at the propeller is important from the point of
view of the design of the propeller. In the present work the downstream variations
in the wake distribution are also important because the wake velocities must be

accounted for in modelling the paths of the trailing vortices.

In fact, with a propeller working behind the body, the flow around the body

and in its wake, will be modified by the action of the velocities induced by the
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propeller. The wake modified by this effect is referred to as the “effective wake”

and the effective wake distribution should be used in designing the propeller.

The effective wake distribution can be derived in an interactive manner, start-
ing with a propeller design calculation using the nominal wake distribution. The
flow induced on the body by this propeller can then be calculated and the body
flow and effective wake can be derived. This procedure is repeated until the values

of the effective wake converge.

In the above process the important point is the modelling of the hydrodynamic
interaction effect between the flows around the body and the propeller. The influ-
ence of the propeller induced flow on the potential flow around the body was found
to be negligible for the most of the propeller loadings considered here. The effect on
the boundary layer flow could be more important but cannot be represented easily.
The author attempted to quantify this effect using an available computer program
based on a semi-empirical methodology proposed by Huang [43]. Unfortunately,
it was not possible to achieve a stable solution and this effect was not included
in the present procedure. This omission was not considered important because,
with the thin boundary layer associated with the torpedo shape body, the influ-
ence of boundary layer flow on the wake distribution at the propeller was small.

In summary, the nominal wake distribution was used in designing the propeller.

The major steps of the propeller design methodology based on the theory given
in Chapter 5 is shown in Figure 7.9 and a Fortran computer program was written,

based on this methodology.

The basic input data required by the present propeller design method can be
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listed as follows:
Design Variables

e Body speed

e Delivered power

e Shaft speed
Geometric Design Parameters

e Number of propeller blades

e Propeller diameter

e Sertion chord widths and thicknesses
Environmental Parameters

e Body wake velocities at propeller plane and downstream

Having defined the input data above, the design condition became to achieve
the required torque coefficient Kq at the advance coefficient J,,, where Kg and

J,s are defined as follows:

33. 55PD
K,
Q= A2 e (7.1)
V
Jva = N;) (7'2)

In order to calculate the induction factors using Equations 5.9 to 5.11, the
initial value of the vortex pitch angle of the trailing vortices should be determined.

The advance angle B, at the propeller plane and downstream is calculated from
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the rotational speed of the propeller, N, and the wake velocities. An initial value
of zwtane, the pitch ratio of the vortex sheets in the ultimate wake is assumed
and the initial values of the vortex pitch angles are derived from

(By +€)
2

Biy = (7.3)

Using these values the initial slipstream geometry is defined and the induc-
tion factors are calculated to determine expressions for the velocities induced by
the propeller vortex system at 9 radial points on the lifting line, in terms of the
unknown Fourier coefficients. These expressions are introduced to the minimum
energy loss condition zm tan € = constant and a system of nine simultaneous equa-

tion is formed. The solution of these equations gives the circulation coefficients

A, and hence the bound circulation T'.

Having calculated the bound circulation the induced velocities in the slipstream
are calculated. Using these calculated induced velocities and the wake velocities, a
deformed slipstream shape is obtained. Based on this deformed slipstream shape,
the calculation of the induction factors is carried out. Keeping the bound circu-
lation constant, the induced velocities and consequently the deformation of the
slipstream are re-calculated. This is the completion of the first iteration. Hav-
ing completed the first iteration, the next iteration starts using that deformed
slipstream to calculate the bound circulation. The expressions for the induced
velocities at the lifting line are determined and the resulting equations are solved
as before to give the new circulation. This procedure is continued until the slip-
stream shape is converged. It was found by early experiments with the method

that at least 3 iterations would be necessary for the convergence of the slipstream
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shape and to achieve the required torque coefficient. During each iteration the
elementary torque coeflicients %(;Q- for eleven sections are calculated, the values
at the hub and tip being set equal to zero. Integration of these coeflicients gives
the calculated torque coefficient, Kg,. If |Kg, — Kg| < 0.0001 and the slipstream
shape is properly converged, the design is considered to be completed. The final
propeller characteristics such as hydrodynamic pitch angle, g;, the lift-length co-
efficient %‘, the lift coefficient Cr, and the elementary thrust coefficient %{51 are

then calculated for each nine sections.

Hlustrative Examples

In this section a propeller design based upon the above methodology was per-
formed for verification and comparison with results of other methods. Since the
slipstream deformation was expected to be a function of load coeflicient Cr, it was
decided to select two types of loading condition: lightly and heavily loaded cases
with the same propeller geometric characteristics at different advance speeds and
rates of rotation. Details of the design data which are referred to as DATA1 for

the lightly loaded case are as follows:

Design Characteristics for DATA1

Delivered Power, Pp= 260 KW
Design Speed, V=50 Knots
Rate of Rotation, N= 3000 rpm
Propeller Diameter, D= 0.490 metre

Number of Blades, Z=3
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Radius | 0.37]

0.409

0.449 | 0.528

0.606

0.685

0.764

0.842} 0.921

0.961

1.0

C (m)

0.1725

0.1800 0.1925( 0.2080

0.2122

0.2045

0.1840( 0.1420 0.1050

Cp

0.0095,

0.0093 | 0.0092) 0.0091

0.0090

0.0089

0.0088; 0.0087] 0.0086

The input wake velocities (U(x)/V) computed from the previous procedure is

shown in Table 7.1

Radius

“Y/R

0.37

0.409

0.449( 0.528

0.606

0.685

0.764

0.842

0.921] 0.961

1.0

0.00

0.455

0.649

0.740/ 0.841

0.904]

0.912

0.920

0.927

0.9330.936

0.938

0.06

0.588

0.691

0.7631 0.851

0.904

0.913

0.920

0.927]

0.933/0.936

0.938

0.26

0.716

0.775

0.819, 0.885

0.906

0.914

0.922

0.928

0.934] 0.937

0.939

0.46

0.790

0.830

0.864] 0.900

0.909

0.917)

0.924

0.930

0.936| 0.938

0.940

0.67

0.836

0.867

0.893 0.904

0.913

0.921

0.927

0.933

0.938 0.940,

0.943

0.87

0.888

0.895

0.900{ 0.910j

0.919

0.926

0.932

0.937

0.942) 0.944

0.946

1.08

0.900

0.9056

0.91010.919

0.926

0.932

0.937]

0.942

0.946| 0.948

0.949

1.28

0.914

0.918

0.922] 0.929

0.934

0.939

0.943

0.947

0.950{ 0.952

0.954

1.48

0.930

0.933

0.935) 0.939

0.943

0.947

0.950

0.953

0.956| 0.957

0.958

1.69

0.944

0.946

0.947) 0.949]

0.952

0.954

0.956

0.959

0.960{ 0.961

0.962

1.89

0.955

0.955

0.956{ 0.958

0.959

0.961

0.962

0.964

0.965( 0.966

0.967

2.10

0.962

0.963

0.963] 0.964

0.965

0.966

0.967

0.968

0.969 0.970

0.970

4.14

0.988

0.988

0.988; 0.988

0.988

0.988

0.988

0.989

0.989( 0.989

0.989

6.18

0.994

0.994

0.994 0.994

0.994

0.994;

0.994

0.994

0.994} 0.994

0.994

8.22

0.996

0.996

0.996( 0.996

0.996

0.996}

0.996

0.996

0.996] 0.996,

0.996

10.26

0.997

0.997

0.997] 0.997]

0.997

0.997

0.997

0.997)

0.9970.997

0.997]

12.30

0.998

0.998

0.998 0.998

0.998

0.998

0.998

0.998

0.998 0.998

0.998

14.34

0.998

0.998

0.998 0.698

0.998

0.998

0.998

0.998

0.998( 0.998

0.999
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16.38 0.999| 0.999( 0.999( 0.999( 0.999 0.999( 0.999( 0.999( 0.999| 0.999| 0.999
18.42{ 0.999 0.999] 0.9991 0.999; 0.999 0.999) 0.999 0.999| 0.999| 0.999| 0.999
20.46) 0.999% 0.999) 0.999( 0.999] 0.999; 0.999( 0.999 0.999 0.999] 0.999| 0.999

Table 7.1 — Wake Velocities for DATA1

For DATAI1, the propeller design was carried out using the above values. The
results of the application of the design method were rather encouraging. The
slipstream shape seemed to converge at all control points but there were a few
control points at which some irregularities in the magnitude of the velocities were
observed. The irregularities occurred at the hub and tip and in the region immedi-
ately downstream of the lifting line. This was attributed to the close radial spacing
of the field and reference vortices which resulted in unrealistic values. This prob-

lem was overcome by increasing the spacing of the field vortices without significant

influence on the overall accuracy of the calculation.

Convergence of the deformed slipstream shape was achieved in three itera-
tions. The downstream variations of the induced velocity components and of the
slipstream radius for the mid-section of the propeller blade are shown in Figure
7.10 to 7.14. The figures represent the computations for each iteration process. As
can be seen from these figures the velocities converge very rapidly. In fact, after

the second iteration the values remain virtually unchanged.

In Table 7.2 the results are shown in comparison with those from the methods
of Glover and Koumbis {2, 6]. It must be borne in mind that in these methods

only the local velocities on the propeller plane were used as input wake values
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whereas in the present method the variation of the flow velocities in the slipstream
was taken into account. In Glover’s method the non-deformed helical slipstream
shape is used for the hydrodynamic modelling of the propeller, while a deformed

slipstream shape is considered in Koumbis’ method.

Lightly Loaded Case (DATA1)

Glover’s Method| Koumbis’ Method| Pr. Method
Ko 0.1143 0.01143 0.1143
Kt 0.0502 0.0503 0.0500
7 0.647 0.648 0.646
Cr 0.149 0.149 0.148

Table 7.2 — Comparison of the Methods

As can be seen from Table 7.2, there is not much difference between the calcu-
lated results. This may suggest that for this design case (i.e. loading) the effect of
the variation in flow velocities in the slipstream does not have a significant effect

on the propeller design.

The calculated bound circulation, hydrodynamic pitch angle, lift-length coef-

ficient are shown in Figures 7.15 to 7.17 respectively in comparison with other

methods (i.e Glover’s method and Koumbis’ method).

The results for the reference helices shed at the characteristic non-dimensional

radii of the lifting line with variation of axial distance downstream and iterations
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are shown in Appendix C to demonstrate the changes in the hydrodynamic pitch

angle, radius and induced velocities along the slipstream.

The variation of the slipstream radius along the downstream are also plotted
in Figure 7.18. The results obtained from Koumbis’ method [6] is also shown in
Figure 7.19 for the same data. The comparison of the two figures indicates that
the slipstream radii calculated by the present method are smaller than those by
the Koumbis method. This was because the local velocities in the slipstream would
have a significant effect on the shape of the trailing vortices as in the real slipstream

case and this effect was neglected in Koumbis’ work.

Design Calculations for DATA2

The set of design data for the heavily loaded case is referred to as DATA2 and

corresponding design characteristics are given as follows:

Design Characteristics for DATA2

Delivered Power, Pp= 260 KW
Design Speed, V=15 Knots
Rate of Rotation, N= 2000 rpm
Propeller Diameter, D= 0.490 metre
Number of Blades, Z=3

The chord widths and thicknesses of the propeller blade corresponding to each
of the section radn are taken the same as DATA1. The wake velocities at the

propeller plane and downstream are given in Table 7.3:
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Radius|

0.37

0.409

0.449

0.528

0.606

0.685

0.764

0.842

0.921

0.961

1.0

0.00

0.405

0.603

0.697]

0.805

0.875

0.913

0.920

0.927

0.933

0.936

0.939

0.06

0.512

0.647

0.722

0.817

0.881:

0.913

0.921

0.927

0.933

0.936

0.939

0.26

0.678

0.740

0.788

0.852;

0.906

0.915

0.922

0.928

0.934

0.937

0.939

0.46

0.770

0.808

0.841

0.899;

0.909

0.917

0.924

0.930

0.935

0.938

0.940

0.67

0.810

0.840

0.867]

0.903

0.912

0.920

0.927)

0.933

0.938

0.940

0.942

0.87

0.833

0.860

0.885

0.909;

0.918

0.925

0.931

0.936

0.941

0.943

0.945)

1.08

0.856

0.880

0.908

0.917

0.925

0.931

0.936

0.941

0.945

0.947,

0.949|

1.28

0.911

0.916

0.920

0.927)

0.933

0.938

0.942

0.946

0.950

0.951

0.953

1.48

0.928

0.931

0.933

0.938

0.942

0.946

0.949

0.952

0.955

0.956

0.957

1.69

0.943

0.944

0.946

0.948,

0.951

0.953

0.956

0.958

0.960

0.961

0.962

1.89

0.954

0.954

0.955

0.957)

0.958

0.960

0.961

0.963

0.965

0.965

0.966

2.10

0.961

0.962

0.962,

0.963

0.964

0.965

0.966

0.968

0.969

0.969

0.970,

4.14

0.988

0.988

0.988

0.988

0.988

0.988

0.988

0.988

0.988

0.989

0.989]

6.18

0.994

0.994

0.994

0.994

0.994

0.994

0.994

0.994

0.994;

0.994

0.994

8.22

0.996

0.996

0.996

0.996

0.996

0.996

0.996

0.996

0.996

0.996

0.996

10.26

0.997

0.997

0.997

0.997

0.997]

0.997

0.997)

0.997

0.997

0.997

0.997]

12.30

0.998

0.998

0.998

0.998

0.998

0.998

0.998

0.998

0.998

0.998

0.998

14.34

0.998

0.998

0.998

0.998

0.998

0.998

0.998

0.998

0.998

0.998

0.998

16.38

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

18.42

0.999

0.999

0.999

0.999

0.999,

0.999

0.999

0.999

0.999

0.999

0.999)

20.46

0.999

0.999

0.999,

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

Table 7.3 — Wake Velocities for DATA2
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The design calculations were carried out as for the previous lightly loaded
case, the similar results are shown in Table 7.4 and in Figures from 7.20 to 7.27.
As shown in Table 7.4 the present method with this set of data (DATA2) indi-
cates slightly higher efficiency value in comparison with the methods of Glover
and Koumbis. The comparison of the lightly and heavily loaded design cases are

discussed in the following section.

Heavily Loaded Case (DATA2)

Glover’s Method Koumbis’ Method| Pr. Method
Kq 0.03858 0.03858 0.03858
Kt 0.2636 0.2706 0.2754
] 0.448 0.458 0.466
Cr 3.94 4.05 4.11

Table 7.4 — Comparison of the Methods

7.3.4 Discussion

In the previous sections, it was shown the influence of the helical slipstream
upon itself with the local velocities results in change in the slipstream so that it
gradually converges to a fixed deformed form. The slipstream deformations for
each of flow cases, such as potential flow, wake flow without a propeller and wake
flow with a propeller, are shown in Figures 7.29 and 7.30 for DATA1 and DATA2

respectively.
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The ratio of the slipstream contraction is a function of the thrust load coef-
ficient. In classical methods, in which the wake velocities are assumed to remain
constant along the slipstream, more contraction of the slipstream could be seen for
the heavily loaded propellers in comparison with that for lightly loaded propellers.
However in the present work the contraction of the lightly loaded propeller (Fig-
ure 7.18) far downstream was found to be higher than that of the heavily loaded
propeller (Figure 7.28). This is because the downstream variation of the wake
velocities is taken into account. The wake velocities increase along the slipstream
and approach the onset velocity at infinity downstream. It can be seen from fol-
lowing equation that when the total velocity in the axial direction increases, the

slope of the trailing vortex lines or slipstream decreases.

Us.. + Uy,
tanag; = —9 T4

Uaij + ta
In the heavily loaded case the axial velocity components of each vortex were much
bigger than those in the lightly case, while there is no significant change on the

other components of the velocities for both loading cases. Therefore, the above

formulation results in small values for the heavily loaded case.

When the induced velocities at the lifting line up and at infinity . down-
stream were compared, it was found that the convergence in magnitude from ug
to U took place at a very short distance in the downstream as seen from Figure
7.10, 7.11, 7.12, 7.20, 7.21 and 7.22. According to the classical lifting line theory
the magnitude of the induced velocities at the blade sections (ug) are half of the
velocities at the far downstream. This is valid for the axial and tangential velocity
components whilst the radial components becomes zero as can be seen from Figure

7.12 and 7.22 for two different design cases.
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If one investigates the behaviour of the axial and tangential induced velocity
components, it can be seen that, the rate of convergence of the induced velocity
magnitude (ug) to the velocity magnitude at the far downstream (u) is relatively
high as shown in Figures 7.10, 7.11 ,7.20 and 7.21. In other words, the change in
magnitude from (ug) to (uco) takes place at very short distance from the blade

section along the downstream.

Another interesting aspect of the behaviour of these induced velocities is that
the ratio of the magnitude of the induced velocities far downstream to that at the
lifting line (%= ) does not equal 2.0 as expected from the simple theory and varies
dependent upon the loading conditions. As can be seen from Figures 7.10 and 7.11
for the lightly loaded case, -'ff: equals to 1.74 for the axial induced velocity and
2.48 for the tangential induced velocity. A similar trend is also observed for the
heavily loaded case, as seen from Figure 7.20 and 7.21, for which the associated
velocity ratios take values of 1.62 and 2.76 respectively for the axial and tangential
components. The differences in the velocity ratio with respect to the classical
lifting line theory value (i.e. $® = 2.0 ) is due to the effect of the trailing vortex

lines defined as follows.

Let an “External Field” vortex be defined as a vortex line located at a point
above that at which the induced velocities are to be calculated and similarly let
an “Internal Field” vortex be defined as the one below that point. With a non-
deformed helical slipstream shape, which is used in the classical lifting line theory,
the behaviour of the vortex line does not change along the slipstream, so that it

remains in the external or the internal field in relation to reference point.

However, when the slipstream deformation is accounted for, a vortex line,
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which is initially in the External Field in relation to a particular reference point,
contracts and moves into Internal Field at some distance downstream from the
lifting line. This results in a reduction in the axial velocity induced by the vortex

line at the reference point and an increase in the tangential velocity.
7.4 Propeller with Downstream Stator

In this section the results of design calculations for propulsors comprising a

propeller and a downstream stator will be described.

The theoretical basis of the stator design method was described in Chapter 6.
Based on this theory, an appropriate software module which contained a group of

subroutines was written and combined with the main propeller design program.

The input data to the stator design program consists of the number of the
blades, the chord lengths, the axial distance between the propeller and the sta-
tor and the axial distance along the slipstream at which the tangential velocities
induced by the propeller are to be cancelled out. This location was taken as

Y/R = 15.0.

Designs were made for 5 sets of data. As stated in the Introduction, a major
motivation for the present work was to develop a design method for propeller/stator
propulsors driving torpedo shape bodies. DATAI represents a typical set of torpedo
propulsor design data and DATAZ2 represents a fictional heavily-loaded version of
the same propulsor. Propeller/stator propulsors were designed for both these sets

of data.

In Reference 3, Glover presented results from the application of a propeller/stator
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design method applied to 3 sets of surface ship data. For these ships there was no

knowledge of the downstream variations in the wake and Glover’s did not account

for the deformation of the propulsor slipstream. Results for these data sets derived

from the current method are included here to demonstrate the effects of slipstream

deformation. Details of these data are shown below.

Design Characteristics for DATA3

Delivered Power, Pp= 33880.0 KW

Design Speed,

Rate of Rotation,
Propeller Diameter, D= 7.555 metre
Wake Fraction,

Number of Blades,

V=26.5 Knots

w= 0.177

Z=6

N=98.7T rpm

X 0.20

0.25

0.30

0.40

0.50

0.60

0.70

0.80

0.90

0.95

1.0

1-w | 0.464

0.484

0.533

0.644

0.795

0.858

0.891

0.905

0.908

0.909

0.910

1.892

1.981

2.160

2.305

2.410

2.453

2.387

2.081

1.689

0.0083

0.0081

0.0077

0.0074

0.0072

0.0070

0.0069] 0.0070j

0.0073

Design Characteristics for DATA4

Delivered Power, Pp= 19985.0 KW

Design Speed,

Rate of Rotation,

V=15.0 Knots

N=85.0 rpm
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Propeller Diameter, D= 8.340 metre
Wake Fraction, w= 0.443

Number of Blades, Z=4

X 0.20y 0.25| 030 0.40 | 0.50| 0.60 ( 0.70 | 0.80 | 0.90 | 0.95| 1.0

1-w |0.308 0.332} 0.363} 0.435| 0.561| 0.715( 0.792] 0.847] 0.869| 0.874|0.878

C (m) 2.002| 2.103 2.285| 2.439| 2.550( 2.596| 2.526| 2.202( 1.787

Cp - | 0.0088 0.0085{ 0.0080( 0.0076 0.0074) 0.0072 0.0070| 0.0071} 0.0073 -

Design Characteristics for DATAS

Delivered Power, Pp= 28540.0 KW
Design Speed, V=19.6 Knots
Rate of Rotation, N= 105.0 rpm
Propeller Diameter, D= 7.56 metre
Wake Fraction, w= 0.390

Number of Blades, Z=5

x (020f{ 025 030 040 0.50| 0.60| 0.70| 0.80| 0.90| 0.95| 1.0

1-w | 0.627] 0.595| 0.547} 0.462} 0.400( 0.386| 0.501{ 0.657| 0.822| 0.891{0.947

C (m) 2.342| 2.460| 2.674) 2.853| 2.984| 3.037{ 2.955| 2.576| 2.090

Cp 0.0079] 0.0077] 0.0073{ 0.0071] 0.0069] 0.0067} 0.0067] 0.0067 0.0069

In investigating the performance characteristics of the propeller/stator combi-
nation, two parameters were considered to be important and were therefore sys-

tematically varied. These parameters were the number of stator blades and the
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axial distance between the propeller and the stator.

In order to investigate the effect of the number of stator blades, the stator
blade number was varied from 3 to 15 in steps of 3 for all data, except for DATA4
which involved a 4 bladed propeller and for which the number of stator blades was
varied from 4 to 14 in steps of 2. In varying the number of blades, the objective
was to determine the blade number beyond which the gain in performance becomes

practically insignificant.

The axial distance (AXD) between the lifting line of the propeller and the stator
results in changes in the stator diameter and the propeller induced velocities. For
each set of design data the axial spacing was varied from Y/R=0.2 to 0.8 in steps

of 0.2, where Y/R is the ratio of axial distance to the propeller radius.

Calculation of the mean velocities induced by the propeller, at the stator and
in the slipstream, is essential for the design of the stator. These calculations were
carried out using Equations 5.42 - 5.44 and results from DATA]1 & DATA2 are
shown in Figures 7.31 to 7.36 for the axial, tangential and radial components, re-
spectively. The axes of these figures are self explanatory and each figure represents
the variations during one revolution of the propeller of the velocities induced on a
stator blade, which in this case was situated a distance Y/R = 0.5 downstream of

the propeller.

The main objective of the application of propeller/stator propulsors to torpedos
is the cancellation of the unbalanced torque reaction. Design of the stator to cancel
the rotational velocities in the slipstream results in a stator torque which is less

than that of the propeller because of the smaller frictional drag of the stator. This
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Figure 7.31 — Axial Induced Velocities at Y/R=0.5 for DATA1
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is overcome by increasing the stator circulation to achieve torque balance, this

increase in circulation being coupled with a decrease in stator thrust.

In the case of the surface ship the unbalanced torque reaction is not important
and the purpose of considering the application of propeller/stator propulsors is to
increase propulsor efficiency. Glover (3] showed that rather than increasing the
circulation to achieve torque balance, it could be beneficial to reduce the stator
circulation slightly below that necessary to cancel the rotational velocities in the
slipstream. Glover introduced the idea of a Load Factor by which the stator
circulation derived on the basis of the cancellation of the tangential velocities
should be multiplied. He showed that maximum stator thrust was achieved when

this factor had a value of about 0.9.

However, Glover’s work was based on the non-deformed slipstream model and
the present work demonstrated that, when slipstream deformation is accounted for,
maximum propulsor efficiency is achieved when there is a torque balance between

propeller and stator.

In order to carry out the systematic calculations for the stator performance,
firstly the distance AXD was kept constant while the number of stator blades was
changed. At each run of the program the geometry of stator was modified to
give lift coefficients of about 0.55 to 0.65 together with a fair blade outline. This
smoothing process was carried out using a least square fitting routine. Following
this process, for each sets of design data, 200 different stator designs were generated
and the respective gains due to the application of a stator behind the propellers
were computed. The results of the computation are presented in Figure 7.37 to

7.46 in terms of the gain in propulsor efficiency against the number of stator blades
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for varying AXD.

As can be seen seen from Figure 7.37 to 7.46, the general trend of the results in
such that as the number of stator blades increases the efficiency increases at a high
rate for a practical number of blades (about 9-10) and converges to a maximum
value. Moreover, as AXD increases the gain also increases. This trend is valid for
all the design data except for the lightly loaded case (DATA1) which displayed no
dramatic gain with the varying number of blades. If one compares the effect of the
number of the stator blades on the heavily loaded (i.e. Figures 7.39-40) and lightly
loaded (Figures 7.37-38) cases respectively two distinct trends can be observed: the
first one is such that the gain for the heavily loaded case is much more than for
lightly loaded case. Secondly, in general, the gain decreases as the number of stator
blades increases for the lightly load case while the trend is opposite for the heavily
loaded case. The reason behind the above defined trends can be partly explained

by investigating the following thrust equation of the stator blade element:

%PC Z, Dn['"'apm + Ua]z[ﬁlb: - CD]d
z

sin f;

dT =

According to the above equation the negligible gain in the lightly loaded case
can be attributed to the negative thrust generated by the stator partly due to small
lift relative large drag forces on the stator. In the lightly loaded case the value
of [E%E — Cp] becomes less than zero for some blade sections. Therefore these
blade sections produce a negative thrust which results in a decrease in propulsor
efficiency. For the second trend it is difficult to analyse the contribution of each
parameters (i.e. Cr,C,B;, etc.) in above equation. Even if one could investigate

the effect of each parameter, to draw a conclusion for an entire stator would be
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difficult due to the large number of parameters to be investigated. Therefore it is

author’s belief that the second trend is also the direct result of this equation.

As mentioned earlier, since the maximum gain is reached with a practical
number of stator blades, there will be no point in further increasing the number of
blades which is also a handicap from the manufacturing point of view (i.e. labour,

material etc.)
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Figure 7.37 — Variation of Stator Blades for DATA1

Similarly, as the axial separation was increased the gain also increased at a
high rate for practical value of AXD and this rate became smaller for the large
AXD values. This also suggested that, from the design point of view, there will be
no point in locating the stator far behind the propeller for high efficiency values.

On the other hand, based upon the non-deformed slipstream assumption, Glover
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Figure 7.42 — Gain after Balancing the Torque for DATA3
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Figure 7.46 — Gain after Balancing the Torque for DATAS

(3] found that the effect of AXD on the gain was negligible. This is not true

when the effect of the slipstream deformation is taken into account as can be seen

in the following table where both solutions for DATA3 with a 6 bladed stator due

to Glover and the present work are shown in comparison:

Glover’s Work
AXD 0.31 {0.42| 0.53 | 0.66
Thrust (kN) | 81.2 {80.7| 79.8 | 81.4
Present Work
AXD 02 {04] 06 | 0.8
Thrust (kN)|43.77|84.7]108.7|121.9

By taking into account the above findings a design guideline for the number



Application 154

of blades can be recommended as 9-10 whilst for AXD values of 0.5-0.6 are recom-

mended.

Another guideline concerns the consideration of the effect of torque balance.
This can be stated such that the gain with and without the effect of balancing is
dependent upon the stator torque obtained by the cancellation of the tangential
velocity. Under this condition, if the stator torque is less than the propeller torque
the gain will be higher than the case for which the stator torque is balanced
by increasing the stator bound circulation. It is very difficult to interpret this
finding by simple design guidelines. Therefore each case should be analysed by the

computer program and the optimum gain found.

DATA1 | DATA2{DATA3 | DATA4 | DATAS

Number of Stator Blades 6 9 9 10 10

Axial Distance (AXD) 0.600 | 0.500 | 0.600 | 0.600 | 0.600

Stator Diameter (m) 0.456 | 0.462 | 7.308 | 7.879 | 7.090
Stator Thrust (KN) 0.040 | 1.310 | 107.5 | 1269 | 145.9
% Gain by Present Method | 0.500 | 6.706 | 4.775 | 5.595 | 5.349

% Gain by Glover’s Method - - 4.730 | 5.020 | 5.590

Table 7.5 — Stator Design for each of Design Sets

Based upon the above analyses and the derived design recommendations, some
sample design cases were selected for optimum gain and computations were carried

out using the earlier defined design data for the balanced case. The results of the
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computations are presented in Table 7.5 in comparison with the Glover data [3].
The full details of the computation for the propellers and stators are included in

Appendix D for further information.



Chapter VIII

General Conclusion

One of the most significant advances in propeller design has been the great
increase in the use of computer. As computer technology has advanced, the com-
putational procedures for propeller design have been improved to take advantage
of this new technology. The simple Momentum Theory has evolved into today’s

Lifting Surface Theory.

During the evolution of the design procedures between the above mentioned
two extremes, the lifting line design procedure has occupied the screw propeller
designers more than any other method. Therefore today lifting line methods still
have the most respected place amongst the others. This is not only because they are
modest in terms of the computational demands, but also they have the advantage of

being widely used and well established procedure due to their long service history.

From the above point of view, it could be well justified to seek for the fur-
ther improvements in the present lifting line procedures. Indeed if one investigates
the earlier lifting line models, it is found that a number of simplifying. assump-
tions were necessary in order to derive a solution with the available computational
tools. One of these assumptions is that the propeller is moderately loaded and
that the downstream varation in induced velocities and the resulting slipstream
deformation can be neglected. Later development of the lifting line methods has

tackled the slipstream deformation by taking into account the self induced veloci-
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ties. But none of these methods included the effect of the local inflow velocities in

the slipstream which would contribute to the deformation of the slipstream.

Therefore it was thought that the objective of this thesis should be the further
improvement of the lifting line procedure with an emphasis on more realistic rep-
resentation of the slipstream deformation. As this deformation is one of the key
parameters in the design of the performance improvement devices, the secondary
objective of the thesis has been set to design a stator behind the propeller and

analyse the performance characteristics of the combined propulsor system.

In order to justify the above objectives, in the first chapter of the thesis an
introductory section has been included and objectives and the layout of the thesis
also presented. The second chapter of the thesis involved the review of the three
key issues involved in the propeller design as well as in the objectives of the thesis.
These issues were the propeller design procedures, propeller/stator combination
and flow around the body and propeller. Based upon this review work, in the third
chapter of the thesis, the flow prediction around a slender body was presented by
using a “Three-dimensional Panel Technique” for the potential flow and the “Thin
Shear Layer Equations” for viscous flow. This provided the necessary wake data to
develop the propeller design theory. In the fourth chapter, a description was given
of the basic theory which led to the development of the Classical Lifting Line theory
which assumes a regular helical slipstream downstream of the propeller. The fifth
chapter described the development of the Advanced Lifting Line method in which
the deformed nature of the trailing vortex system was determined using the “Free

Slipstream Analysis Method”.

In this method the slipstream geometry was allowed to deform and to align
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with the local velocity field which comprised the inflow velocities and the velocities
induced by the trailing vortices. In the sixth chapter this design procedure was
combined with that of a stator device placed behind the propeller. Therefore the
necessary formulation for the induced velocities of the stator was presented. The
seventh chapter involved the illustration of the numerical application of the design
procedure and discussion of the results deducted from this application for different
loading cases. Finally in the present chapter, overall conclusions drawn from the

work are discussed and recommendations for future work are given.

During the computational implementation of the above methodology a set of
computer programs was used. Some of them were developed by the author and
some were modified or enhanced versions of software available in the department.
The software can be classified into three major groups; flow calculation, propeller
design and stator design software. The first group of software was available in the
department and was further enhanced for the present use, the rest of software was

developed by the author during the course of the work.

Based upon the work carried out in this thesis the following overall conclusions

can be drawn:

e In spite of the advances in numerical methods and computers, the lifting line
based propeller design procedures still play an important role in propeller design

methodology and there is still room to further improve these procedures.

o One of the simplifying assumptions of the conventional lifting line method is
that the propeller is moderately loaded and that the resulting slipstream shape

is regular. This may not be true, particularly, for the heavily loaded propeller
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due to the effect of the inflow velocities and the induced velocities of the trailing
vortices on themselves which would result in a contracted slipstream tube and

a downstream increase in vortex pitch.

e Rational design of the stator device requires accurate information on the slip-
stream geometry for determining the stator diameter. This can be provided by

the improved procedure presented in this thesis.

o In determining the slipstream shape geometry an iterative solution was im-
plemented such that the bound circulation obtained from first iteration of the
lifting line solution remained constant and the form of the trailing vortex lines
was modified corresponding to the local inflow velocities and the induced ve-
locities due to trailing vortex system. This procedure was employed until a
balanced slipstream shape was obtained. In this iterative process it was found
that the slipstream form was stabilised well within a distance of 3.5R down-

stream of the propeller.

e The analysis of the slipstream deformation indicated that the rate of contrac-
tion was very high in the above specified region and the contribution due to

the local inflow velocities played a significant role in this contraction.

e As a result of more realistic slipstream shape, the hydrodynamic pitch angle
(B:) increased very rapidly downstream of the propeller and the hydrodynamic
pitch angle on the lifting line were found to be smaller than those obtained by
the regular helical slipstream model (i.e. conventional lifting line model) for

heavily loaded propeller.

e Effort put in to this thesis for the improvement of the actual slipstream repre-
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sentation indicated that the classical lifting line methods would underestimate
the propeller efficiency for the heavily loaded propeller about 4% whilst for the
lightly loaded propeller the use of the regular slipstream assumption can be

justified.

e The improved design methodology presented in this thesis would provide more
sound design for the performance improvement devices, e.g stator, contraro-
tating propellers, Grim vane wheels etc, due to more realistic representation of

the slipstream details.

e The performance analysis of the propeller combined with the stator located
behind the propeller indicated that the undesirable effect of the propeller torque
can be avoided by the use of the stator. Thisis an important design requirement
for the directional stability of the high speed submerged bodies like submarines,

torpedos, Autonomous Underwater Vehicles (AUV’s).

e It is a known fact that the number of the blades is one of the important pa-
rameters in the design of the stator devices. The parametric analysis of the
number of blades of the stator indicated as the number of blade increased,
the efficiency increased at a high rate over a practical number of blades and
converges to a maximum value. Therefore there will be no point in further
increasing the number of blades beyond certain number which will increase the

manufacturing costs.

o Another important design parameter of the stator device was its longitudinal
separation from the propeller. The systematic investigation of this design pa-

rameter indicated that the gain would increase at high rate for practical values
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of this separation whilst it would be negligible beyond a certain range.

By taking into account the above two findings, a design guideline for the number
of blades was recommended as 9-10 whilst for the stator separation a value of

0.5 or 0.6R was recommended.

The gain obtained by the application of the stator device was dependent upon
the load case and the torque balance of the propeller. In general the maximum

gain which was about 6.5% was obtained for the heavily loaded case.

It was found that the absolute torque balance and the maximum gain cannot
be achieved simultaneously. Therefore the stator designer should make a design
decision depending upon his design objectives or should search for a compromise

design solution by using the stator design software.

The majority of the above conclusions were drawn from the computation car-

ried out by using the earlier mentioned design software developed during this re-

search work. The theoretical procedure and the associated software for the flow

prediction neglects the effect of the free surface. Therefore, the implemented soft-

ware for the flow prediction can cater only for the wake values of deeply submerged

bodies. However overall design software is general and also applicable to surface

ships provided that the wake data are available.

Within the above limitations it is believed that the procedure and the associated
software provided in this thesis would provide the designers with the capability
for more sound propeller and stator design in particular for submerged ships

like submarines, torpedos and AUV’s.

Apart from the immediate application to the naval submerged bodies (i.e. tor-
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pedo, submarines), today one of the major applications of the present work could
be to AUV’s which have considerable promise as a major tool for gathering scien-
tific data in the deep ocean. Their use in combination with more efficient remote
sensing techniques for the determination of sea floor characteristics and local water
column properties has been a major attraction for the underwater technologists.
The accuracy of the sensor performance and maintenance of the intended trajecto-
ries is very much dependent on the superior motion performance of the vehicle, in
particular its stability. Moreover, they require efficient propulsion systems due to
long data gathering time spent under water with limited fuel/battery space in their
bodies. Within this context, the existing design tool would be very appropriate as

it could be used for balancing the torque as well as improving propulsive efficiency.

Another potential application area for the present design tool would be the
Small Water Area Twin Hull (SWATH) ships. These vessels have slender sub-
merged hulls which are ideal for the application of the performance improvement
devices. They suffer from higher frictional drag due to a large wetted surface area
and they are payload limited due to large structural weight. Therefore energy effi-

cient systems like propeller/stator combination would be very much appropriate.

e However the improvement gained by the present procedure will be offset by the
increase in the computer time, the ratio of the CPU of the present propeller
design method in comparison with that of the classical lifting line method
is about 30. This is not expected to be a major problem considering the
enormous power of existing computers. In fact this has been the major source
of encouragement for the recommendation to improve the present procedure by

using the “Lifting Surface Method” as a natural extension of the Lifting Line
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Methods.

It should be borne in mind that throughout this work no consideration has be
given to cavitation and noise. Generally, due to its low speed, there should
be no danger of cavitation occurring on the stator blades but the influence of

propeller cavitation on the stator performance may need to be considered.

The flow prediction module of the existing design software neglects the effect
of the free surface. As a result the present software has restricted application
to surface ships if the wake data is not available. Therefore it is recommended
to combine this effect in the present wake prediction software by using state of

the art methods.

Because of the novelty of the system there is not much detailed data on the
performance characteristics of the stators. Therefore it would be useful to

perform model propeller testing to verify and validate the present design tool.
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Appendix A

Propeller Characteristics

Advance Coefficient

Torque Coefficient

Thrust Coefficient

Thrust Loading Coefficient

_ 8Kt
- wJ3(1 - Wr)?

Cr

Hydrodynamic Pitch Angle

Va + U

Bi = tan~! —2 "~ %
wenD — uy

Thrust Coefficient of the Blade Section

Kp,  (SEOEF —u P21~ G2 tan )
(E v 4 cos f3;

Torque Coefficient of the Blade Section

2i( S (1 — Wr) + ug,2T%(1 - %‘} tan f;)
8 sin ;

(5:):‘:
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Efficiency
_J( -Wr) K
= 2T Kg

Lift-Lenght Coefficient

(cCL ) 2w @G sin G
D" (l—Wt)—{—ua‘.

where




x(m)
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00500
0.00500
0.00500
0.00500
0.00500
0.42500
0.42500
0.42500
0.42500
0.42500
0.85000
0.85000
0.85000
0.85000
0.85000
1.27500
1.27500
1.27500
1.27500
1.27500
1.70000

y(m
0.000000
0.018230
0.034261
0.046159
0.052490
0.000000
0.036459
0.068521
0.092318
0.104980
0.000000
0.054689
0.102782
0.138477
0.157471
0.000000
0.0729019
0.137042
0.184637
0.209961
0.000000
0.091148
0.171303
0.230796
0.262451
0.000000
0.091148
0.171303
0.230796
0.262451
0.000000
0.091148
0.171303
0.230796
0.262451
0.000000
0.091148
0.171303
0.230796
0.262451
0.000000

Appendix B

Body Input Points

Body Input Points Coordinates

z(m)
0.053300
0.050086
0.040830
0.026650
0.009255
0.106600
0.100171
0.081660
0.053300
0.018511
0.159900
0.150257
0.122490
0.079950
0.027766
0.213200
0.200342
0.163321
0.106600
0.037022
0.266500
0.250428
0.204151
0.133250
0.046277
0.266500
0.250428
0.204151
0.133250
0.046277
0.266500
0.250428
0.204151
0.133250
0.046277
0.266500
0.250428
0.204151
0.133250
0.046277
0.266500

x(m)
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00500
0.00500
0.00500
0.00500
0.00500
0.42500
0.42500
0.42500
0.42500
0.42500
0.85000
0.85000
0.85000
0.85000
0.85000
1.27500
1.27500
1.27500
1.27500
1.27500
1.70000

y(m)
0.009255
0.026650
0.040830
0.050086
0.053300
0.018511
0.053300
0.081660
0.100171
0.106600
0.027766
0.079950
0.122490
0.150257
0.159900
0.037022
0.106600
0.163321
0.200342
0.213200
0.046277
0.133250
0.204151
0.250428
0.266500
0.046277
0.133250
0.204151
0.250428
0.266500
0.046277
0.133250
0.204151
0.250428
0.266500
0.046277
0.133250
0.204151
0.250428
0.266500
0.046277

z(m)
0.052490
0.046159
0.034261
0.018230
0.000000
0.104980
0.092318
0.068521
0.036459
0.000000
0.157471
0.138477
0.102782
0.054689
0.000000
0.209961
0.184637
0.137042
0.072919
0.000000
0.262451
0.230796
0.171303
0.091148
0.000000
0.262451
0.230796
0.171303
0.091148
0.000000
0.262451
0.230796
0.171303
0.091148
0.000000
0.262451
0.230796
0.171303
0.091148
0.000000
0.262451
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1.70000
1.70000
1.70000
1.70000
2.12500
2.12500
2.12500
2.12500
2.12500
2.55000
2.55000
2.55000
2.55000
2.55000
2.97500
2.97500
2.97500
2.97500
2.97500
3.40000
3.40000
3.40000
3.40000
3.40000
3.82500
3.82500
3.82500
3.82500
3.82500
4.25000
4.25000
4.25000
4.25000
4.25000
4.35500
4.35500
4.35500
4.35500
4.35500
4.46000
4.46000
4.46000
4.46000
4.46000
4.56500
4.56500
4.56500
4.56500
4.56500
4.67000

0.091148
0.171303
0.230796
0.262451
0.000000
0.091148
0.171303
0.230796
0.262451
0.000000
0.091148
0.171303
0.230796
0.262451
0.000000
0.091148
0.171303
0.230796
0.262451
0.000000
0.091148
0.171303
0.230796
0.262451
0.000000
0.091148
0.171303
0.230796
0.262451
0.000000
0.091148
0.171303
0.230796
0.262451
0.000000
0.088925
0.167125
0.225167
0.256050
0.000000
0.082769
0.155555
0.209578
0.238323
0.000000
0.072850
0.136914
0.184463
0.209764
0.000000

0.250428
0.204151
0.133250
0.046277
0.266500
0.250428
0.204151
0.133250
0.046277
0.266500
0.250428
0.204151
0.133250
0.046277
0.266500
0.250428
0.204151
0.133250
0.046277
0.266500
0.250428
0.204151
0.133250
0.046277
0.266500
0.250428
0.204151
0.133250
0.046277
0.266500
0.250428
0.204151
0.133250
0.046277
0.260000
0.244320
0.199172
0.130000
0.045149
0.242000
0.227406
0.185383
0.121000
0.042023
0.213000
0.200154
0.163167
0.106500
0.036987
0.182000

1.70000
1.70000
1.70000
1.70000
2.12500
2.12500
2.12500
2.12500
2.12500
2.55000
2.55000
2.55000
2.55000
2.55000
2.97500
2.97500
2.97500
2.97500
2.97500
3.40000
3.40000
3.40000
3.40000
3.40000
3.82500
3.82500
3.82500
3.82500
3.82500
4.25000
4.25000
4.25000
4.25000
4.25000
4.35500
4.35500
4.35500
4.35500
4.35500
4.46000
4.46000
4.46000
4.46000
4.46000
4.56500
4.56500
4.56500
4.56500
4.56500
4.67000

0.133250
0.204151
0.250428
0.266500
0.046277
0.133250
0.204151
0.250428
0.266500
0.046277
0.133250
0.204151
0.250428
0.266500
0.046277
0.133250
0.204151
0.250428
0.266500
0.046277
0.133250
0.204151
0.250428
0.266500
0.046277
0.133250
0.204151
0.250428
0.266500
0.046277
0.133250
0.204151
0.250428
0.266500
0.045148
0.130000
0.199171
0.244320
0.260000
0.042023
0.121000
0.185383
0.227406
0.242000
0.036987
0.106500
0.163167
0.200154
0.213000
0.031604

0.230796
0.171303
0.091148
0.000000
0.262451
0.230796
0.171303
0.091148
0.000000
0.262451
0.230796
0.171303
0.091148
0.000000
0.262451
0.230796
0.171303
0.091148
0.000000
0.262451
0.230796
0.171303
0.091148
0.000000
0.262451
0.230796
0.171303
0.091148
0.000000
0.262451
0.230796
0.171303
0.091148
0.000000
0.256050
0.225167
0.167125
0.088925
0.000000
0.238323
0.209578
0.155555
0.082769
0.000000
0.209764
0.184463
0.136914
0.072850
0.000000
0.179235
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4.67000
4.67000
4.67000
4.67000
4.77500
4.77500
4.77500
4.77500
4.77500
4.88000
4.88000
4.88000
4.88000
4.88000
4.98500
4.98500
4.98500
4.98500
4.98500
5.09000
5.09000
5.09000
5.09000
5.09000
5.19500
5.19500
5.19500
5.19500
5.19500
5.30000
5.30000
5.30000
5.30000
5.30000

4.98500
5.05000
5.15000
5.25000
5.35000
5.45000
6.00000
7.00000
8.00000
9.00000
10.00000
5.00000
5.10000
5.20000
5.30000

0.062248
0.116987
0.157617
0.179235
0.000000
0.051303
0.096418
0.129904
0.147721
0.000000
0.041042
0.077134
0.103923
0.118177
0.000000
0.030782
0.057851
0.077942
0.088633
0.000000
0.020521
0.038567
0.051962
0.0569088
0.000000
0.010261
0.019284
0.025981
0.029544
0.000000
0.001710
0.003214
0.004330
0.004924

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

0.171024 4.67000 0.091000
0.139420 4.67000 0.139420
0.091000 4.67000 0.171024
0.031604 4.67000 0.182000
0.150000 4.77500 0.026047
0.140954 4.77500 0.075000
0.114907 4.77500 0.114907
0.075000 4.77500 0.140954
0.026047 4.77500 0.150000
0.120000 4.88000 0.020838
0.112763 4.88000 0.060000
0.091925 4.88000 0.091925
0.060000 4.88000 0.112763
0.020838 4.88000 0.120000
0.090000 4.98500 0.015628
0.084572 4.98500 0.045000
0.068944 4.98500 0.068944
0.045000 4.98500 0.084572
0.015628 4.98500 0.090000
0.060000 5.09000 (.010419
0.056382 5.09000 0.030000
0.045963 5.09000 0.045963
0.030000 5.09000 0.056382
0.010419 5.09000 0.060000
0.030000 5.19500 0.005209
0.028191 5.19500 0.015000
0.022981 5.19500 0.022981
0.015000 5.19500 0.028191
0.005209 5.19500 0.030000
0.005000 5.30000 0.000868
0.004698 5.30000 0.002500
0.003830 5.30000 0.003830
0.002500 5.30000 0.004698
0.000868 5.30000 0.005000
Off Point Coordinates
0.090600 5.00000 0.000000
0.071680 5.10000 0.000000
0.043011 5.20000 0.000000
0.014330 5.30000 0.000000
0.000000 5.40000 0.000000
0.000000 5.50000 0.000000
0.000000 6.50000 0.000000
0.000000 7.50000 0.000000
0.000000 8.50000 0.000000
0.000000 9.50000 0.000000
0.000000 4.98500 0.000000
0.090650 5.05000 0.000000
0.090650 5.15000 0.000000
0.090650 5.25000 0.000000
0.090650 5.35000 0.000000

0.157617
0.116987
0.062248
0.000000
0.147721
0.129904
0.096418
0.051303
0.000000
0.118177
0.103923
0.077134
0.041042
0.000000
0.088633
0.077942
0.057851
0.030782
0.000000
0.059088
0.051962
0.038567
0.020521
0.000000
0.029544
0.025981
0.019284
0.010261
0.000000
0.004924
0.004330
0.003214
0.001710
0.000000

0.086020
0.057340
0.028670
0.000100
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.090650
0.090650
0.090650
0.090650
0.090650
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5.40000
5.50000
6.50000
7.50000
8.50000
9.50000
4.98500
5.05000
5.15000
5.25000
5.35000
5.45000
6.00000
7.00000
8.00000
9.00000
10.00000
5.00000
5.10000
5.20000
5.30000
5.40000
5.50000
6.50000
7.50000
8.50000
9.50000
4.98500
5.05000
5.15000
5.25000
5.35000
5.45000
6.00000
7.00000
8.00000
9.00000
10.00000
5.00000
5.10000
5.20000
5.30000
5.40000
5.50000
6.50000
7.50000
8.50000
9.50000
4.98500
5.05000

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

0.090650 5.45000
0.090650 6.00000
0.090650 7.00000
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Slipstream Characteristics for DATA 1

PROPELLER DESIGN

REF = DATAl
ADVS = 1.0506 X = 0.37
CT = 0.147
ITNO = 3
AXIAL DISTANCE DOWNSTREAM (Y/R) HYDRODYNAMIC PITCH (BETAI) SLIPSTREAM RADIUS (X/X0)
0.000 0.000 0.000 29.480 28.537 28.554 1.0000 1.0000 1.0000
0.053 0.053 0.052 41.335 40.830 41.179 0.9801 0.9738 0.9724
0.124 0.124 0.122 42.143 41.155 41.357 0.9606 0.9469 0.9437
0.259 0.251 0.242 45.221 44.011 44.220 0.9213 0.8941 0.8894
0.411 0.390 0.372 47.317 45.697 46.127 0.8812 0.8400 0.8341
0.568 0.530 0.499 49.199 47.370 47.965 0.8422 0.7862 0.7794
0.911 0.826 0.764 53.541 53.184 52.877 0.7698 0.6805 0.6677
1.289 1.159 1.068 57.535 60.178 61.019 0.7101 0.5850 0.5582
1.683 1.539 1.459 61.505 66.497 69.686 0.6671 0.5137 0.4613
2.095 1.946 1.926 63.401 70.872 76.712 0.6432 0.4858 0.4044
2.515 2.350 2.421 63.471 72.493 78.207 0.6346 0.4685 0.3901
2.940 2.756 2.918 63.974 72.827 78.554 0.6272 0.4661 0.3869
3.797 3.585 3.943 64.455 73.472 79.145 0.6246 0.4608 0.3821
4.662 4.423 4.983 64.764 73.756 79.363 0.6208 0.4577 0.3794
5.532 5.265 6.029 64.905 73.865 79.441 0.6192 0.4566 0.3787
6.405 6.110 7.080 65.007 73.965 79.507 0.6183 0.4559 0.3781
7.279 6.957 8.134 65.067 74.014 79.538 0.6178 0.4554 0,3778
§.154 7.805 9.190 65.106 74.050 79.560 0.6174 0.4551 0.3776
9.907 9.503 11.305 65.164 74.096 79.582 0.6169 0.4547 0.3773
11.662 11.204 13.424 65.194 74.125 79.598 0.6166 0.4545 0.3771
16.931 16.315 19.794 65.260 74.176 79.648 0.6162 0.4541 0.3770
AXIAL INDUCED VELOCITY TANGENTIAL INDUCED VELOCITY (UT/VS) RADIAL INDUCED VELOCITY (UR/VS)
0.126 0.110 0.112 -0.079 -0.067 -0.065 -0.005 -0.005 -0.005
0.244 0.235 0.242 -0.190 -0.182 -0.184 -0.005 -0.005 -0.004
0.214 0.201 0.206 -0.192 -0.178 -0.178 -0.005 -0.005 -0.005
0.197 0.180 0.185 -0.194 -0.175 -0.174 =0.005 -0.005 -0.005
0.183 0.160 0.169 -0.198 -0.171 -0.173 ~0.005 -0.005 ~0.005
0.172 0.142 0.147 -0.196 -0.166 -0.172 -0.005 -0.005 -0.005
0.149 0.120 0.108 -0.189 -0.167 -0.159 -0.004 -0.004 -0.00%
0.139 0.110 0.099 -0.184 -0.164 -0.162 -0.002 -0.003 -0.004
0.133 0.107 0.098 -0.184 -0.177 -0.190 -0.001 -0.002 -0.002
0.124 0.099 0.085 -0.178 -0.184 -0.214 -0.001 -0.001 -0.001
0.118 0.099 0.085 -0.163 -0.186 -0.214 0.000 0.000 0.000
0.117 0.099 0.085 -0.164 -0.186 -0.215 0.000 0.000 0.000
0.116 0.100 0.085 -0.169 -0.190 -0.218 0.000 0.000 0.000
0.115 0.099 0.084 -0.168 -0.190 -0.218 0.000 0.000 0.000
0.115 0.099 0.084 -0.168 -0.190 -0.218 0.000 0.000 0.000
0.114 0.099 0.084 -0.168 -0.190 -0.218 0.000 0.000 0.000
0.114 0.099 0.084 -0.168 -0.191 -0.218 0.000 0.000 0.000
0.114 0.099 0.084 -0.168 -0.191 -0.219 0.000 0.000 0.000
0.114 0.099 0.083 -0.168 -0.191 -0.219 0.000 0.C00 0.000
0.114 0.099 0.083 -0.168 -0.191 -0.219 0.000 0.000 0.000
0.114 0.099 0.083 -0.169 -0.191 -0.219 0.000 0.000 0.000
X = 0.41
AXIAL DISTANCE DOWNSTREAM (Y/R) HYDRODYNAMIC PITCH (BETAI) SLIPSTREAM RADIUS (X/X0)
0.000 0.000 0.000 34.279 34.170 34.255 1.0000 1.0000 1.0000
0.062 0.061 0.061 40.643 40.434 40.492 0.9845 0.9798 0.9787
0.1340 03331 0.132 41.687 41.244 41.211 0.9692 0.9591 0.9568
0.279 0.275 0.270 44.275 43.639 43.693 0.9386 0.9168 0.9117

(ADVANCED LIFTING MODEL)
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Appendix C 180
6.111 6.360 6.064 54.097 56.899 58.960 0.7576 0.6565 0.6153
6.825 | 7,109 62184 54.139 56.951 59.015 0.7571 0.6561 0.6149
8.257 8.609 8.225 54.210 57.018 59.082 0.7565 0.6556 0.6144
9.690 10.111 9.669 54.236 57.056 59.119 0.7562 0.6553 0.6141

13.994 14.619 14.005 54.272 57.113 59.182 0.7557 0.6549 0.6137
AXTAL INDUCED VELOCITY (UA/VS) TANGENTIAL INDUCED VELOCITY (UT/VS) RADIAL INDUCED VELOCITY (UR/VS)
0.102 0.100 0.101 -0.070 -0.070 -0.070 -0.006 -0.006 -0.006
0.160 0.156 0.156 -0.123 -0.121 -0.120 ~0.006 -0.006 -0.006
0.165 ) 0:158 £ 0157 -0.135 -0.130 -0.128 -0.006 -0.006 -0.006
0.165 0.151 0.149 -0.143 -0.135 -0.131 -0.006 -0.007 -0.007
0.165 - 0:145 " 0.141 -0.152 -0.138 -0.132 -0.007 ~0.007 -0.007
0.166 4 0.138 3 0.132 -0.158 -0.138 -0.131 -0.006 -0.006 -0.007
0.169 0.126 0.117 -0.171 -0.138 -0.123 ~0.004 -0.00% -0.006
0.169 0.124 0.114 -0.178 -0.137 -0.127 0,003 -0,003 ~0.004
0,168+ 0123505114 -0.180 -0.141 -0.135 -0.002 -0.002 -0.002
0.165 0.121 0.112 -0.180 -0.149 -0.149 -0.001 -0.001 ~0.001
0.162 0.120 0.111 -0.179 -0.150 -0.155 -0.001 -0.001 -0.001
0.161 0,121 | 0,112 -0.178 -0.151 -0.156 0.000 0.000 -0.001
0.161 0.121 0.112 -0.180 -0.154 -0.158 0.000 0.000 0.000
0.161 ; 0120 505112 -0.182 -0.155 -0.160 0.000 0.000 0.000
0,160, 0.120 5 0:112 -0.182 -0.155 -0.160 0.000 0.000 0.000
0.160 0.120 0.112 ~0.182 ~0.155 ~0.161 0.000 0.000 0.000
0:159 = 0:120/ 801112 -0.182 -0.156 -0.161 0.000 0.000 0.000
0.159 0.120 0.112 -0.182 -0.156 -0.161 0.000 0.000 0.000
0159 .0.120 302111 -0.182 -0.156 -0.161 0.000 0.000 0.000
0.159 1 0.120 £0:3112 ~0.182 -0.156 -0.161 0.000 0.000 0.000
0.158 ,0:120', 02111 -0.182 -C.156 -0.162 0.000 0.000 0.C00
X = 0,53
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O o0oo0o

075

0.074
0.106
0.115
0.118
0.120

0.074
0.106
0.115
0.117
0.118

HYDRODYNAMIC PITCH (BETAI)

30.
32%
335
35%
+252
37;

36

39

44

TANGENTIAL INDUCED VELOCITY

865
840
717
139

321

.286
40,
41.
42.
43.
43.
44.
44.
44.
44.
<935
45.
45.
é5.
45.

747
926
837
405
710
134
512
781
861

005
067
114
180

30.844
32.881
332783
35.331
36.568
37.829
40.219
42.058
43.538
44.661
45.370
45.777
46.281
46.704
46.993
47.081
47.167
47.239
47.306
47.357
47.420

30.837
32.881
33.787
35.357
36.605
37.883
40.294
42.284
43.220
45.230
46.111
46.519
47.046
47.484
47.796
47 .883
47.971
48.042
48.112
48.164
48.231

~0.046 -0.046 -0.046
-0.071 -0.070 -0.070
-0.081 -0.080 -0.080
-0.088 -0.087
-0.095 -0.094

-0.086
-0.092

(uT 'vs

SLIPSTREAM RADIUS (X/X0)

1%
0.
0.

oOo0oo0oQCco

CoOo0O0OO0CcO0OO0OO0OO0COO0OC

0000
9862
9742

L9507
.9287
L9077
. 8691
.B385
LB200
.8097
.8041
L8004
L7954
«1917
.7896
.7887
.7880
.7875
L7869
L7865
.7860

1

0
0
0
0
0
(o]
0
0
0
0
0.7406
0
0
0.
0.
0.
0.
0
0.
0.

L0000
9825
.9670
.9368
.9085
.B814
L8308
.7892
L7640
0311
L7448

.7348
.7307
7287
7279
7271
7266
7261
7251
7252

1
0
0
0.
0
0
0.

0.
0.

o

oocoocCcoooC

0.
0.

.0000
L9816
.9652

9333

.9034

B749
8207
7748

7464

L7309
L1216
2179
J7319
L7077
L7057
L7050
L7042
.7038
.7032

7028
7023

RADIAL INDUCED VELOCITY

-0.007
-0.007
~0.008
-0.008
-0.008

-0.008

0.008

~0.008
-0.008
~0.008

-0.008
-0.008
~0.008
~-0.008
~0.008

(UR/VS)
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0:129  0.1212 0.118 -0.099 -0.098 -0.096 ~0.007 ~0.007 -0.008
0.133 0,121 _0.116 -0.106 -0.104 -0.099 -0.004 -0.006 ~0.007
0.134 0.120 0.114 -0.110 -0.106 -0.100 =0.004 -0.004 -0.005
0.134 0.120 0.114 ~0.111 -0,107 -0.102 =0.002 -0.002 -0.003
0.135 0.120 '0.114 ~0:1138=-03110"=0107 -0.001 -0.001 -0.001
0.134 0.219 0.113 -0.114 -0.113 -0.110 -0.001 -0.001 -0.001
0.134 " 0,120°103113 -0.114,-0.113 "-0.111 -0.001 -0.001 -0.001
0.134 0.120 0.114 -0.114 -0.115 -0.113 0.000 0.000 0.000
0.134 0.120 0.114 -0.115 -0.116 -0.114 0.000 0.000 0.000
0.134  0.320 0,114 ~0.116 -0.117 -0.11i5 0.000 0.000 0.000
0.133 0.120 0.114 =0.116 =0.117 -0.115 0.000 0.000 0.000
0.133" 0.120°70.113 -0.116 -0.117 -0.115 0.000 0.000 0.000
0:133° 05312005113 =0:116 ~0.117" ~0,115% 0.000 0.000 0.000
0.133 0.7119_.0.113 -0.116 -0.117 -0.116 0.000 0.000 0.000
0.133 . 0-118°C0L113 -0.116 -0.118 ~0.116 0.000 0.000 0.000
0133110119 5052113 -0.117 -0.118 -0.116 0.000 0.000 0.000
X = 0.61
AXIAL DISTANCE DOWNSTREAM (Y/R) HYDRODYNAMIC PITCH (EETAI) SLIPSTREAM RADIUS (X/XO0)
0.000 0.000 0.000 28.305 28.308 28.308 1.0000 1.0000 1.0000
0.065 0.065 0.065 29.237 29:3121129.326 0.9876 0.9843 0.9835
0232 01318805131 29.780 29.908 29.935 0.9757 0.9692 0.9676
0.265 0.265 0.265 30.601 30.885 30.949 0.9530 0.9406 0.9374
0.400 0.400 0.399 31.404 31.837 31.933 0.9318 0.9137 0,9093
0.536 .0.535_"0:535 32.136 32.733 32.864 0.9121 0.8889 0.8832
0.810 0.810 0.808 33.460 34.373 34.576 0.8789 0.8458 0.8370
1.088 1.089 1.086 34.515.35.720°36.032 0.8547 0.8126 0.8004
1,370 1.372 314367 35.421 36.868 37.273 0.8388 0.7911 0.7768
1.655 1.659 1,653 36.180 37.810 38.205 0.8292 0.7787 0.7632
1,945 1.951 " 1.944 36.716 38.466 39.007 0.8235 0.7718 0.7559
2.227 2,288 22237 37,052°38:877!,39.443 0.8199 0.7676 0.7515
2.826 2.838 2.830 37:425739.316:39.899 0.8150 0.7619 0.7457
3.419 3.436 3.427 37.761 39.703 40.259 0.8111 0.7574 0.7411
4.016 4.038 4.029 38.035 39.996 40.6C¢ 0.8088 0.7549 0.7387
4.616 4.643 4.633 38.161 40.136 40.74% 0.8077 0.7538 0.7376
5.218),'5:249._5:239 38.229 40.215 40.£25 0.8070 0.7530 0.7368
5.820 5.856 5.846 38.296 40.286 40.897 0.8064 0.7524 0.7362
7.027 [ T.073257 5063 38.374 40.370 40.983 0.80%57 0.7517 0,73585
8.236 8.292 8.281 38.425 40.425 41.038 0.8053 0.7513 0.7351
11.868 11.953 11.941 38.489 40.491 41.105 0.8047 0.7507 0.734%
2XIAL INDUCED VELOCITY (UA/VS) TANGENTIAL INDUCED VELOCITY (LT RADIAL INDUCED VELOCITY (UR/VS)
0.055, 0.:055°50:035 -0.030 -0.031 -0.031 -0.009 ~0.009 ~0.009
0.074 0.073 0.073 -0.042 -0.042 -0.042 -0.009 -0.009 -0.009
0.083 0.082 0.082 -0.049 -0.049 -0.049 -0.009 -0.009 -0.009
0.087 0.086 0.085 -0.054 -0.055 -0.054 ~0.009 -0.009 -0.010
0.092 0.08% 0.089 -0.059 -0.060 -0.05¢ -0.009 -0.010 -0.010
0.094 0.091 0.090 -0.062 -0.063 -0.063 ~0.008 -0.008 -0.009
0.098 0.093 0.031 -0.066 -0.067 -0.066 -0.004 -0.006 -0.007
0.099 0.093 0.091 -0.069 -0.069 -0.0€7 ~0.004 -0.005 -0.005
0.101 0.095 0.093 -0.070 -0.070 -0.0¢e ~0.002 -0.003 -0.003
0.102 0.096 0.094 -0.021 +~0.072" =0.07%7} -0.001 -0.001 -0.002
0.102 0.096 0.094 -0.072 -0.075 -0.075 -0.001 -0.001 -0.001
0.102 0.096 0.094 -0.072 -0.075 -0.075 -0.001 -0.001 -0.001
0.103 0.097 0.095 -0.072 -0.076 -0.076 0.000 0.000 0.000
0.103 0.097 0.095 -0.073 -0.077 -0.077 0.000 0.000 0.000
0.103 0.097 0.095 -0.073 -0.077 -0.078 0.000 0.000 0.000
0.103 0.097 0.095 -0.073 -0.077 -0.07¢ 0.000 0.000 0.000
0.103 0.097 0.095 -0.074 -0.077 -0.078 0.000 0.000 0.000
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0.102 0.097 0.095 -0.074 -0.078 -0.078 0.000 0.000 0.000
0.102 0.097 0.095 -0.074 -0.078 -0.078 0.000 0.000 0.000
0.102 0.097 0.095 -0.074 -0.078 -0.078 0.000 0.000 0.000
0.102 0.097 0.094 -0.074 -0.078 -0.079 0.000 0.000 0.000
X = 0.69
AXIAL DISTANCE DOWNSTREAM (Y/R) HYDRODYNAMIC PITCH (BETAT) SLIPSTREAM RADIUS (X/X0)
0.000 0.000 0.000 25.565 25.579 25,584 1.0000 1.0000 1.0000
0.065 0.065 0.065 26.376 26.457 25.478 0.9888 0.9859 0.9852
0.132 0.132 0.132 26.868 27.012 27.049 0.9781 0.9724 0.9709
0.266 0.266 0.266 27.514 27.790 27.860 0.9582 0.9470 0.9441
0.401 0.401 0.400 28.135 28.539 28.641 0.9400 0.9236 0.9193
0.537 0.537 0.536 28.667 29.206 29.347 0.9235 0.9021 0.8964
0.810 0.810 0.809 29.672 30.476 30.691 0.8966 0.8664 0.8578
1.087 1.087 1.085 30.455 31.461 31.744 0.8773 0.8406 0.8297
1.367 1.367 1.364 31.155 32.336 32.684 0.8641 0.8230 0.8105
1.651 1.651 1.647 31.752 32,072 33.475 0.8557 0.8122 0.7989
1.937 1.939 1.934 32.190 33,597 34.035 0.8505 0.8059 0.7922
2.226 2.229 2.224 32.483 33.945 34.399 0.8471 0.8018 0.7879
2.808 2.813 2.808 32.813 34.330 34.798 0.8423 0.7962 0.7823
3.395 3.401 3.396 33.108 34.673 25.151 0.8386 0.7918 0.7778
3.984 3.994 3.988 33.352 24.939 35.428 0.8363 0.7893 0.7752
4.577 4.589 4.583 33.475 35.076 35.564 0.8352 0.7881 0.7741
5.171 5.185 5.180 33.539 35.147 35.637 0.8345 0.7874 0.7733
5.766 5.783 5.777 33.600 35.214 35.703 0.8339 0.7867 0,7727
6.958 6.980 6.975 33.676 25.295 35.786 0.8332 0.7860 0.7719
8.152 8.179 8.174 33.722 35.346 35.838 0.8328 0.7855 0.7715
11.739 11.781 11.776 33.784 35.411 35.904 0.8322 0.7850 0.7709

AXIAL INDUCED VELOCITY (UA/VS)  TANGENTIAL INDUCED VELOCITY (UT/VS) RADIAL INDUCED VELOCITY (UR/VS)
0.054 0.055 0.055 -0.027 -0.027 -0.(27 -0.010 =0.010 -0.010
0.073 0.073 0.074 -0.C36 -0.037 -0.037 <0.010 -0.010 -0.011
©.081 0.081 0.081 -0.042 -0.042 -0.042 -0.010 -0.010 -0.011
0.085 0.085 0.085 -0.046 -0.047 -0.047 ~0.010 -0.011 -0.011
0.089 0.088 0.088 -0.05¢ -0.051 -0.051 -0.010 -0.011 -0.011
©.092 0.050 0.089 -0.052 -0.053 -0.053 ~0.008 -0.009 -0.009
0.096 0.093 0.092 -0.055 -0.057 -0.087 -0.005 -0.006 -0.007
0.097 0.094 0.093 -0.057 -0.059 -0.057 -0.004 -0.004 -0.005
0.099 0.095 0.094 -0.058 -0.060 -0.059 ~0.002 ~0.00% -0.003
0.100 0.097 0.096 -0.059 -0.061 -0.061 ~0.001 =0.001 -0.001
0.100 0.097 0.095 -0.06) -0.063 -0.064 -0.001 -0.001 -0.001
0.100 0.097 0.096 -0.060 -0.064 -0.064 -0.001 ~0.001 -0.001
0.101 0.098 0.096 -0.060 -0.064 -0.065 0.000 0.000 0.000
0.101 0.0$8 0.097 -0.061 -0.065 -0.066 0.000 0.000 0.000
0.101 0.098 0.097 -0.061 -0.066 -0.066 0.000 0,000 0.000
0.101 0.098 0.096 -0.062 -0.066 -0.066 0.000 0.000 0.000
0.101 0.098 0.096 -0.062 -0.066 -0.067 0.000 0.000 0.000
0.101 0.098 0.096 -0.062 -0.066 -0.067 0.000 0.000 0.000
0.101 0.098 0.096 -0.062 -0.066 -0.067 0.000 0,000 0.000
0.101 0.098 0.096 -0.062 -0.066 -0.067 0.000 0.000 0.000
©.101 0.098 0.096 -0.062 -0.066 -0.067 0.000 ©.000 0.000

X =0.76

AXIAL DISTANCE DOWNSTREAM (Y/R) HYDRODYNZMIC PITCH (BETAI) SLIPSTREAM RADIUS (X/X0)
0.000 0.000 0.000 23.296 23.312 23.218 1.0000 1.0000 1.0000
0.066 0.066 0.066 24.045 24.114 24.133 0.9909 0.9885 0.9879

0.133 0.133 0.132 24.417 24.536 24.567 0.9822 0.9775 0.9763
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0.267 0.267 0.267 24.910 25.131 25.188 0.9658 0.9565 0.9541
0.402 0.402 0.402 25.383 25.702 25.785 0.9508 0.9373 0.9337
0.538 0.538 0.538 25.786 26.205 26.317 0.9373 0,9197 0.9150
©0.812 0.812 0.811 26.545 27.154 27.320 0.9154 0.8910 0.8842
1.088 1.088 1.086 27.144 27.892 28.101 0.8995 0.8701 0.8616
1.367 1,367 T1.365 27.688 28.557 28.807 0.8882 0.8554 0.8457
1.649 1.64%9 1.646 28.158 29.125 29.410 0.8808 0.8460 0.8357
1.934 1.934 1.%31 28.513 29.544 29.849 0.8761 0.8401 0.829%
2.221 :2.222 12:218 28.760 29.832 30.149 0.8728 0.8362 0.8255
2.799 2.800  2.796 29.050 30.168 30.49%€ 0.8682 0.830H8 0.8199
3.380 3.383 _3:379 29.307 30.464 30.801 0.8646 0.8265 0.815%%
3.965 3:969 3,965 29.522 30.698 31.045 0.8624 0.8240 0.8130
£.552 4:557 4:553 295637:30:843. 31,771 0.8613 0.8228 0.811H4
$.141 5.148 5.144 29.695 30.889 31.237 0.8606 0.8220 0.8110
55731 55739052736 29.750 30,949 31.298 0.8601 0.8214 0.8103
6.913 6.923 2 6:919 29.822 31.026 31.375 0.8593 0.8206 0.8096
8.096 8.109 8.10S5 29.865 31.073 31.423 0.8589 0.8201 0.8091
11652 11,673 11:669 29.923 31,135 31486 0.8584 0.8195 0.808%

AXIAL INDUCED VELOCITY (UA/VS) TANGENTIAL INDUCED VELCCITY (UT/VS) RADIAL INDUCED VELOCITY (UR/VS)

0.053 0.054 0.054 -0.023 -0.024 -0.024 -0.011 -0.011 -0.011
£.075 0.075 0.075 -0.033 -0.033 -0.0332 <0.011 -0,011 -0.011
0.081 0.082 0.082 -0.037 -0.038 -0.038 -0.011 -0.011 -0.011
0.085 0.085 0.085 -0.040 -0.041 -0.041 ~0.011 -0.011 -0.012
0.089 0.089 0.089 -0.043 -0.045 -0.045 <0.011 -0.011 -0.012
0.091 0.050 0.090 -0.045 -0.046 -0.046 ~0.009 -0.009 -0.010
0.095 0.094 0.093 -0.047 -0.049 -0.049 -0.005 -0.005 -0.006
0.096 0.094 0.094 -0.049 -0.050 -0.050 -0.004 -0.004 -0.004
0.097 0.035 0.095 -0.050 -0.051 -0.051 ~0.002 -0.003 -0.003
0.099 0.097 0.097 -0.050 -0.053 -0.053 ~0.001 -0.001 -0.001
©.099 ©.097 0.096 -0.051 -0.054 -0.055 ~0.001 -0.001 -0.001
0.099 0.097 0.097 -0.052 -0.055 -0.055 ~0.001 -0.001 -0.001
6.059 0.098 0.097 -0.052 -0.055 -0.056 0.000 0.000 0.000
0.100 0.098 0.098 -0.053 -0.056 -0.057 0.000 0.000 0.000
©.100 G.C98 0.098 -0.053 -0.056 -0.057 0.000 0.000 0.000
2.100 0.0%8 0.098 -0.053 -0.057 -0.057 0.000 0.000 0.000
0.100 0.098 0.098 -0.053 -0.057 -0.057 0.000 0,000 0.000
0.100 0.C98 0.098 -0.053 -0.057 -0.058 0.000 0.000 0.000
0.100 0.098 0.097 -0.053 -0.057 -0.058 0.000 0.000 0.000
£.100 0.098 0.097 -0.053 -0.057 -0.058 0.000 0.000 0.000
0.100 0.098 0.087 -0.053 -0.057 -0.058 0.00C 0.000 0,000
X = 0.84
2¢TAL DISTANCE DOWNSTREAM (Y/R) HYDRODYNAMIC PITCH (BETAI) SLIPSTREAM RADIUS (X/X0)
0.000 0.000 0.000 21.411 21.426 21.430 1.0000 1.0000 1.0000
0.066 0.066 0.066 22.155 22.206 22.219 0.9924 0.9904 0.9899
0.133.00;133:20°133 22.426 22.517 22.539 0.9851 0.9812 0.9802
0.268 0.268 0.268 22.805 22.974 23.016 0.9714 0.9638 0.9618
0.404 0.404 0.404 23.170 23.413 23.475 0.9589 0.9478 0.9449
0.540 0.540 0.540 23.481 23.799 23.883 0.9476 0.9332 0.9294
0.814 0.814 0.813 24.068 24.524 24.648 0.9293 0.9094 0.9039
1.091 1.090 1.088 24.538 25.096 25.248 0.9158 0.8919 0.8852
1.369 1.368 1.366 24.971 25.616 25.795 0.9061 0.8794 0.8718
1.650 1.650 1.647 25.348 26.064 26.267 0.8996 0.8711 0.8630
1.932 1.933 1.930 25.638 26.403 26.620 0.8952 0.8657 0.8573
2.220 2.219 2.216 25.847 26.644 26.869 0.8921 0.8619 0.8534
2.794 2.794 2.790 26.103 26.938 27.172 0.8877 0.8567 0.8480
3.372 3.372 3.368 26.328 27.196 27.438 0.8843 0.8525 0.8438



Appendix C 184

3,953 3.954' 3.950 26.518 27.403 27.653 0.8821 0.8501 0.8413
4.537 4.539 4.534 26.623 27.517 27.768 0.8810 0.8489 0.8£401
5.122. 5.125 5.120 26.676 27.577 27.828 0.B803 0.8481 0.8393
5:708: 557113 5+706 26.727 27.632 27.884 0.8798 0.8B475 0.8386
6.883 6.887 6.882 26.793 27.703 27.956 0.8790 0.8467 0.8378
8.059 B8.065 8.059 26.833 27.746 28.000 0.8786 0.8462 0.8373
11.593 11.603 11.596 26.887 27.804 28.058 0.8780 0.8456 0.8367

AXIAL INDUCED VELOCITY (UA/VS) TANGENTIAL INDUCED VELOCITY (UT/VS) RADIAL INDUCED VELOCITY (UR/VS)

0.052 0.052 0.053 ~<0.021. -0.02) -0.02] -0.011 -0.012 -0,012
0.078 0.078 0.078 -0.030 -0.031 -0.031 -0.012 -0.012 -0.012
0.083 0.083 0.083 -0.034 -0.034 -0.034 -0.012 -0.012 ~0,012
0.086 0.086 0.086 -0.036 -0.037 -0.037 -0.012 «0.012 -0.012
0.089 0.089 0.089 -0.039 -0.039 -0.039 -0.012 -0.012 -0.012
0.091 0.090 0.090 -0.040 -0.041 -0.041 -0.009 -0.009 -0.010
0.094 0.093 0.093 -0.041 -0.043 -0.043 =0.005 <0.00% -0.006
0.095 0.094 0.094 -0.043 -0.044 -0.043 -0.004 -0.004 -0.004
0.096 0.095 0.095 -0.044 -0.045 -0.044 <0.002 -0.002 -0.003
0.098 0.097 0.096 ~-0.044 -0.046 -0.046 =0.001 -0.001 -0.001
0.098 0.097 0.096 -0.045 -0.047 -0.048 ~0.001 -0.001 -0.001
0.098 0.097 0.097 -0.046 -0.048 -0.048 -0.001 0.000 -0.001
0.099 0.098 0.097 -0.046 -0.048 -0.049 0.000 0.000 0.000
0.099 0.098 0.098 -0.046 -0.049 -0.049 0.000 0.000 0.000
0.099 0.098 0.098 -0.046 -0.049 -0.050 0.000 0.000 0.000
0.099 0.098 0.098 -0.047 -0.049 -0.050 0.000 0.000 0.000
0.099 0.098 0.098 -0.047 -0.050 -0.050 0.000 0.000 0.000
0.099 0.098 0.098 ~-0.047 -0.050 -0.050 0.000 0.000 0.000
0.099 0.098 0.098 -0.047 -0.050 -0.050 0.000 0.000 0.000
0.099 0.098 0.098 -0.047 -0.050 -0.050 0.000 0.000 0.000
0.099 0.098 0.098 -0.047 -0.050 -0.050 0.000 0.000 0.000
X = 0.92
AXIAL DISTANCE DOWNSTREAM (Y/R) HYDRODYNAMIC PITCH (BETAI) SLIPSTREAM RADIUS (X/X0)
0.000 0.000 0.000 19.794 19.805 19.801 1.0000 1.0000 1.0000
0.066 0.066 0.066 20.487 20.497 20.484 0.9936 0.9919 0.9915
0.134 0.134 0.133 20.667 20.709 20.703 0.9874 0.9842 0.9833
0.269 0.269 0.268 20.959 21.062 21.074 0.9759 0.9695 0.9676
0.405 0.404 0.403 21.241 21.399 21.427 0.9653 0.95%9 0.9535
0.541 0.540 0.539 21.484 21.694 21.742 0.9557 0.9436 0.9405
0.815 0.813 0.811 21.942 22.250 22.329 0.9400 0.923% 0.9191
1.090 1.088 1.085 22.318 22.696 22.797 0.9285 0.9086 0.9032
1.367 :1.365 -11.361 22.665 23.106 23.226 0.9200 0.8977 0.8916
1.647 1.644 1.639 22.971 23.464 23.601 0.9141 0.8902 0.8837
1929 “1:925 12919 23.212 23.741 23.887 0.9100 0.8852 0.8784
2.212 2.209 2.202 23.391 23.945 24.099 0.9071 0.8817 0.8747
2.783 2,178  2-270 23.616 24.201 24.362 0.9029 0.8766 0.8694
3.356 3,351, 3:341 23.814 24.426 24.592 0.8995 0.B726 0.8653
3.933 3.928 3.916 23.982 24.608 24.782 0.8975 0.8702 0.8628
4.512 4.507 4.493 24.079 24.713 24.888 0.8964 0.8689 0.8615
5.092 5.087 5.071 24.127 24.767 24.942 (G.8957 0.8681 0.8607
5.674 5,668 S.651 24.174 24.818B 24.993 0.8951 0.8675 0.8601
6.839 6.832 6.812 24.236 24.886 25.061 0.8944 0.8667 0.8%92
8.005 7.999 12.975 24.272 24.925 25.101 0.8940 0.8662 0.8587
11.511 11.502 11.469 24.323 24.979 25.156 0.8934 0.8655 0.8581

AXIAL INDUCED VELOCITY (UA/VS) TANGENTIAL INDUCED VELOCITY (UT/VS) RADIAL INDUCED VELOCITY (UR/VS)
0.051 0.052 0.051 -0.019 -0.019 -0.019 -0.012 -0.012 -0.012
0.078 0.077 0.077 -0.028 -0.028 -0.027 ~0.012 =0.012 -0.012
0.081 0.080 0.079 -0.030 -0.030 -0.029 -0.012 -0.012 -0.012
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0.084 0.083 0.082 -0.032 -0.032 -0.031 -0.012 -0.012 -0,012
0.086 0.085 0.084 -0.034 -0.034 -0.033 -0.012 -0.012 -0.012
0.088 0.086 0.085 -0.034 -0.035 -0.034 -0.009 -0.009 -0.010
0.090 0.088 0.088 -0.035 -0.036 -0.036 -0.004 -0.005 -0.005
0.092 0.089 0.088 -0.037 -0.037 -0.036 -0.004 -0.004 -0.004
0.092 0.090 0.089 -0.037 -0.038 -0.037 -0.002 -0.002 -0.002
0.094 0.091 0.091 -0.038 -0.039 -0.038 -0.001 -0.001 -0.001
0.09¢ 0.091 0.090 -0.039 -0.040 -0.040 -0.001 -0.001 -0.001
0.094 0.091 0.091 -0.039 -0.040 -0.040 =0.001 0.000 0.000
0.085 0.092 0.091 -0.039 -0.041 -0.041 0.000 0.000 0.000
0.095 0.092 0.092 -0.040 -0.041 -0.041 0.000 0.000 0.000
0.095 0.092 0.092 -0.040 -0.041 -0.042 0.000 0.000 0.000
0.095 0.092 0.092 -0.040 -0.042 -0.042 0.000 0.000 0.000
0.095 0.093 0.092 -0.040 -0.042 -0.042 0.000 0.000 0.000
0.095 0.093 0.092 -0.040 -0.042 -0.042 0.000 0.000 0.000
0.095 0.093 0.092 -0.040 -0.042 -0.042 0.000 0.0600 0.000
0.095 0.093 0.092 -0.041 -0.042 -0.042 0.000 0.000 0.000
0.095 0.093 0.092 -0.041 -0.042 -0.042 0.000 0.000 0.000
X = 0.96
AXIAL DISTANCE DOWNSTREAM (Y/R) HYDRODYNAMIC PITCH (BETAI) SLIPSTREAM RADIUS (X/X0)
0.00C ©0.000 0.000 19.090 19.093 19.069 1.0000 1.0000 1.0000
0.066 0.066 0.066 19.803 19.747 19.686 0.9941 0.9926 0.9922
0.134 0.134 0.133 19.951 19.921 19.865 0.9884 0.9854 0.9847
0.270 ©0.269 0.268 20.242 20.267 20.222 0.9778 0.9719 0.9704
0.406 0.405 0.403 20.517 20.594 20.559 0.9680 0.9594 0.9572
0.543 0.542 0.539 20.757 20.879 20.857 0.9592 0.9481 0.9452
0.817 0.816 0.812 21.194. 212393 217408 0.9448 0.9296 0.9255
1.092 1.093 1.087 21.547 21.833 21.871 0.9341 0.9159 0.9108
1.370 1.371 . 1.365 21.871 22.234 22.281 0.9262 0.9058 0.9000
1.649 1.652 1.644 22.148 22.563 22.640 0.9206 0.8988 0.8926
1-931 11.935212927 22.366 22.827 22.906 0.9168 0.8940 0.8876
2.214 2.220 2.210 22.528°23.023 23.120 0.9139 0.8906 0.8840
2.784  2.792 125782 22.744 23.276 23.379 0.9098 0.8B856 0.87ER
3.357 3.36B 3.357 22.931 23.500 23.606 0.9066 0.8818 0.8748
3.933 1 3:547 3.93% 23.090 23.676 23.791 0.9046 0.8795 0.6724
4.511 0 4:528°  4:517 23.173 23.769 23.895 0.9035 0.8783 0.8712
5:091:  S5:1118 5099 23.214 23.820 23.948 0.9028 0.8775 0.8704
5.671 5.694 5.683 23.259 23.870 23.998 0.9022 0.8B76K 0.R698
£.834 6.863 6.851 23.316 23.934 24.064 0.9015 0.8760 0.8690
7.999 8.033 8.022 23.349 23.972 24.104 0.9011 0.87%6 0.86ARS
11.500 11.548 11.540 23.390 24.025 24.154 0.9005 0.8749 0.8678

AXIAL INDUCED VELOCITY (UA/VS) TANGENTIAL INDUCED VELOCITY (UT/VS) RADIAL INDUCED VELOCITY (UR/VS)

0.052 0.052 0.051 -0.018 -0.018 -0.017 -0.012 -0.012 -0.012
0.083 0.078 0.075 -0.027 -0.026 -0.024 -0.012 -0.012 -0.012
0.085 0.080 0.077 -0.028 -0.027 -0.025 -0.012 -0.012 -0.012
0.089 0.084 0.081 -0.031 -0.030 -0.028 -0.012 -0.012 -0.012
0.092 0.088 0.084 -0.033 -0.032 -0.030 -0.012 -0.012 -0.012
0. 094 0.090 0.086 -0.034 -0.033 -0.031 ~0.009 -0.009 -0.009
0.098 ©0.093 0.090 -0.035 -0.035 -0.033 -0.004 -0.004 -0.005
0.100 0.095 0.093 -0.037 -0.036 -0.035 -0.003 -0.003 -0.003
0.102 0.098 0.095 -0.038 -0.038 -0.036 -0.002 -0.002 -0.002
0.103 0.099 0.097 -0.038 -0.039 -0.037 -0.001 -0.001 -0.001
0.103 0.100 0.097 -0.039 -0.040 -0.039 -0.001 -0.001 -0.001
0.103 0.101 0.098 -0.039 -0.041 -0.040 ~0.001 0.000 0.000
0.104 0.102 0.099 -0.040 -0.041 -0.040 0.000 0.000 0.000
0.104 0.103 0.100 -0.040 -0.042 -0.041 0.000 0.000 0.000
0.104 0.103 0.100 -0.040 -0.042 -0.042 0.000 0.000 0.000



Appendix C 186

0.104 0.103 0.101 -0.040 -0.042 -0.042 0.000 0.000 0.000
0.104 0.103 0.101 -0.040 -0.042 -0.042 0.000 0.000 0,000
0.104 0.103 0.101 -0.040 -0.043 -0.042 0.000 0.000 0.000
0.104 0.103 0.101 -0.041 -0.043 -0.042 0.000 0.000 0.000
0.104 0.103 0.101 -0.041 -0.043 -0.042 0.000 0.000 0.000
0.103 0.103 0.101 -0.040 -0.043 -0.042 0.000 0.000 0.000
X =1.00
AXIAL DISTANCE DOWNSTREAM (Y/R) HYDRODYNAMIC PITCH (BETAI) SLIPSTREAM RADIUS (X/X0)
0.000 0.000 0.000 17.984 18.016 17.973 1.0000 1.0000 1.0000
0.063 0.063 0.063 18.117 17.960 17.837 0.9945 0.9932 0.9928
0.127 0.127 0.126 18.175 18.035 17.914 0.9892 0.9865 0.9859
0.255 0.253 0.251 18.434 1£.327 18.215 0.9791 0.9740 0.9727
0.383 0.380 0.377 18.692 1€.641 18.510 0.9699 0.9625 0.9606
0.512 0.508 0.504 18.908 18.925 18.707 0.9615 0.9520 0.9496
0.770 0.765 0.759 19293 19331 19,172 0.9478 0.9346 0.9310
1.029 1.023 1.015 19.588 19.716 19.661 0.9374 0.9211 0.9164
1.290 1.283 1.274 19.843 20.075 20.029 0.9294 0.9108 0.90%4
1.552 1.545 1.534 20.128 20.321 20.365 0.9236 0.9033 0.8974
1.817 1.808 1.796 20.329 20.634 20.626 0.9195 0.898) 0.8919
2.082 2.074 2 060 20.489 20.842 20.840 0.9164 0.8943 0.6879
2.617 2.608 2.593 20.701 21.088 21.096 0.9122 0.8891 0.8824
3.155 3.145 3.129 20.877 21.300 21.309 0.9087 0.8849 0.8780
3.696 3.686 3.668 21.028 21.477 21.490 0.9064 0.8821 0.8750
4.239 4.229 4.210 21.139 21.602 21.633 0.9051 0.8806 0.8734
4.784 4.773 4.754 21.178 21.649 21.681 0.9044 0.8798 0.8726
5.330 5.318 5.298 21.217 21.695 21.728 0.9038 0.8790 0.R718
6.424 6.411 6.3390 21.282 21.770 21.806 0.9029 0.8780 0.8709
7.520 7.505 7.483 21.312 21.804 21.844 0.9025 0.8775 0.8703
10.813 10.794 10.769 21.367 21.869 21.914 0.9018 0.8767 0.8694
AXIAL INDUCED VELOCITY (UA/VS)  TANGENTIAL INDUCED VELOCITY (UT/VS) RADIAL INDUCED VELOCITY (UR/VS)
0.029 0.031 0.028 -0.009 -0.009 -0.009 -0.012 -0.011 -0.011
0.032 0.022 0.016 -0.007 -0.004 -0.002 -0.012 -0.012 -0.012
0.030 0.020 0.014 -0.007 -0.003 -0.001 -0.012 -0.012 -0.012
0.034 0.024 0.017 -0.008 -0.005 -0.002 -0.012 -0,012 -0.012
0.037 0.028 0.020 -0.010 -0.007 -0.004 -0.012 -0.012 -0.012
0.040 0.032 0.021 -0.011 -0.008 -0.004 -0.010 -0.010 -0.010
0.043 0.035 0.025 -0.012 -0.009 -0.005 -0.005 -0.005 -0.005
0.046 0.038 0.032 -0.014 -0.011 -0.007 -0.004 -0.004 -0.004
0.046 0.041 0.034 -0.014 -0.011 -0.008 ~0.003 -0.002 -0.002
0.049 0.040 0.037 -0.015 -0.011 -0.010 -0.001 -0.001 -0.001
0.049 0.044 0.038 -0.015 -0.013 -0.011 =0.001 -0.001 -0.001
0.049 0.045 0.039 -0.016 -0.01¢ -0.011 -0.001 0.000 -0.001
0.050 0.046 0.040 -0.016 -0.014 -0.012 0.000 0.000 0©.000
0.051 0.047 0.041 -0.016 -0.015 -0.012 0.000 0.000 0.000
0.051 0.048 0.041 -0.016 -0.015 -0.013 0.000 0.000 0.000
0.051 0.048 0.042 -0.016 -0.015 -0.013 0.000 0.000 0.000
0.051 0.048 0.042 -0.016 -0.015 -0.013 0.000 0.000 0.000
0.051 0.048 0.042 -0.016 -0.015 -0.013 0.000 0.000 0.000
0.051 0.048 0.042 -0.016 -0.015 -0.013 0.000 0.000 0.000
0.051 0.048 0.042 -0.016 -0.015 -0.013 0.000 0.000 0.000
0.051 0.048 0.043 -0.016 -0.015 -0.013 0.000 0.000 0.000
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PROPELLER DESIGN WITH IRREGULAR HELICAL SLIPSTREAM

INPUT DATA
DHP RPM vs 1-WT DIAMETER
348.6 3000.0 50.00 0.885 490.
RADIUS 1-WN THICKNESS CHORD
0.37 0.4550
0.41 0.6490 0.000 172.500
0.45 0.7400 0.000 180.000
0.53 0.8410 0.000 195.000
0.61 0.9042 0.000 208.000
0.69 0.9130 0.000 212.200
0.76 0.9206 0.000 204.500
0.84 0.9273 0.000 184.000
0.22 0.9334 0.000 142.000
0.96 0.9362 0.000 105.000
1.00 0.9388
DERIVED DESIGN CONDITIONS
KQ JVS
0.01143 1.0506
RESULTS
CIRCULATION COEFFICIENTS
0.0109891 0.0024569 0.0012071 0.
RADIUS BETA .BETAI CIRCULATION U
0.41 27:95 34:26 0.005046 -0.
0.45 28.86 33.43 0.010761 -0
0.53 28.04 30.84 0.011148 =0
0.61 26.52 28.31 0.010483 -0.
.69 24.02 25.58 0.003%03 -0.
0.76 21335 " 23.32 0.009030 -0.
0.84 20:220-21.43 0.007729 -0.
0.92 i8.72 19.80 0.005809 -0.
0.96 18.04 19.07 0.0039939 -0.

XTEPSI KC KT
0.04998 0.564

EFFY

6

(PROGRAM FPST.FOR)

BLADES

00
DRAG COEFF

0.00950

0.00930

0.00920

0.003910

0.00900

0.00890

0.00880

0.00870

0.00860
0005494 0.0000597 0.0000659
T/VS UA/VS UR/VS CCL/D
08644 0.12506 -0.00548 0.04133
.06951 0.10056 -0.00618 0.04432
04617 0.07405 -0.00757 0.03924
03071 0.05532 -0.00919 0.03255
02708 0.05482 -0.01C44 0.02776
02391 0.05386 -0.01127 0.02305
02116 0.05269 -0.01169 0.01811
01876 0.05147 -0.01168 0.0C1255
01740 ¢.05118 -0.01156 0.00831

-0.0000341

CL

0.11740
0.12064
0.09860
0.07669
0.06411
0.05522
0.04822
0.04332
0.03880

(=)

OO0 o000 0O0O0

0.0000734

~
DKQ

.00833
.01179
.01620
013934
.02208
.02402
.02430
.02134
.01619

OO0 000O0OO0O0O

.05053
.06763
.08392
.09092
.09711
.09880

~1 o
dn n W oo
@ OV - a
W o

(S~

w

sindinQ uSiso( 10e)g pue sivjpdoiq

(I xipuaddy



PROPELLER DESIGN WITH IRREGULAR HELICAL SLIPSTREAM
(PROGRAM FPST.FOR)

INPUT DATA
DHP RPM Vs 1-WT DIAMETER BLADES

348.6 2000.0 15.00 0.873 490.00 3
RADIUS 1-WN THICKNESS CHORD DRAG COEFF

0.37 0.4050

- 0.41 0.6030 0.000 172.500 0.00950

o 0.45 0.6970 0.000 180.000 0.00930

© 0.53 0.8050 0.000 195.000 0.00920

=) 0.61 0.8750 0.000 208.000 0.00910

e, 0.69 0.9134 0.000 212.200 0.00900

o 0.76 0.9210 0.000 204.500 0.00890

" 0.84 0.9276 0.000 184.000 0.00880

o 0.92 0.9337 0.000 142.000 0.00870

by 0.96 0.9365 0.000 105.000 0.00860

»n 1.00 0.9391

0’5‘ DERIVED DESIGN CONDITIONS

= KQ Jvs

0.0385R 0.4728

O RESULTS

ﬁ CIRCULATION COEFFICIENTS

?—; 0.1277742 0.0014378 0.0026742 0.0007187 0.0001994 0.0001398 -0.0001501 0.0000495 -0.0001035

e PADIUS BETA BETAI CIRCULATION uT/VvsS UA/VS UR/VS CCL/D CL DKQ DKT

—_

9, 0.41 12.51 28.61 . 0.066369 -0.42202 0.64927 -0.03213 0.15945 0.45294 0.01859 0©.15865
0.45 13.15 27.54 0.088302 -6.43533  0.62182 -0.03968 0.19306 0.52554 0.02863 0.23483

o 0.53 2192° 735,25 "0, 111118 -0.40791 0.65762 -0.05522 0.20364 0.51171 0.04691 0.35981

> 0.61 12.26 23.10 0.122032 -0.37611 N.68262 -0.07057 0.19317 0.45506 0.06350 0.45523

- 0.69 11.35 21.09 0.34671 0.70822 -0.08445 0.17474 0.40349 0.07756 0.55039

> 0.76 10.28 19.23 0.32157 ©0.73739 -0.09528 ©.15179 0.36370 0.08637 0.60416

%) 0.84 9.41 17.67 0.29670 0.76045 -0.10235 0.12405 0.33036 0.08905 0.60751
0.92 8.67 16.33 0.27016 0.78023 -0.10536 0.08803 0.30378 0.07794 O0.5218&
0.9¢ BI385-15574 -0.24755 0.79331 -0.10653 0.06175 0.28818 0.06068 0.40184
XTEPS #0

q xipuaddy

881
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PPOPELLER DESIGN WITH IRREGULAR HELICAL SLIPSTREAM
(PROGPAM FPST.FOR)

INPUT DATA

DHP RPM vs 1=WT DIAMETER BLADES
45414.6 98.7 26.50 0.833 7560.00 6
RADIUS 1-WN THICKNESS CHORD DRAG COEFF

0.22 0.4642

0.25 0.4840 0.000 1892.000 0.00830
0.30 0.5330 0.000 1981.000 0.00810
0.40 0.6440 0.000 2160.000 0.00770
0.50 0.7950 0.000 2305.000 0.00740
0.60 0.8580 0.000 2410.000 0.00720
0.70 0.8910 0.000 2453.000 0.00700
0.80 0.9050 0.000 2387.000 0.00690
0.90 0.9080 0.000 2081.000 0.00700
0.95 0.9090 0.000 1689.000 0.00730C
1.00 0.9100
DERIVED DESIGN CONDITIONS

KQ Jvs
0.04784 1.0969

RESULTS

CIRCULATION COEFFICIENTS

 xipuaddy

0.0215733 0.0004887 0.0014633 -0.0000292 -0.0001%972 -0.0001537 0.0000469 0.0000268 0.0000776

RADIUS BETA BETAI CIRCULATION uT/VS UA/VS UR/VS CCL/D CL DKQ DKT
0.25 34.06 46.97 0.00959¢8 0.10234 0.03546 0.07519 0.30043 0.008i8 0.05780
0.30 31.81 33.72 0.014296 0.12641 0.02728 0.09810 0.37438 0©.01703 0.11407
0.40 29.34 38.75 0.019212 0.15117 0.00536 0.09503 0.33259 0.03565 0.21184
0.50 29.04 35.53 0.019849 0.14185 -0.01562 0.07737 0.25375 0.05487 0.28914
0.50 26.53 31.74 0.019247 0.14251 -0.03300 ©.06591 0.20675 ©.07172 0.35794
0.70 23.96 28.40 0.0139634 0.14516 -0.04668 0.05662 ©.17450 0.08674 0.41750
0.80 21.55 25.50 0 £458 0.15020 -0.05598 0.04732 0.14988 0.09688 0.45284
0.390 19.41 ~23.03 e 9 0.15692 -0.05369 0.03483 0.12655 0.09267 0.41849
0.95 18.47 21.95% v 6 J.15966 -0.05%32 0.02535 0.11348 0.07635 0.33741
XTEPSI KQ
0.4520 06.04775 0.23579

681
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PROPELLER DESIGN WITH IRREGULAR HELICAL SLIPSTREAM
(PROGRAM FPST.FOR)

INPUT DATA

DHP RPM Vs 1-wT DIAMETER BLADES
26789.5 85.0 15.00 0.721 8340.00 4
RADIUS 1-WN THICKNESS CHORD DRAG COEFF
0.20 0.3080
0.25 0.3320 0.000 2002.000 0.00880
0.30 0.3630 0.000 2103.000 0.00850
0.40 0.4350 0.000 2285.000 0.00800
0.50 0.5610 0.000 2439.000 0.00760
0.60 0.7150 0.000 2550.000 0.00740
0.70 0.7920 0.000 2596.000 0.00720
0.80 0.8470 0.000 2526.000 0.00700
0.90 0.8690 0.000 2202.000 0.0071¢0
0.95 0.8740 0.000 1787.000 0.00730
1.00 0.8780
DERIVED DESIGN CONDITIONS
KQ Jvs
0.02704 0.6535
RESULTS

CIRCULATION COEFFICIENTS

0.0491752 0.0040142 0.0019995 -0.0004596 -0.0002282 0.0001568 0.0000396 ©.0000353 -0.0001489

RADIUS = BETA BETAI CIRCULATION uT/vVs UA/VS UR/VS CCL/D CL DKQ DKT
0.25 15.44 32.88 0.0287481 -0.27697 0.26592 0.04910 0.16421 0.68406 0.00589 0.07083
0.30 14,13 .29.92 0.037920 -0.27542 0.30849 0.03267 C€.17700 0.70192 0.01047 0.11790
0.40 12.75  .25.50 0.046724 -0.24662 0.36451 -0.00890 0.15308 0.57699 0.02063 0.20879
0.50 13.14 22.84 0.048655 -0.20343 0.36585 -0.04321 0.12805 0.43787 0.03150 0.28517
0.60 13.92 21.03 0.046753 -0.15862 0.33298 -0.08245 0.10061 0.32906 0.04176 0.333C
0.70 13.24 18.95 0.043735 -0.13058 0.31852 -0.10697 0.08036 0.25818 0.04933 0.37601
0.80 12.42 17.16 0.038912 -0.10943 0.30646 -0.12167 0.06253 0.20645 0.05347 0.38609
0.90 11.36 15.51 0.030507 -0.03517 0.30528 -0.12548 0.04365 0.16533 0.0439%6 0.34227
0.95 10.83 14.78 0.022825 -0.08789 0.30753 -0.12344 0.03096 0.14451 0.04096 0.27070
XTEPSI KQ ET
0.3220 0.02695 0.21426 0

(I xipuaddy

061
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PROPELLER DESIGN WITH IRREGULAR HELICAL SLIPSTREAM
(PROGRAM FPST.FOR)

INPUT DATA
DHP RPM Vs 1-WT DIAMETER BLADES
38272.8 105.0 19.60 0.610 7560.00 5

RADIUS 1-wN THICKNESS CHORD DRAG COEFF

0.22 0.6274

0.25 0.5950 0.000 2342.000 0.00790
0.30 0.5470 0.000 2460.000 0.00770
0.40 0.4620 0.000 2674.000 0.00730
0.50 0.4000 0.000 2853.000 0.00710
0.60 0.3860 0.000 2984.000 0.00690
0.70 0.5010 0.000 3037.000 0.00670
0.80 0.6570 0.000 2955.000 0.00670
0.90 0.8220 0.000 2576.000 0.00670
0.95 0.8910 0.000 2090.000 0.00690
1.00 0.9470

DERIVED DESIGN CONDITIONS

¥Q Jvs
0.03348 0.7626

RESULTS
CIRCULATION COEFFICIENTS

0.0408459 0.0005600 -0.0021657 0.0001210 0.0003671 ©.0000050 -0.0000053 -0.0000493 0.0001695
RADIUS BETA BETAI CIRCULATION  UT/VS UA/VS UR/VS cCL/D cL DxQ DKT

0.25 30.02 41.37 0.014495 -0.20616 0.13031 0.071i3 0.08298 0.26786 0.00620 0.05312

0.30 23.88 35.91 0.02331 -0.21073 ©0.19523 0.06014 ©.11574 0.35568 0.01221 0.10745

0.40 15.66 27.71 0.033206 -0.21824 0.28882 0.01836 0.13310 0.37631 0.02433 0.22109

0.50 10.99 22.35 0.040745 -0.20944 0.36061 -0.03301 0.12797 0.33911 0.03719 0.34141

0.60 8.88 19.01 0.043553 -0.19075 ©0.39999 -0.08181 0.11343 0.28738 0.05018 0.45002

6.70 9.86 17.78 0.041255 -0.15509 ©0.37346 -0.12042 0.09050 0.22528 0.06302 0.50909

0.80 11.27 17.0 0.035107 -0.1202 0.31937 -0.14372 0.06640 0.16988 0.07066 0.50302

0.30 12.50 16.57 0.024832 -0 0.25490 -0.14903 0.04131 0.12124 0.06518 0.40386

0.95 12.83 16.25 0.017254 -0 0.22725 -0.14529 0.02712 0.09810 0.85197 0.29€25
XKTEPSI XQ KT

0.3390 ©0.03373  0.26152
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IVILVJ 10} yndinQ ulisa( 10je}s

STATOR D.

CIR. COEFF.(H) -0.

(In Meter)=
Axial Distance ( AXD/R(pr)=

RADIUS
.30
732
+37
.44
.54
.65
.76
.86
0.93
0.98
1.00

(=N« =l lNeleNe e

. RADIUS BETAI

0.317 81.14 -0.006016 0.04490
0.367 83.99 -0.007916 0.05477
0.444 87.28 -0.008007 0.06757
0.542 88.78 -0.007521 0.05258
0.650 89.23 -0.006473 0.04106
0.758 89.31 -0.005838 0.03400
0.856 89.25 -0.004875 0.02647
0.933 B88.64 -0.003155 0.00993
0.983 88.33 -0.002515 0.00391
STATOR TORQUE (KNM) =
PROPELLER TORQUE (KNM)= 0.83 T
PROPULSORS EFFICIENCY =0.650 GAINI(S®)
STATOR DESIGH AFT
0.317 B81.34 -0.006398 0.04775
0.367 84.21 -0.008418 0.05825
0.444 87.53 -0.008515 0.07185
0.542 88.37 -0.00739s8 0.05522
0.650 89.38 -0.006883 0.0436¢8
0.758 82%.43 -0.005209 0.03616
0.856 €9.35 -0.0051e4 0.02815
0.933 B8B.68 -0.003356 0.01057
0.983 88.34 -0.002674 0.00416
STATCR TORQUE (KNM) = 0.83 TE
PROPELLER TORQUE(RM)= 0.83
PROPULSORS EFFICIENCY =0.650

1-WN

0.6502
0.7554
0.8573
0.8972
0.9120
0.9216
0.9290
0.9342
0.9373

CIRCULATION UTS/VS

-0

-0
o

0.45636 NO. OF BLADES=
0.6000
THICKNESS CHORD
0.000 0.040
0.000 0.040
0.000 0.039
0.000 0.037
0.001 0.033
0.001 0.028
0.001 0.022
0.001 0.016
0.001 0.012

UTP/VS
-0.16695
-0.14842
-0.11412
-0.07387
-0.05447
.04620
-0.03974
.03414
-0.03384
0.78 THRUST(KN) =
RUST(RN) =

0.553

STATOR DESIGN

6

BALANCING

|
20 Q OO

-
ity
L NS TS

pery

e

[N

DRAG COEFF

== e lelleNeNe N

0

U,

O0Oo0OO0OO0O0CO0OOCO

DOOOO0OO0OO0O0OO0

.01575
.01582
.01600
.01637
;01711
.01824
.02029
.02311
.02698

AP/VS

.13246
.13391
.12360
.09866
.09009
.09078

08976

.08610
.08622

0.04
7-39

i
i
(o]

NS ST

M MW W0 W N W W
W OOhhWwWoOOoiDWwWwNn
LSS )

N OO0 s

[N

1020 G000 mp
' . o

WO de

"
o

DOoOOOO0OO0OO00 (4
G RN S el ™

CCL/D
0.04772
0.05562
0.05123
0.04744
0.04058
0.03623
0.03006
0.01943
0.01543

=]
~) (o

[S I}

OO0 o000

L T B T I S VIR VR P TR
M O om0
R I VAT Sl S Ny S

LIS LR I PURS S W Ve

(=]

CL
0.54858
0.63774
0.59644
0.57886
0.55448
0.58425
0.63513
0.55407
0.60703

© O o
i)

D s o W

D AV O ]
SN Mo

L O S O P S e

D OO0 oo
UV O b
MR ds v O ds b

W

TKQ
0.46
-19
.06
.24
.28
.36
=29
£92
sd2

OO O

P

OO
0D W L w
1 AN sd b e

(SIS
~

00774855 -0.00211062 -0.00141739 -0.00053735 -0.00042435 -0.00005820 -0.00034659

TKT
0.80
0.76
0.22
-0.07
-0.15
=0:15
-0.13
-0.08
-0.05

o
W

LU LR Y

OO 00000
B - B S RN
1w

LTINS

0.00009578 -0.00006360
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CIR. COEFF.(H) -0.06187876 -0.00170077 -0.01304239

STATCR D. (In Meter)= 0.462
Axial Distance ( AXD/R(pr)=
RADIUS 1-wWN
0.36
0.38 0.7453
0.42 0.8029
0.49 0.8562
0.58 0.9025
0.68 0.9135
0.78 0.9223
0.87 0.9291
0.94 0.9339
0.98 0.9369
1.00
’ RADIUS BETAI CIRCULATI
0.376 80.16 -0.028707
0.422 80.91 -0.052590
0.493 B86.72 -0.052669
0.582 80.42 -0.053086
0.680 81.50 -0.052455
0.779 82.26 -0.050255
0.868 83.29 -0.046742
0.939 83.84 -0.044591
0.984 B83.56 -0.039604
STATCR TORQUE (KNM) =

PROPELLER TORQUE (KNM)=
PROPULSORS EFFICIENCY =0.501

STATCR DESIGN AFTER BALANCING THE

0.376 75.85 -0.018607
0.422 76.41 -0.03408¢8
0.493 80.96 -0.0341
0.582 175.66 344
0.680 77.51 3
0.773 78.81 632
.868 79.97 30
.939 82.2 )28
984 82.40 25

P =M
FICIENTY =0.301

86 NO. OF BLADES=
0.5000

THICKNESS CHORD
0.000 0.111
0.000 04,117
0.000 0.123
0.000 0.126
0.001 0.124
0.001 0.115
0.001 0.103
0.001 0.089
0.001 0.080

ON UTS/VS
0.34908 -0.
0.41277 -0.
0.54459 -0.
0.49777 -0.
0.42750 -0.
0.38198 -0.
0.37576 -0.
0.18460 -O.
0.13482 -0.

X923 THRUST (

1.24 THRUST (

GAIN({®) =

0.22627 -0.
0.26755 -0.
0.35326 -0.
0.32265 -0.
6.27716 -0
c.27716  -0.
3.24752 -C.
0.24357 -9

11965 -0

"
[N
W

UTP/VS
62013
69653
65265
83814
73998
67743
63909
43225
33609
¥N) =
KN) =
6.784

B R T R I
S m Ny O
o e

B O g
WA D D N W e

DR LR R BRI T

W e e

STATOR DESIGN

9

DRAG COEFF

.01229
.01216
.01205
01201
.01211
.01235
.01277
.01328
.01369

OO0OO0OO0ODOOOOO

UAP/VS CCL/D
0.81720 0.11374
0.97100 0.18393
1.02486 0.17564
1.11420 0.16309
1.17676 0.15594
1.25119 0.14395
1.30764 0.13040
1.36024 0.12142

1.37630 0.10690
1.31
18.04

]
(s}

el
©
<
v

N D ON
n oo
[Pt
=Ny oy

m O

OO o0o0

DO O

WO e
B D WD N
“b oo W

7
1
4
4
6
i

w o

-\

Q000

b

O e Moy

0

0
0
0
0.
0
0
0
0

DOO0OO0OO0OO0OOO0

0.00236780 -0.00427068

CL
.47600
.72890
.66203
.59910
58303
.57739
.58828
.63074
.61770

- W
[

WY O
s

) e e

W oW oo

[P RN
O N Y ) W

WIS

0.00317130 -0.000369564

TKQ
0.73
1.69
2.09
2.68
3721
3.66
3.90
4.13
3.88

N

B I P S

o WO
Mm@ Wwdh O

N N N N N S e
' v '

wn

TKT
1.23
2.48

N

L8]
0N e e
OO N B

ST N

(ISR

L S I N I

W

0.00200809

0.00028287
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STATOR DESIGN

STATOR D. (In Meter)= 7.30863 NO. OF BLADES= 9

Axial Distance ( AXD/R(pr)= 0.6000
RADIUS 1-WN THICKNESS CHORD DRAG COEFF
0.24
0.26 0.4880 0.001 0.976 0.00780
0.32 0.5396 0.002 1.034 0.00774
0.40 0.6293 0.005 1.086 0.00770
9557 0.7778 0.008 1.107 0.00771
0.62 0.8585 0.011 1.073 0.00781
0.74 0.8930 0.014 0.971 0.00802
0.84 0.9055 0.017 0.835 0.00836
0.93 0.9079 0.020 0.673 0.00887
0.98 0.9090 0.021 0.567 0.00932
1.00
CIR. COEFF.(H) -0.01623082 -0.00010303 -0.00221844 0.00041324 -0.00065649 0.00025794 -0.00060102 -0.00010238 ~0.00030706
RADIUS BETAI CIRCULATION UTS/VS UTP/VS UAP/VS CCL/D CL TKQ TKT
0.263 71.65 -0.007530 02109200 ~0531521 0.13327 0.07229 0.54124 650.91 213%93
0.317 74.89 -0.010807 0.13981 -0.34079 0.20466 0.08808 0.62245 1345.70 298.71
0.400 80.74 -0.014184 0.16831 -0.31050 0.24274 0.10086 0.67210 2611.97 270155
0.505 85.62 -0.014342 0.15237 -0.22976 0.23171 0.08900 0.58739 3858.85 132.62
0.622 B6.85 -0.014375 0.12552 -0.1R578 0.23749 0.08229 0.56048 5167.84 93.23
0.739 87.50 -0.014046 0.11009 -0.15993 0.25029 0.07712 0.58033 6254.91 68.90
0.844 B87.75 -0.013004 0.09885 -0.14479 0.26498 0.06976 0.61041 6773.45 56.06
0.928 86.28 -0.010989 0.05734 -0.13413 0.27308 0.05834 0.63365 6349.15 95.47
0.982 85.17 -0.008566 0.03353 -0.13330 0.27286 0.04538 0.58542 5241.41 99.98
STATOR TORQUE (KNM) = 3432.28 THRUST (KN) = 105.56
PROPELLER TORQUE (KNM)= 3279.41 THRUST(KN)= 2138.23

PROPULSORS EFFICIENCY =0.752 GAIN(%) = 4.705

STATOR DESIGN AFTER BALANCING THE TORQUE

0.263 71.25 -0.007195 0.10434 -0.31521 0.13327 0.06890 0.51592 622.13 208.39
0.317 74.44 -0.010326 0.13359 -0.34079 0.20466 0.08398 0.52346 1286.11 294.00
0.400 80.26 -0.013552 0.16081 -0.31050 0.24274 0.09624 0.64795 2496.11 272.22
0.505 85.23 -0.013703 0.14558 -0.22976 0.23171 0.08499 0.56093 3687.48 138.88
0.622 86.56 -0.013735 0.11993 0 8 0.23749 0.07860 0.53536  4938.20 98.73
0.739 87.26 -0.013420 ©.1051 - 3 0.25029 0.07367 0.55437 5276.84 73.88
0.844 7.54 -0.012425 0.09445 -0 3 0.25498 0.06664 0.5831 £472.26 §0.10
0.928 86.16 -0.010499 0.05478 5 3 0.27308 0.05573 0.60534 §066.80 23.31
0.982 85.10 -0.008184 0.03203 0 0.27286 0.04335 0.55929 S00£.137 $5.25

STATCR TORQUE(KNM) = 3279.77 107.23

PROPELLER TORQUE(FNM)=  3273.41 = .23

FRO 51 FICIENCY =0.752 GAIN(%) = 4.775

d xpuaddy

v61



PVILVA 10) gnding uliseq 1oje3g

STATOR DESIGN

STATOR D. (In Meter)= 7.87960 NO. OF BLADES= 10
Axial Distance ( AXD/R(pr)= 0.6000
RADIUS 1-WN THICKNESS CHORD DRAG COEFF
0.23
0.25 0.3244 0.001 1.726 0.00701
0.30 0.3543 0.002 1.730 0.00702
0:39 0.4109 0.005 1.708 0.0070C6
0.50 0.5207 0.008 1.629 0.00715
0.61 0.6851 0.012 1.494 0.00730
0.73 0.7867 0.015 1.282 0.00758
0.84 0.8441 0.019 1.028 0.007399
0.93 0.8636 0.021 0:779 0.00858
0.98 0.8717 0.023 0.624 0.00913
1.00
CIR. COEFF.(H) -0.02446066 -0.00314498 -0.00379712 0.00011798 -0.00131048 -0.00015413 -0.00109232 -0.00021951 -0.00033132
RADIUS BETAI CIRCULATION UTS/VS UTP/VS UAP/VS CCL/D CL TKQ TKT

.39983 0.12297 0.56148 632.83 206.88
.50855 0.13249 0.60353 1194.10 354.00
.14313 0.66047 2150.78 297.05

0.248 71.58 -0.014939 0.23536 -0.47653
0.303 69.87 -0.019378 0.29439 -0.61066

0
c 0
0.388 77.47 -0.023436 0.33033 -0.55353 0.59344 0
0.495 82.06 -0.023337 0.27493 -0.43328 0.61457 0.12792 0.61876 3089.35 202.18
0.614 85.31 -0.021213 0.20979 -0.31198 0.55944 0.10674 0.56300 3816.68 108.88
0.734 86.47 -0.019380 0.16584 -0.24767 0.54034 0.09159 0.56296 4437.394 73.95
0.841 87.02 -0.017079 0.13844 -0.21010 0.53376 0.07778 0.59594 4654.88 54.18
0.926 85.52 -0.014133 0.07981 -0.18999 0.54399 0.06290 0.63628 4335.60 76.88
0.981 84.28 -0.010915 0.046%90 -0.1889%4 0.54654 0.04812 0.60770 3574.99 78.62
STATOR TORQUE (KNM) = 2563.78 THRUST (KN) = 121.98
PROPELLER TORQUE (KNM) = 2246.28 THRUST (KN} = 2134.24
PROPULSORS EFFICIENCY =0.628 GAIN(3%) = 5.406

STATOR DESIGN AFTER BALANCING THE TCRQUE

248 69.53 -0.013089 0.20621 -0.47653 0.39983 0.10639 0.48577 555.14 202.9%2
303 67.76 -0.016378 0.25793 -0.61066 0.50855 0.11444 0.52131 1047.51 345.48
75.27 -0.020534 0.28942 -0.55353 0.59344 0.12424 0.57330 1886.04 308.38
495 80.38 -0.020447 0.24088 -0.43328 0.61457 0.11157 0.53969 2708.46 216.33
614 84.12 -0.018586 0.18381 -0.31198 0.55944 0.093334 0.49232 3345.55 121.63

OO0OO00DO0O
T N
L
o

734 B85.59 -0.016980 0.14530 -0.24767 0.54034 0.08016 0.439272 3889.71 83.02
0.841 86.31 -0.0149564 0.12129 -0.21010 0.53376 0.05810 0.52176 4079.58 60.43
0.226 85.12 -0.012383 0.06%993 -0.1899% 0.54399 0.05508 0.55716 3799.65 72.67
0.981 84.05 -0.009563 0.04109 -0.18894 0.545654 0.04214 0.53222 3133.13 70.47
STATOR TORQUE (KXM) = 2247.32 THRUST (KNi= 126.49
PROPELLER TORQUE(FOM)= 2246.28 THRUST (XN} = 2134.24
PROPULSORS EFFICIENCY =0.629 GAIN(S) = 5.595

(I xtpuaddy
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STATOR DESIGN

STATOR D. (In Meter)= 7.09022 NO. OF BLADES= 10

Axial Distance ( AXD/R(pr)s= 0.6000
RADIUS 1-WN THICKNESS CHORD DRAG COEFF

0.25

027 0.5930 0.001 0.870 0.00797

0.32 0.5453 0.002 1.045 0.00772

0.40 0.4792 0.004 1.260 0.00747

0.51 0.4138 0.007 1.424 0.00733

0.63 0.3879 0.011 1.429 0.00736

0.74 0.4952 0.014 1.275 0.00757

0.85 0.6460 0.017 0.969 0.00807

0.93 0:7737 0.019 0.650 0.00893

0.98 0.8505 0.021 0.411 0.01018

1.00
CIR. COEFF.(H) -0.02454865 -0.00182562 -0.00038189 0.00063836 -0.00136373 0.00007112 -0.00079012 -0.00026125 -0.00053521
' RADIUS BETAI CIRCULATION UTS/VS UTP/VS UAP/VS CCL/D CL TKQ TKT

0.269 73.26 -0.010615 0.17374 -0.40436 0.17378 0.08329 0.67890 641.83 194.01

0
0.322 78.36 -0.014881 0.23163 -0.41527 0.34604 0.10274 0.69707 1251.48 213.25
0.405 80.70 -0.021693 0.28528 -0.44290 0.48290 0.13981 0.78691 2474.57 265.63
62699 0.14646 0.72942 3808.99 298.10
0
0

0.509 81.38 -0.024537 0.28073 -0.43851 0.
0.625 82.35 -0.025276 0.23808 -0.38242 0.68719 0.14640 0.72646 4373.60 278.16
0.741 B4.98 -0.021619 0.18579 -0.28316 0.61384 0.12201 0.67860 5199.50 151.55
0.846 86.60 -0.016890 0.13423 -0.20264 0.50592 0.09196 0.67311 4812.76 76.03
0.928 86.21 -0.012572 0.06893 -0.14730 0.40935 0.06662 0.72618 4040.33 66.17
0.982 B5.21 -0.009511 0.03920 -0.14415 0.40286 0.04751 0.82009 3424.85 70.12
STATOR TORQUE (KNM) = 2817.55 THRUST (KN) = 145.64
PROPELLER TORQUE (KNM) = 2597.87 THRUST (KN) = 2683.98

PROPULSORS EFFICIENCY =0.609 GAIN(%) = 5.147
STATOR DESIGN AFTER BALANCING THE TORQUE

.17378 0.07642 0.52285 592.11 189.16
.34604 0.09433 0.54003 1154.42 216.06
.48290 0.12840 0.72271 2282.43 280.27
.62699 0.13459 0.67032 3513.23% 313.98
0
o

.16019 -0.40436
.21357 -0.41527
.26304 -0.44290
25884 -0.43851
21951 -0.38242

0.269 72.34 -0.009788
0.322 77.25 -0.013721
0.405 79.41 -0.020002
0.509 80.21 -0.022624

0.625 81.38 -0.023305 68719 0.13466 0.66820 4587.23 290.33

mUmooo0ooo000
A+ 000 00DO0OO0O

0.741 84.24 -0.019934 17130 -0C.28316 .61384 0.11236 0.62492 4795.27 161.80
0.846 86.08 -0.015572 .12377 -0.20264 -505%2 0.08474 0.62027 4438.32 82.03
0.928 85.95 -0.011592 .06356 -0.14730 .40935 0.06141 0.66935 3725.79 64.97
0.982 85.07 -0.008770 .03614 -0.14415 -40286 0.04380 0.75599 3158.21 65.91

STATCR TORQUE (KNM) = 2598.56 THRUST (KN) = 51.69

PROPELLER TORQUE(KNM)= 2597.87 THRUST(KN) = 2683.98

PROPULSCRS EFFICIENCY =0.611 GAIN(%) = 5.249

 x1puaddy

961



